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ABSTRACT: The rate constants were measured for deprotonation of 1-(carbethoxymethyl)pyridinium chloride and
1-(2-carbethoxyethyl)pyridinium bromide with strong bases (DBU, MTBD, TBD and P2-Et) in acetonitrile. The UV
spectra and semiempirical calculations are consistent with an ylide structure of the deprotonated species. The ylides
obtained slowly decompose, and the reaction products were identified by1H NMR spectroscopy; 1-
(carbethoxymethyl)pyridinium chloride givesN-methylpyridinium cation and ethanol and 1-(2-carbethoxyethyl)pyr-
idinium bromide converts to pyridine and ethyl acrylate. Copyright 1999 John Wiley & Sons, Ltd.
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INTRODUCTION


Strong bases can abstract eithera- or b-protons from
quaternary ammonium halides. Abstraction of ana-
proton gives ylides as the intermediates. When ab-proton
is removed, an elimination can occur that is similar to a
Hofmann elimination.1


Most N-ylides are capable of only fleeting existence.2


On the other hand, in pyridinium-type ylides a deloca-
lization of charge into the heterocyclic ring may occur
and the stability of such compounds is enhanced.
Pyridine ylides with C = O or CN groups are so stable
that their structures could be determined by x-ray
diffraction.3–6


Ammonium ylides are important precursors in organic
synthesis, owing to their rearrangement under mild
conditions to form highly substituted organic compounds
and the ability to prepare compounds stereospecifically
from ammonium ylides.7 The major drawback in the use
of ammonium ylides in synthesis is the competition
between the two primary rearrangement pathways of
these compounds, the Stevens [1, 2] and the Sommelet–
Hauser [2, 3] rearrangements.7,8


Pyridinium ylides without ab-hydrogen react with
olefinic dipolarophiles.9–11 The reactivity of theN-CH2


group in carbethoxymethylpyridinium salts becomes
comparable to that of the methylene groups inb-keto
esters.12 In these compounds, the action of base rapidly
generates ylides and further reaction results in cleavage
to an acid and anN-methylpyridinium salt,13 by a
mechanism probably similar to that involved in the
fission ofb-dicarbonyl compounds. In the case of ylides
with a b-hydrogen, there is a possibility of Hofmann
elimination to form an alkene and pyridine or a less
substituted amine.1


Most alkene-forming elimination reactions proceed
through a one-step concertedE2 mechanism or a
stepwiseE1cB mechanism with a carbanionic intermedi-
ate.14 Buntinget al.15 reported a detailed kinetic study of
the hydroxide ion-catalysed elimination of pyridines
from N-(2-cyanoethyl)pyridinium cations in aqueous
solution for a pyridine group having a pKBH in the range
1.5–9.7. Reaction rates are both pH and X-substituent
dependent, with a total range of 4� 105-fold in pseudo-
first-order rate constants. Brønsted plots as a function of
the basicity of the pyridine leaving group are concave-
down, which is consistent with a change in rate-
determining step within anE1cB mechanism. These
plots are characterized byblg =ÿ0.30 for the rate-
determining deprotonation for pKBH < 5.8 and
blg =ÿ0.93 for the rate-determining expulsion of the
pyridine nucleofuge from the carbanionic intermediate
for pKBH > 5.8. These reactions are further perturbed by
hydrogen–deuterium exchange and by the Michael-type
addition of pyridines (pKBH > 6) to acrylonitrile to
produceN-(2-cyanoethyl)pyridinum cations.
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In this work we investigated the deprotonation
reactions of 1-(carbethoxymethyl)pyridinium chloride
(1a) and 1-(2-carbethoxyethyl)pyridinium bromide(2a)
by strongbasesin aproticsolventsto obtaininformation
on therelativeacidity of hydrogensin methylenegroups
in thea- andb-positions.


RESULTS AND DISCUSSION


The strong N-bases1,8-diazabicyclo[5.4.0]undec-7-ene
(DBU) (pKa = 23.9),16 7-methyl-1,5,7-triazabicy-
clo[4.4.0]dec-5-ene(MTBD) (pKa = 24.70),17 1,5,7-tria-
zabicyclo[4.4.0]dec-5-ene (TBD) (pKa = 24.97)17 and
Schwesingerbase,phosphazene(P2-Et) (pKa = 32.80)18


wereusedfor deprotonationreactions;pKa valueswere
determinedin acetonitrilesolution(Scheme1).


Whena 1-(carbethoxyalkyl)pyridinium halide(AH) is
treated with an excess of a strong base (B)
([B0] 4 [AH0]), the following processescanoccur:


where k is the rate constant for the deprotonation
(forward) reaction, k- is the rate constant for the
protonation(backward)reaction,[B0] is the initial base
concentration,[B�H] is the concentrationof the cation
andKD is the dissociationconstantof the ion pair (Aÿ,
B�H) (Scheme2).


The kobs values were calculatedfrom the tracesof
absorbance(1a, 420nm; 2a, 368 nm) vs time and are
listed in Tables1 and2. Whenkobs is plottedvs [B0] an
excellentstraight line is obtained(r > 0.99), wherethe


slopegivesk valuesandtheinterceptk- values(Tables1
and Table 2). This indicatesthat Eqn (1) describesthe
investigatedreactionproperly.Note howeverthat in the
caseof Eqn (2) the term [B�H] is not constant;the
processfor theforwardreactionis first orderbut that for
thebackwardreactionis secondorder.


Although Eqn (1) correctlyfits the experimentaldata
model, Eqn (3) cannot be completely neglected.The
dissociationof the hydrogen-bondedion pairs into ions
increaseswith increasingdilution and temperature.It
seemsthat the contribution of solvated ions can be
neglectedin the rangeof concentrationandtemperature
appliedin this work.


In ylides the carbonis basicand actsas a hydrogen
bondacceptor.Accordingto ab initio calculations(MP2/
6–311�� G** ), ylides form hydrogenbondsevenwith
suchweakprotondonorsasmethanol.19


More reactive 1a undergoesdeprotonationwith all
basesin acetonitrileand DMSO solutionsto give ylide
1b. However,P2-Et,asthestrongestbase,reactstoo fast


to be investigatedquantitatively(Table1).
The activation parameterswere calculated by the


linearleast-squaresfit of lnk vs1/T (Table3). Thevalues
of DG≠ are independentof the N-base used, within
experimentalerror. The large negativevalues for the
entropyof activation (DS≠) reveal that solvation in the
transitionstateis highly ordered.


Thedeprotonationrateconstantsof 1a arecomparable
to thosefor deprotonationof dimethyl (4-nitrophenyl)-


AH � B �
kÿ


k �Aÿ;B�H�; kobs� k�B0� � kÿ �1�


AH � B �
kÿ


k
Aÿ � B�H; kobs� k�B0� � kÿ�B�H� �2�


AH � B �
kÿ


k �Aÿ;B�H� �
KD


Aÿ � B�H; kobs� k�B0� � kÿ�B�H�=KD �3�


Scheme 1 Scheme 2


Copyright  1999JohnWiley & Sons,Ltd. J. Phys.Org. Chem.12, 39–46(1999)


40 Z. DEGA-SZAFRAN,G. SCHROEDERAND M. SZAFRAN







malonate.20 This result conformsto that of compounds
containing a CH2 group flanked by two activating
carbonylsubstituents.


Figure 1 illustrates the UV spectrum of 1a in
acetonitrileand its time-dependentchangeson addition
of P2-Et. The absorptionat 420nm is a result of the
resonanceinteractionsof theylide chromophorewith the
COOEt substituent(1b. 1c) (Scheme3). The signifi-
cant decreasein intensity of the 420nm absorption
reflectsconversionof the ylide to productsasshownin
Scheme3. Thesereactionproductswereidentifiedby 1H
NMR spectroscopy.For 1a the reactionproductshave
spectroscopicpropertiesidenticalwith thoseof amixture
of N-methylpyridinium iodide21 and ethanol. The 1H
NMR chemicalshiftsof 1a, its reactionmixturewith P2-
Et andthedecompositionproductsof theylide arelisted
in Table4. WhenP2-Etis addedto 1a, thesignalsdueto


Table 1. Kinetic data (standard deviation in parentheses) for the deprotonation reaction of 1-(carbethoxymetyl)pyridinium
chloride (1a) (3� 10ÿ5


M) with bases (0.0005±0.0075 M) in acetonitrile


kobs (sÿ1)


Base Temperature(°C) 0.0005M 0.0025M 0.0050M 0.0075M 10ÿ4 k (l molÿ1 sÿ1) Int (sÿ1)


DBU 5 200 (3) 285(4) 410(5) 530(7) 4.75(9) 172 (5)
10 285 (4) 402(5) 535(6) 673(9) 5.51(7) 260 (3)
15 365 (5) 485(3) 655(8) 830(12) 6.67(15) 325 (7)
20 500 (6) 640(3) 835(5) 1027(11) 7.57(13) 457 (5)
25 615 (6) 774(8) 986(7) 1210(12) 8.51(15) 566 (7)


MTBD 5 230(4) 336(3) 480(4) 630(8) 5.76(10) 197 (3)
10 254 (3) 377(6) 555(8) 729(9) 6.94(7) 207 (3)
15 260 (2) 413(5) 608(8) 810(9) 7.86(6) 218 (3)
20 263 (5) 443(5) 658(11) 871(10) 8.71(9) 221 (4)
25 285 (4) 480(6) 726(11) 986(11) 10.27(13) 216 (6)


TBD 5 263 (4) 421(4) 642(8) 856(8) 8.52(12) 215 (6)
10 302 (5) 500(5) 760(10) 974(9) 9.51(28) 260 (13)
15 342 (3) 557(4) 827(9) 1072(13) 10.46(17) 294 (8)
20 389 (5) 621(8) 897(9) 1194(11) 11.56(13) 325 (6)
25 430 (4) 675(8) 1004(11) 1320(13) 12.77(11) 366 (5)


P2-Et — a


a The reactionis too fast.


Table 2. Kinetic data (standard deviation in parentheses) for the deprotonation reaction of 1-(carbethoxyethyl)pyridinium
bromide (2a) (3� 10ÿ5


M) with P2-Et (0.0005±0.0125 M) in acetonitrile


kobs (sÿ1)


Temperature(°C) 0.0005M 0.0075M 0.0100M 0.0125M k (l molÿ1 sÿ1) Int (sÿ1)


5 0.035(2) 0.075(2) 0.103(5) 0.143(3) 141 (7) ÿ0.030(1)
10 0.053(2) 0.100(3) 0.135(3) 0.186(4) 174 (8) ÿ0.030(1)
15 0.112(4) 0.175(4) 0.235(4) 0.294(4) 242 (8) ÿ0.030(1)
20 0.173(4) 0.254(4) 0.341(3) 0.425(5) 337 (3) 0.003(1)
25 0.250(5) 0.362(4) 0.485(5) 0.611(4) 474 (9) 0.010(1)


Table 3. Thermodynamic data


Compound Base DH≠ (kJ molÿ1) ÿDS≠ (J molÿ1 Kÿ1) DG≠ (kJ molÿ1)


1a DBU 18.11� 0.90 90� 3 44.87� 0.90
MTBD 16.71� 1.02 93� 4 44.47� 1.02
TBD 11.24� 0.42 109� 2 43.91� 0.42


2a P2-Et 40.12� 2.46 60� 8 57.89� 2.46


Figure 1. UV±visible spectra of (a) 1a (5� 10ÿ5
M) and a


mixture of 1a (4� 10ÿ5
M) with P2-Et (1� 10ÿ2


M) in
acetonitrile after (b) 0.5, (c) 6, (d) 12 and (e) 20 min
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theprotonsof thepyridinering lost theirmultiplicity and
becomebroad (Fig. 2). This suggeststhat 1a is in a
dynamicequilibrium with 1b and1c.


Deprotonationof the less reactive species,2a, was
investigatedonly with P2-Et (Table 2), becausethe
reactionwith other baseswas too slow to study. In 2a
therearetwo CH2 groupsandtheir relativeaciditiesare
not known. One may expect that the formation of the
ylide 2b would producea considerablered shift and
hyperchromic effect in the UV spectra becauseof
lengtheningof theconjugatedsystem.Ontheotherhand,
the formation of 2c would causelittle changein the
absorption.As Fig.3 shows,additionof P2-Etto 2ashifts
theabsorptionto ca368nmandprovesthat2b is formed.
Semiempiricalcalculationssupport the above conclu-
sion.FromTable5, it is seenthat2b is morestablethan
2c by 65 kJ molÿ1. Hence it seemsthat the N�CH2


hydrogenatomsareslightly moreacidic thanCH2COO.
a-Deprotonationof the secondring carbon was also
observedwhen N-ethylpiperidine was treated with a
super-base(s-BuLi–t-BuOK).22


A typical time-dependentUV spectrumshowingthe
disappearanceof 2b is shownin Fig.3. Theylidesarenot
very stable compoundsand slowly rearrangeto more
stableproducts.The1H NMR spectrumshowsthatcation
2a on additionof P2-Etslowly undergoeseliminationto
give pyridineandethyl acrylate(Fig. 4 Table6), but the
reactiondoesnot go to completion,becausethesecom-
poundsremainin equilibrium. The elimination reaction
of acrylates is reversible.15 The formation of ethyl
acrylateestablishedthat the elimination occursvia 2c,
whichcanbegenerateddirectly from 2aandadditionally
via 2b (Scheme4). ThusP2-Etabstractsboth a- andb-
protonsfrom 2abutabstractionof thea-hydrogenatomis


Scheme 3


Table 4. 1H NMR data for products resulting from the reaction between 1a and P2-Et in DMSO-d6
a


Assignment P2-Et CH3CH2OH


Ha a 9.33(broad) 9.29(d) — —
b 8.98(d) 9.00(d)b


Hb c 8.28(broad) 8.30(t) — —
d 8.11(t) 8.12(t)b


Hg e 8.75(broad) 8.75(t) — —
f 8.57(t) 8.57(t)b


N-CH2 g 5.96(broad) 5.93(s) — —
h 2.80(m) 2.80(m)


N-CH3 i 2.64(s) — 2.61(s) —
j 2.63(s) 2.58(s)
k 2.61(s) 2.54(s)
l 2.60(s) 2.50(s)
m 2.52(s)
n 5.02(s) 4.37(s)b


OCH2 o 4.21(d,broad) 4.24(q) — —
p 3.44(q) 3.44(q)


CH3 r 1.24(t) 1.29(t) —
s 1.09(t) 0.95
t 1.05(t) 1.05(t)


a d = Doublet;m = multiplet; t = triplet; q = quartet.
b Datafrom Ref. 21.
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the rate-determiningstep.The elimination stepis much
slowerthanthedeprotonationreaction.


The time-dependentUV spectraof substituted1-(2-
cyanoethyl)pyridinium cationsin aqueousalkalinesolu-


tionsshowthat thereactionmixture is transparentabove
300nm.15 Theabsorptionsof thepyridinium cationsare
more intensethan thoseof neutral pyridines but their
wavelengthsare comparable.The only exceptionsare
cations with amino and methoxy substituents,which
showa moresignificantspectralchangeasa resultof the
resonanceinteractions of the substituentswith the
pyridinering. ThesedatashowthatN-(2-cyanoethyl)pyr-
idinium cationsin alkalineaqueoussolutiondo not form
ylides.Hence,the deprotonationmechanismof pyridine
cationsby strong basesin aprotic solventsis different
from that in aqueousalkalinesolution.


Figure 2. 1H NMR spectrum of a mixture of 1a and P2-Et in DMSO-d6


Figure 3. UV±visible spectra of (a) 2a (5� 10ÿ5
M) and a


mixture of 2a (4� 10ÿ5
M) with P2-Et (1� 10ÿ2


M) in
acetonitrile after (b) 0.5, (c) 6, (d) 12, (e) 18 and (f) 30 min


Table 5. Calculated heats of formation (DHf) and dipole
moments (m)


Compound DHf (kJ molÿ1) m (D)


PM3 SAM1 PM3 SAM1


1b ÿ94.98 ÿ106.02 2.55 2.78
2b ÿ116.98 ÿ111.54 2.10 2.30
2c ÿ44.56 ÿ45.77 10.31 10.45
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CONCLUSIONS


Thedeprotonationof la with DBU, MTBD, TBD andP2-
Et and 2a with P2-Et in aprotic solvents has been
investigatedby kinetic measurements,UV and1H NMR


spectroscopyand PM3 semiempiricalcalculations.The
kobsdatafits Eqn(1) well. TheUV spectrashowthatboth
compoundsform ylides, which undergodecomposition.
These decompositionreactionswere followed by 1H
NMR spectroscopy.TheN-methylpyridinium cationand
ethanol were detectedin the mixture containing 1a,
whereaspyridineandethyl acrylateweredetectedin the
mixture containing2a.


It is interesting that deprotonation of the 1-(2-
cyanoethyl)pyridinium cation in aqueousalkaline solu-
tion doesnot proceedvia ylides.15 Thus deprotonation
with strongbasesin aproticsolventsdiffers from that in
alkalineaqueoussolution.


EXPERIMENTAL


An equimolarmixture of pyridine andtheappropiate!-
haloalkanecarboxylic ethyl esterwasallowedto standat
room temperatureuntil a solid was precipitated.This
productwas filtered off and washedwith diethyl ether.


Figure 4. 1H NMR spectrum of a mixture of 2a with P2-Et in DMSO-d6


Scheme 4
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The 1-(carbethoxyalkyl)pyridinium halides were very
hygroscopicandcouldbe hydrolysedto the correspond-
ing 1-(carboxyalkyl)pyridinium halides by standingat
room temperaturefor several weeks; 1-(carbethoxy-
methyl)pyridinium chlorides(1a), m.p. 62–65°C (lit.,23


m.p. 70°C), 1-(2-carbethoxyethyl)pyridinium bromides
(2a), m.p.67–69(lit.,24 m.p.70–72°C).


The bases, 1,8-diazabicyclo[5.4.0]undec-7-ene
(DBU), 7-methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene
(MTBD), 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD)
and Schwesingerbase,phosphazenebase(P2-Et),were
purchasedfrom Flukaandwereusedasreceived.


Acetonitrile waspurifiedby themethodof O’Donnell
et al.25 with a final distillation from P2O5 (b.p. 81.5–
82.0°C).


The1H NMR spectrawererecordedin DMSO-d6 on a
Varian Gemini 300VT spectrometer, operating at
300.07MHz, using TMS as the internal standard.The
spectraof themixtureof compounds1a or 2awith P2-Et
weremeasuredimmediatelyafter preparation.


UV spectrawererecordedin acetonitrileonaHewlett-
Packarddiode-arrayspectrophotometer.


The kinetic runs for the deprotonationreactionwere
carried out using a stopped-flow spectrophotometer
(Applied Photophysics)with thecell block thermostated
to within� 1°C.


PM326 and SAM127 semiempiricalcalculationswere
performedusingtheAMPAC 5.0program.28 In all cases
the PRECISE keyword was used and full geometry


optimization was carried out without any symmetry
constraints.
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Review Summary


The inductive effect ± the present position


In the following we summarize the main conclusions
from the preceding three articles with the intention of
pointing out the essential facts and the most important
points at issue.


There is a universal electrical effect observable in all
systems XGY, where X, G and Y are substituent, skeletal
group and reactive functional group, respectively. The
effect may be observed by varying the substituent and
measuring some quantity localized on Y or alternatively
the energy of the whole molecule or ion. In the latter case,
the effect can be defined in exact thermodynamic terms
as the reaction enthalpy of an isodesmic reaction [Eqn.
(1), p. 266]. This effect was first called an inductive
effect, but later many authors referred to it as a field
effect. Inherent in these names are concepts of the nature
of the transmission of the universal effect. One of us
called it the localized electrical effect, but this term has
not been generally accepted. At present we have no
simple term which would denote only the universal effect
and nothing else. Such a term is sorely needed.


In molecules with a skeletal group Z such that
conjugation between X and Z is excluded and the
distance between them is great enough to exclude any
short-range interaction, the universal effect is the only
electrical effect that is observed. This is expressible by a
substituent constant [Eqn. (5), p. 266]; such constants
include sI, sF and s1, all of which are equivalent.
Quantitative predictions can be made when the reaction
constant and substituent constants are known. With less
accuracy, predictions can be made for substituents for
which the parameters are unknown [Eqn. (1), p. 286].
When the structure of G does not satisfy the above
requirement, an additional electrical effect is assumed to
occur. This additional effect can be evaluated by


substracting from the total electrical effect the calculated
value of the universal effect.


The long-standing dispute about the nature of the
transmission of the universal effect, through space (field
effect, F effect) or through bonds (inductive effect,
sigma-inductive effect,I effect) in no way affects the use
of substituent constants in modelling the universal effect.
The problem cannot be approached through quantum
chemical calculations as these can provide energies of
particular molecules or charges on atoms but do not
provide evidence on the mode of transmission. The two
models originally proposed, the classical (Kirkwood–
Westheimer) field effect [Eqns 6 and 7, p. 267] and the
classical inductive effect of Derick, Lewis, Branch and
Calvin [Eqn. (8), p. 268] are not well defined and are not
in good agreement with experiment. The two new
models, the modified field effect [Charton, Eqn. (10),
p. 277] and, to a lesser extent, the modified inductive
effect [Exner and Fiedler, Eqn. (9), p. 268] provide better
models. The tests described in our papers are not entirely
unambiguous. All of the models are approximate to a
greater or lesser degree. The mode of transmission
problem cannot be solved completely by recourse to
sophisticated model compounds of unusual structure.


Whatever the name may be, the universal electrical
effect is a general phenomenon observed throughout
quantitative chemistry, organic, inorganic and polymer
chemistry, biochemistry and physical properties. It
deserves a more important place in textbooks than it
ordinarily has, as it is far more than a means for
explaining the acidity of chloroacetic acids.


O. Exner, M. Charton and V. Galkin
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INTRODUCTION


The relationship between the structure and reactivities of
organic and organoelement compounds is a fundamental
problem in modern chemistry. The overall interaction of
a substituent with a reaction center is usually considered
to consist of inductive, resonance and steric components.
The inductive effect is one of the most fundamental
intramolecular interactions and plays an extremely
significant role in organic reactivity. In our mind, when
we refer to inductive effects, the following questions
arise: (1) the nature of the inductive effect and the
mechanism of its transfer; (2) methods for the quantita-
tive determination of the inductive effect and their
reliability and perspectives; and (3) the problem of a
unified scale of inductive constants. Let us consider these
questions in this order.


THE NATURE OF THE INDUCTIVE EFFECT AND
THE MECHANISM OF ITS TRANSFER


Although there is still no rigorous mathematical descrip-
tion of the inductive effect, the concept is generally clear
and reduces to the classical view that electron density
flows from an atom with a lower electronegativity to an
atom with a higher electronegativity. Two possible
mechanisms for the propagation of this effect are
discussed in the literature, both having their pros and
cons and their adherents and opponents. Because both of
these alternative mechanisms are considered in detail in
other reviews in this issue,1,2 there is no need to delve
excessively into this old debate. We only recall that the
first mechanism, described long ago by Lewis, suggests


that the influence is transmitted along the bonds by their
consecutive polarization, i.e. by a mechanism similar to
electrostatic induction.3,4


An alternative mechanism of the transfer of the
inductive effect, proposed for the first time by Ingold,3


involves the interaction of functional groups through
space. This induction mechanism, later called the ‘field
effect,’ is purely electrostatic in nature. It has been
assumed to occur via electrostatic ion–ion, ion–dipole
and dipole–dipole interactions, the intensity of which is
described by various functions of the distancerÿn (n = 1–
4).1,2,4–6


In recent years, preference has been given to the field
mechanism; an increasing number of scientists prefer to
consider inductive interactions in terms of the electro-
static concept.2,4,6Swain and Lupton7 even introduced a
special scale of field/inductive constantsF, which was
later developed and enlarged by Hanschet al.6 Our own
results concerning the mechanism of inductive effect
transfer, based on the inductive effect model which we
suggested (see below), are also in good agreement with
the field theory, but the mathematical dependences
obtained are not simple enough to correspond to any
single physical law. We consider the inductive effect as a
complicated phenomenon, which reflects correctly the
real electron-donating and electron-withdrawing proper-
ties of atoms and groups and which must be accepted as it
is, without forcing it to pass under the control of any
simple and well known physical law.


On the other hand, the transmission of the inductive
influence ‘along bonds’ and ‘through space’ should not
necessarily be regarded as alternative mechanisms.
Whereas the field theory accounts well for the very fact
of the Coulomb stabilization of charges arising in a
molecule, the nature of their appearance, i.e. the
mechanism of the intramolecular redistribution of the
electron density, still remains obscure. In any case,
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electron density redistribution can hardly be conceived
without the participation of molecular orbitals. In this
connection, it seems to be more correct to judge the
Coulomb interactions, dependent on direct intramolecu-
lar distances, to be only the means of charges stabiliza-
tion. Of course, this influences also the amount of charge:
a smaller distance corresponds to more possible charge.
However, the mechanism of stabilization (even if very
effective) is still not the mechanism of transmission. On
the simplest level, such a situation may be compared with
an electric condenser (now we study this analogy more
deeply), where a smaller distance between plates also
leads to more charge. However, in this case nobody
considers that the charge is transferred through space.


QUANTITATIVE METHODS FOR THE EVALUA-
TION OF THE INDUCTIVE EFFECT


The methods that permit a quantitative description of
each of the constituents of the overall influence of
substituents on the reaction center (inductive, resonance
and steric) can be divided conventionally into three main
groups. Empirical approaches according to which the
influence of a substituent is inferred from data on the
reactivities or the physical properties of molecules have
found the widest application. The second group of
methods is based on quantum-chemical calculations or
on the use of fundamental characteristics of atoms,
groups or molecules that obey particular empirical
relationships. Methods that involve the construction of
formal models of the corresponding interactions based, as
a rule, on fairly simple physical laws should also be
assigned to this group. Finally, a separate group includes
topological approaches, which occupy an intermediate
position between the methods belonging to the first and
second groups.


Empirical methods. Inductive interaction con-
stants


Experimental methods for the evaluation of the influence
of substituents are based on the principles of linearity of
free energy (LFE) and polylinearity (PL), which make it
possible to perform a mathematical formalization of the
problem of the relationship between structure and
reactivities.5,8


Quantitative evaluation of the inductive influence of
substituents became possible for the first time within the
framework of the approach developed by Hammett, who
proposed a well known empirical equation to describe the
ionization of substituted benzoic acids:8


log�K=K0� � ��


For aliphatic compounds, the Hammett relation, as a


rule, did not hold. Taft9 suggested that in this case the
steric substituent effects are significant and should be
separated. He accomplished this task on the basis of
standard reaction series of the alkaline (A) and acid (B)
hydrolysis of alkyl carboxylates:


�� � 1=2:48�log�k=k0�B ÿ log�k=k0�A �
log�k=k0�A � ES


wheres* is a substituent constant depending only on its
inductive influence andES is the substituent constant
reflecting its steric influence. The Taft inductive scale is
now one of the most reliable and widespread.


Another model, which permits the direct determination
of the inductive influence of substituents, was proposed
by Roberts and Moreland in 1953.10 The sI (sI, s')
constants, which are based on the dissociation of a series
of bicyclooctanecarboxylic acids, reflect only the in-
ductive influence of the corresponding substituents.


Thes constants, free from a contribution due to direct
polar conjugation, are also used as a measure of the
inductive influence of substituents.11,12


A large number of inductive constants for hundreds of
diverse substituents have been determined; these con-
stants form more than a dozen of the most extensively
used scales. As a rule, they correlate well with one
another. Thus, we can say with confidence that the
empirical inductive constants, based on standard reaction
series, properly reflect the electron-donating and elec-
tron-withdrawing properties of substituents and can be
adequately used in quantitative organic chemistry. A
wide series of different inductive constants have been
presented, for example, in monographs13,14 and re-
views.15,16


It is also noteworthy that the approach developed by
Hammett and Taft for the analysis of organic compounds
proved applicable to the reactivities of organoelement
compounds.16–18


Thus, the data accumulated to date make it possible to
conclude that empirical inductive constants are fairly
versatile, at least in classical organic chemistry, and that
they apparently reflect adequately the inductive influence
of substituents.


It should be noted that the methods for the determina-
tion of the empirical inductive constants are not at all
restricted to the approaches based on consideration of
quantitative data on reactivities. Innumerable examples
of correlations ofs constants with diverse physical
properties, which are associated in one way or another
with the electron density distribution, have been
found.4,19 Based on these correlations, a large number
of extensively used empirical scales of substituent
constants have been developed.15 Characteristics ob-
tained by NMR,4,6 NQR,4,20 IR,4,21 and photoelectron
spectroscopy4 and data on dipole moments and polariz-
abilities of molecules4,22are most frequently used for this
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purpose. Thus, the inductive and other substituent
constants can adequately describe both the reactivities
and the physical properties of diverse organic and
organoelement compounds.


However, the dependences obtained are not necessa-
rily suitable for the determination of new substituent
parameters, although they often provide information on
the spatial structures of molecules and on the nature and
mechanisms of various intramolecular interactions. In
recent years, an increasing number of new, complex
substituents have appeared in organic and, especially, in
organoelement chemistry. These substituents have not
been described and some of them cannot in principle be
described quantitatively within the framework of empiri-
cal methods. Besides, some substituents can display
specific effects when evaluating their empirical inductive
constants, conditioned by a concrete procedure. For
instance, strong electron-withdrawing groups (such as
CCl3, CN, NO2 and others), disposed near an electro-
philic reaction center, may block the attack of negatively
charged nucleophiles owing to electrostatic repulsion,
leading to reduction of their effectives values calculated
from this reaction series. Such an ‘electrostatic umbrella
effect,’ noted earlier by Pal’m,5 is, for example, briefly
demonstrated inSN2 reactions of chloromethylphosphine
oxides.23 Analogously, all other experimental methods
which are used for the estimation ofs constants may
provide their own specific errors.


Moreover, none of the empirical approaches claims or
can claim to be a physical model, capable of revealing the
nature and mechanism of the transmission of the
inductive influence. In addition, none of the approaches
described above possesses a versatile mathematical
technique establishing the quantitative relationship
between the structure and reactivities of organic and
organoelement compounds. Therefore, it is no wonder
that interest in the quantitative evaluation of substituent
effects based on non-empirical and semi-empirical
methods has grown so sharply in recent years.


Non-empirical methods for the evaluation of the
inductive effect


Among non-empirical methods for the evaluation of
the inductive influence of substituents, the quantum-
chemical approach should undoubtedly be considered the
most rigorous. The quantum theory permits the calcula-
tion of molecular energies and charges on atoms (the
electron density distribution). Thus, consideration of the
calculated parameters over a reaction series with
variation of a substituent, precluding the conjugation
effect, provides a direct path to the description of
inductive interactions.


The simplest approach involves the separation of the
contributions of the inductive and resonance constituents
to the variation of the reaction free energies found by


quantum-chemical calculations to a good approximation.
Another method involves correlation of thesI basic set
with the quantum-chemical characteristics of the charge
distribution in the molecules incorporating the corre-
sponding substituents.4


For various mechanisms of transmission of the
inductive influence, different quantum-chemical calcula-
tion models are chosen. For example,ab initio calcula-
tions carried out under the assumption that the inductive
influence are transmitted ‘along bond,’ result in uniform
attenuation inn-alkyl radicals of the electron density
variations caused by the substituent.4,14


In recent years, the method of ‘isolated molecules’ has
been widely used for the modeling of the field effect.24


This approach served as the basis for the introduction of a
new scale of ‘theoretical field’ constants of substituents
TF, determined from the charge variation on theb-
hydrogen atom inpara-substituted styrenes.25


Among recent work devoted to quantum-chemical
calculations ofs constants, that of Exneret al.26 should
be mentioned.


However, the extensive use of quantum-chemical
calculations in the analysis of substituent effects is
hampered by the insufficient level of their development
and by a number of other objective factors. In particular,
the use of various approximations sometimes leads to
results that disagree with one another or are even
fundamentally contradictory.4,24


Hence it is not surprising that attempts are sometimes
made to develop formal non-quantum-chemical models
for intramolecular electrostatic interactions.4,16,27


It should be noted that all models based on the
electrostatic theory suggest that the charges and dipoles
are constant, the electron displacements remaining
beyond their consideration.


Semi-empirical methods for the evaluation of
inductive effects


Methods based on the formal analysis of a structure with
the aim of identifying the correlation between the
structure and a property (topological methods) have been
used in theoretical organic chemistry for a long time. The
development of the topological approach is largely
associated with the application of the methods of graph
theory.28 The use of graph theory within the framework
of the global ‘structure–property’ problem frequently
leads to adequate results. However, the use of topological
indices suffers from obvious drawbacks. Not all the
characteristic features of molecular structure are taken
into account (for example, the conformation is ignored)
and, more important, the physical meaning of these
indices is obscure. Despite the fact that in some cases the
topological indices correlate with electronic parameters
(ionization potential, electron affinity, polarizability,
chemical shifts in NMR spectra, optical density,
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etc.),16,29,30one cannot speak of the serious application of
graph theory to the evaluation of electronic effects of
substituents.


Together with the purely topological method for the
evaluation of the influence of the structure of molecules
on their properties, which does not reflect the distribution
and redistribution of the electron density, there are a
number of approaches which take into account to a
certain extent the mutual arrangement of atoms and
groups.


The modeling of interactions based on the structural
characteristics and geometric parameters in relation to
the inductive effect has been accomplished by various
procedures. The best known is the Dewar method,
developed for naphthalene derivatives. Several modifica-
tions of this method exist. In terms of one of them, the
Hammett constant is described by a two-parameter
equation:4,31


� � FD=r �Mq


whereFD is the substituent field (inductive) constant,r is
the distance from this substituent to the reaction center
expressed in terms of the aromatic carbon–carbon bond
lengths,M is the mesomeric constant andq is excess
charge. The first term describes the field effect and the
second term corresponds to conjugation.


The method of additive determination of inductive
constants suggested by Taft, who was the first to
introduce the additivity principle for the inductive
influence, can be regarded as being ‘conventionally
topological’. According to this method, the overall
inductive influence of a complex substituent is deter-
mined by the inductive effects of fragments incorporated
in it.4,5


The Dewar approach and the Taft method share the
common property that they are based on the analysis of
substituent constants themselves, i.e. they can be
classified as semi-empirical methods. In addition, both
approaches take into account in a certain way the
geometry and the electronic structures of molecules.
The key feature which distinguishes semi-empirical from
empirical methods is that the constants can be calculated
theoretically rather than found directly from correlations
with the physico-chemical properties or reactivities
data.


Thus, neither non-empirical approaches nor the
construction of electrostatic interaction models, based
on concrete physical laws, currently provide a universal
description of the inductive effect; therefore, these
approaches cannot compete with empirical methods for
the determination of inductive constants. In turn,
experimental approaches based on data on the reactivities
and physical properties of compounds do not allow one to
reveal comprehensively the physical nature of intramol-
ecular interactions and so do not possess sufficient
prognostic potential.


The problem of a uni®ed scale of inductive
constants


The diversity of approaches to the evaluation of inductive
effects in the description of reactivities of organic and
organoelement compounds points to a need for the
development of a universal scale of inductive constants,
which would be suitable for use in any field of organic
and organoelement chemistry. Three approaches to the
solution of this problem can be suggested: (1) the use of
several scales in various fields, according to their
maximum efficiency; (2) the search for a universal scale
with several parameters; and (3) the calculation of the
total energy of the system in each particular case.


The first approach reflects the current situation in
chemistry: numerous scales of various constants of
substituents are currently in use, their success being as
a rule difficult to predict, especially in the chemistry of
organoelement compounds. Furthermore, a strategy for
choosing a particular scale does not exist, and one can
hardly be expected in the near future.


The calculation of the total energy of a system is, of
course, the most universal method to account for the
inductive effect and also other effects. However, as noted
above, the wide use of molecular mechanics and quantum
chemistry for the quantitative evaluation of reactivities
still seems not to be realizable in the near future.


At present, the second approach, namely, the search for
a universal scale having a clear physical meaning, is the
optimum method. The interrelations of the existing scales
and numerous examples of their use in organic and
organoelement chemistry, which indicate the common
nature of substituent effects, serve as prerequisites for
this approach. The universal scale should be based on
structural calculations, since empirical scales depend too
much on the particular conditions and on the accuracy of
experiments. Finally, the universal character of this scale
should be based on extensive experimental verification;
in other words, it should describe the maximum possible
number of experimental data, a high quality of correla-
tion being maintained.


We have tried to develop such an approach in the
framework of an elaborated additive model of the
inductive effect.16,32,33According to this approach, the
inductive effect of a substituent is determined by the sum of
the inductive influences of the atoms contained within it:


�� �
Xn


i�1


��A�i=ri
2 �1�


wheres* is the Taft inductive constant of the substituent,
n is the number of atoms in the substituent andri is the
distance from a particular atom to the reaction center.


The empirical parameter (sA)i, which we introduce
here, determines the capability of theith atom to exert the
inductive effect and depends on the chemical nature of
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the element and on its valence state. The atomic constants
sA have been calculated for a wide range of elements in
various valence states by substituting empirical ‘tabu-
lated’ s* constants in Eqn. (1) and solving it forsA.


This additive approach, which is purely semi-empiri-
cal, makes it possible to describe with a relatively high
degree of accuracy the inductive constants of diverse
substituents, i.e. of virtually all substituents for which the
s* constants are available.


��calc� �ÿ0:031� 0:012� � �0:991� 0:006���exp


N � 427 ; R� 0:9910 ; S� 0:130


Investigation of the physical meaning of elementalsA


constants, carried out by the method of regression
analysis for a broad selection of elements, led to a
high-quality correlation with the difference between the
electronegativities of a given element and carbon
(reaction center) and with the square of the covalent
radius (R) of the element in the corresponding valence
state:


�A � 7:840 ��Rcov
2 �2�


Combination of Eqns (1) and (2) gives the following final
expression for a Taft inductive constant:


�� � 7:840 ���iRi
2=ri


2 �3�


whereD wi is the difference between the electronegativ-
ities of the ith atom in the substituent and the reaction
center,Ri is the covalent radius of theith atom andri is
the distance from this atom to the reaction center.


This equation (and the model as a whole) permits the
direct calculation of the Taft inductive constant of any
substituent at any reaction center from the fundamental
characteristics of atoms, and is in good agreement with
both the magnitude and sign of inductive constants. In
addition, it allows one to solve some other interesting
theoretical questions connected with the problem of the
inductive effect (inductive influence of substituents at
heteroatomic reaction centers, the problem of the
inductive effect of alkyl groups, etc.; see Ref. 16 and
references cited there in), which, however, exceed the
limits of this short review. We can add only that the
model suggested, owing to its accessibility and relatively
simple mathematics, could be useful in the everyday
practical work of chemists who deal with quantitative
organic chemistry and correlation analysis.


The relationships obtained evidently correspond to the
field theory of the inductive effect, underlining the
importance of Coulomb interactions and direct intramol-
ecular distances. However, such an accordance is actually
formal, and can say nothing concerning the real
mechanism of inductive influence transmission. It can
neither confirm nor deny any of alternative transmission


mechanisms (‘through space’ or ‘along bonds’); more-
over, both of them alone may be incorrect.34To our mind,
it would be more worthwhile to imagine a united
mechanism of inductive effect transmission as follows.
Owing differences in atomic electronegativities (driving
force), the redistribution of electron density is occurring
along bonds, but only to such a degree that the charges
arising can be effectively stabilized (through space) by
Coulomb interactions. Such a concerted mechanism
seems us to be the most real and acceptable.


CONCLUSION


In conclusion, we must once again return to the
fundamental question of what we should understand by
the inductive effect’ and its measure. As seen above, the
inductive effect is a complicated phenomenon, which
cannot be fully described by any simple physical law.
That is why the numerous attempts to find a direct
relationship between the inductive constants and some
known physical parameters characterizing in one way or
another the ability of an atom to attract electrons, such as
electronegativity,35,36 ionization potential,35 electron
affinity,35 dipole moment4,16 and degree of ionic
character of the bond,4,31 were in general unsuccessful.
However, one would hardly expect that any one
parameter alone would be sufficient to describe the
inductive effect quantitatively. Even if this were the case,
the dependence obtained would be far from simple. This
is demonstrated, in particular, by Eqn. (3). It is not
surprising, therefore, that up to now the experimental
inductive scales remain the most reliable, and provide
firm ground for further theoretical investigations. From
this point of view, it would be most correct and efficient
to understand by the inductive effect just those electronic
interactions which are described by empirical constants,
and to try on this basis to make clear its physical
meaning.


REFERENCES


1. O. Exner,J. Phys. Org. Chem.12, 265 (1999).
2. M. Charton,J. Phys. Org. Chem.12, 275 (1999).
3. C. K. Ingold, Structure and Mechanism in Organic Chemistry.


Cornell University Press, Ithaca, NY (1969).
4. A. N. Vereshchagin,Induktivnyi Effekt. Nauka, Moscow (1987).
5. V. A. Pal’m, Osnovy Kolichestvennoi Teorii Organicheskikh


Reaktsii (Fundamentals of the Quantitative Theory of Organic
Reactions). Khimiya, Leningrad (1977).


6. C. Hansch, A. Leo and R. W. Taft,Chem. Rev.91, 165 (1991).
7. C. G. Swain and E. C. Lupton,J. Am. Chem. Soc.90, 4328 (1968).
8. C. D. Johnson,The Hammett Equation. Cambridge University


Press, Cambridge (1973).
9. R. W. Taft,J. Am. Chem. Soc.75, 4538 (1953).


10. J. D. Roberts and W. T. Moreland,J. Am. Chem. Soc.75, 2167
(1953).


11. H. H. Jaffe,Chem. Rev.53, 191 (1953).
12. R. W. Taft, S. Ehrenson, I. C. Lewis and R. E. Glick,J. Am. Chem.


Soc.81, 5352 (1959).


Copyright  1999 John Wiley & Sons, Ltd. J. Phys. Org. Chem.12, 283–288 (1999)


INDUCTIVE SUBSTITUENT EFFECTS 287







13. C. Hansch and A. Leo,Substituents Constants for Correlation
Analysis in Chemistry and Biology. Wiley–Interscience, New York
(1979).


14. A. N. Vereshchagin,Konstanty Zamestitelei dlya Korrelyatsion-
nogo Analiza (Substituent Constants for Correlation Analysis).
Nauka, Moscow (1988).


15. M. Charton,Adv. Quant. Struct. Property Relat.1, 171 (1996).
16. A. R. Cherkasov, V. I. Galkin and R. A. Cherkasov,Russ. Chem.


Rev.65, 641 (1996).
17. M. Charton,The Chemistry of Arsenic, Antimony and Bismuth,


edited by S. Patai, pp. 367–439. Wiley, Chichester (1994).
18. M. Charton,The Chemistry of Organic Germanium, Tin and Lead


Compounds, edited by S. Patai, pp. 603–664. Wiley, Chichester
(1995).


19. R. Knorr,Tetrahedron37, 929 (1981).
20. G. K. Semin, T. A. Babushkina and G. G. Yakobson,Primenenie


Yadernogo Kvadrupol’nogo Rezonansa v Khimii (Applications of
Nuclear Quadrupole Resonance in Chemistry). Khimiya, Lenin-
grad (1972).


21. M. C. Pirrung and A. T. Morehead,J. Am. Chem. Soc.116, 8991
(1994).


22. O. Exner,Dipole Moments in Organic Chemistry. Georg Thieme,
Stuttgart (1975).


23. S. E. Tkachenko, A. N. Yarkevich, E. N. Tsvetkov, V. I. Galkin, R.
D. Sayakhov, R. A. Cherkasov and A. N. Pudovik,Dokl. Akad.
Nauk SSSR315, 628 (1990).


24. S. Marriott, W. F. Reynolds, R. W. Taft and R. Topsom,J. Org.
Chem.49, 959 (1984).


25. W. F. Reynolds, P. G. Mezey and P. G. Hamer,Can. J. Chem.55,
522 (1977).


26. O. Exner, M. Ingr and P. Carsky,J. Mol. Struct. (Theochem)397,
231 (1997).


27. N. Lawrencelle and P. D. Pacey,J. Am. Chem. Soc.115, 625
(1993).


28. F. Harary,Graph Theory. Addison-Wesley, Reading, MA (1969).
29. V. I. Galkin, R. D. Sayakhov and R. A. Cherkasov,Russ. Chem.


Rev.60, 815 (1991).
30. B. I. Istomin and V. A. Baranskii,Russ. Chem. Rev.51, 223


(1982).
31. L. T. Kanerva and A. M. Klibanov,J. Am. Chem. Soc.111, 6864


(1989).
32. V. I. Galkin, A. R. Cherkasov, R. D. Sayakhov and R. A.


Cherkasov,Zh. Obshch. Khim.65, 458 (1995).
33. A. R. Cherkasov, V. I. Galkin and R. A. Cherkasov,J. Phys. Org.


Chem.11, 437 (1998).
34. O. Exner and Z. Friedl,Prog. Phys. Org. Chem.19, 259 (1993).
35. W. F. Reynolds,J. Chem. Soc., Perkin Trans. 2, 985 (1980).
36. J. E. Huheey, E. A. Keiter and R. L. Keiter,Inorganic Chemistry:


Principles of Structure and Reactivity. Harper Collins, New York
(1993).


Copyright  1999 John Wiley & Sons, Ltd. J. Phys. Org. Chem.12, 283–288 (1999)


288 V. I. GALKIN








Photochemical reactions of T1 benzopyranthione in
3-methylpentane


Jan Koztowski, Andrzej Maciejewski, Marek Milewski and Wojciech Urjasz
1Faculty of Chemistry, Adam Mickiewicz University, Grunwaldzka 6, PoznanÂ , Poland
2Apparatus Laboratory, Adam Mickiewicz University, Grunwaldzka 6, PoznanÂ , Poland


Received 25 June 1997; revised 31 January 1998; accepted 4 March 1998


ABSTRACT: Photochemical properties of the lowest triplet state of 4H-1-benzopyran-4-thione (BPT) in 3-
methylpentane were studied in the thione concentration range 10ÿ7ÿ 10ÿ3


M. The quantum yield of the
photochemical decomposition of BPT was found to be highly concentration dependent. For low BPT concentrations
(<10ÿ6 M) a reaction with the solvent is responsible for the consumption of the thione. In the concentration range
1� 10ÿ6 –8�10ÿ5 M the main process is the reaction of thiyl radicals, formed in the primary reaction of hydrogen
abstraction from a solvent molecule, with BPT molecules in the ground state. For thione concentrations>10ÿ4 M, the
BPT triplet decays almost entirely in a self-quenching process. HPLC analysis showed that five different
photoproducts, including an oligomer, are formed. Knowledge of earlier studied photophysical properties of BPT in
3-methylpentane and perfluoroalkanes permitted a quantitative explanation of the mechanism of photochemical
reactions of3(BPT). The studies indicate, for BPT concentrations<10ÿ4 M, a dominant role of the interaction of
3(BPT) with the solvent and the subsequent caged radical recombination in deactivation of BPT in theT1 state.
Copyright  1999 John Wiley & Sons, Ltd.
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INTRODUCTION


Although the photochemical properties of thioketones
have been the subject of studies for many years, much
less is known about them than about their oxygen
analogues.1–5Relatively much attention has been devoted
to photocycloaddition and photooxidation reactions and
photoreduction and dimerization of thioketones.3–5 The
use of highly unreactive perfluoroalkanes as solvents6


made it possible to investigate the photochemical
properties of aromatic thiones in the absence of the
solute–solvent interactions which can otherwise dom-
inate the decay of thione triplets.3,7 A number of studies
have shown that self-quenching (concentration quench-
ing) plays a very important (usually dominant) role in the
deactivation of the lowest triplet state of thioketones.3,8,9


This process, believed for a long time to be only physical
in nature, has been shown to participate in the photo-
chemical decomposition of thiones in perfluoroalkanes as
solvents.7


The aim of this study was to investigate the photo-
chemical properties of 4H-1-benzopyran-4-thione (BPT)
in 3-methylpentane (3-MP) in the concentration range
10ÿ7 –10ÿ3 M. This is the first attempt to study the


photochemistry of this thione in an active solvent in a
concentration range wide enough to allow the investiga-
tion of all processes responsible for its photochemical
decomposition. The photochemical properties of this
thione in perfluoroalkanes and its photophysical proper-
ties in perfluoroalkanes and 3-MP have been described
previously.3,6,7,9 The photophysical and photochemical
data given there allowed the determination of the role of
self-quenching processes and3(BPT) reaction with the
solvent and also the subsequent reaction of radicals
formed probably in the latter reaction with BPT
molecules in their ground state. It should be pointed out
that photochemical studies of thioketones are particularly
difficult owing to their high photoreactivity towards
solvent impurities and oxygen, the need to use very low
thione concentrations to prevent BPT triplet deactivation
from being dominated by the self-quenching process,
possible thermal instability of photoproducts and the
tendency of the photoproducts to undergo further
photoreactions leading to the formation of poly-
mers.3–5,10–12


RESULTS AND DISCUSSION


TheS1 state of BPT was initially populated by absorption
of laser radiation (�exc= 515 nm, e = 8 lmolÿ1 cmÿ1).
The lifetime of the lowest excited singlet state of
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thioketonesis veryshort(ca10ÿ12 s)becauseof thevery
efficientandfast intersystemcrossingS1 → T1.


13,14This
is the reasonwhy the T1 stateis entirely responsiblefor
the photochemicaldecompositionof BPT underexcita-
tion to S1. Absorptionchangesduring irradiationof BPT
areshownin Fig. 1.


Figure 2 shows the concentrationdependenceof
quantum yield of photochemicaldecomposition(fD)
for BPT in 3-MP andperfluoroalkanes.3(BPT) in 3-MP
can decay in both intramolecular and intermolecular
processesconnectedwith interactionswith the solvent


andthroughtheself-quenchingprocess.That is why the
overall photochemicaldecompositionof BPT can be
representedasa sumof threecomponents:


�D � Cintra�intra � Cinter�inter � Csq�sq


where Cintra is the contribution of intramolecular
processes,Cinter is thecontributionof the intermolecular
processesotherthanself-quenching,Csq is the contribu-


Figure 3. Contributions of intramolecular processes (intra),
interactions with the solvent (inter) and self-quenching (sq) in
deactivation of 3(BPT) as functions of BPT concentration. The
following photophysical parameters for BPT triplets in 3-MP
are also given: ksq, the self-quenching rate constant; k3-MP[3-
MP], the rate of the process of interaction with the solvent;
and t0


T1
, the triplet lifetimes extrapolated to in®nite dilution


in 3-MP and PF (per¯uoro-1,3-dimethylcyclohexane)


Figure 2. Concentration dependence of the quantum yield
of photochemical decay of BPT in 3-MP (full circles, original
results; squares, from Ref. 18) and per¯uoro-1,3-dimethyl-
cyclohexane (open circles, from Refs 7 and 9); �exc = 515 nm


Figure 1. Spectral changes in the UV±visible absorption spectra of BPT in 3-MP ([BPT] = 1� 10ÿ3
M) upon irradiation at 515 nm.


The numbers on the curves are the irradiation time in minutes
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tion of self-quenchingandfintra, finter andfsq are the
photochemicaldecompositionquantumyieldsfor eachof
the processesdeterminedassumingthat eachparticular
processwould be the only one. To give a quantitative
descriptionof a photochemicaldecompositionof BPT in
3-MP, the earlier measuredphotophysicalparameters
were used,including the triplet lifetimes and the self-
quenchingrateconstant.3,7,9 Thesevaluespermittedthe
exact determinationof the contributionsof the above-
mentionedprocessesin the deactivationof 3(BPT) (Fig.
3). As we have shown for several thioketones,their
photochemicaldecompositionin chemically inert per-
fluoroalkanesoccurs only in intramolecularand self-
quenching process3,7. For [BPT]< 10ÿ6 M, the self-
quenchingis negligible and only intramolecularpro-
cesses are responsible for the decay of BPT in
perfluoroalkanes. Thevalueof fD measuredunderthese
conditionsis not higher than 4.4� 10ÿ4, which can be
consideredastheupperlimit of fintra.


7


Thevalueof fD measuredin 3-MPfor thelowestBPT
concentration([BPT] = 2.7� 10ÿ7 M) is 0.0165. It is
significantly higher (ca 40 times) thanfintra. Sincethe
contributionof self-quenchingfor thisBPTconcentration
can be neglected,such a high value of fD can be
attributedonly to the occurrenceof processesin which
the solvent plays an active role, namely it acts as a
hydrogenatom donor in the reactionof hydrogenatom
abstractionby BPT triplets. An analogousreactionhas
beenproposedby BrühlmannandHuber10 for xanthione
in methylcyclohexane.The product of this primary
processis acagedradicalpair.Two structuresof radicals
formedfrom aBPTmoleculein thisreactionarepossible.
In the thiyl radical the lone electronis localizedon the
sulfur atom (indicated as 1 in Scheme1) and in the
thioketyl radical the electronis localizedon the carbon
atom of the thiokarbonyl group. The radicals can
recombine in a solvent cage reproducing substrate
molecules in the ground state or form stable photo-
products,the sulfideand/orthiol (not shownin Scheme
1). Analogous products were observedby Kito and
Ohno15 for the reaction of thiobenzophenonewith
tetrahydrofuran.The UV–visible absorptionspectrum
of the productscould be obtainedon the basisof the
changesin the absorptionspectrumof the irradiated
solution,but HPLC analysiswas not possibleowing to
the extremelylow concentration(<10ÿ6 M) of BPT that
hadto beusedin this case.


It shouldbenotedthat radicalrecombinationis a very
efficient processsince the above-describedinteraction
with thesolventis responsiblefor a deactivationof BPT
triplets by 54% and the value of fD is much lower
(fD = 0.0165)thantheyield of theprimary process.We
can concludethat in fact the majority of the radicals
formedrecombineand the efficiency of the recombina-
tion is ashigh as97%.This is in agreementwith earlier
work by deMayo andco-workers,16,17who reportedthat
theprocessof recombinationof radicalsformedby thione


moleculesin the triplet stateoccurredwith anefficiency
of ca 90%.


For high concentrationsof BPT (>10ÿ4 M) the
mechanism of its photochemical decomposition is
relativelysimplebecausethentheself-quenchingprocess
is mainly responsiblefor deactivationof 3(BPT) (Fig.
3).18 Self-quenchingwas for a long time consideredto
be an entirely physical process.3–5,8,10 However, we
have shown that in perfluoroalkanes,for BPT con-
centrations>10ÿ4 M, this is the only processleadingto
the photochemical decomposition of BPT, with a
quantum yield of 3.6� 10ÿ3.3,7 A very similar and
almostconstantvalue of fD was obtainedin 3-MP for
BPT concentrations>10ÿ4 M.3,18 Also, the changesin
theabsorptionspectraof irradiatedsolutionsin thesetwo
solventswere very similar. Theseobservationssuggest
that in both cases the same process, namely self-
quenching,is responsiblefor photochemicalconsump-
tion of BPT. The useof HPLC showedthat underthese
conditions three products are formed. Taking into
accountthe fact that they are formed as the result of
self-quenching,we canexpectthat theyall aredimersof
variousstructure.Their UV–visible spectraobtainedby
meansof HPLCarepresentedin Fig.4(a).In two of them
there is a long-wavelengthband similar to the S0→S2


bandcharacteristicof BPT.This indicatesthepresenceof
a thiocarbonyl group in the moleculesof these two


Scheme 1.
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Figure 4. UV±visible absorption spectra of products of photochemical decay of 3(BPT) in 3-MP. (a) Dimers with thiocarbonyl
groups (I) and (II) and 1,3-dithiane (III); (b) disul®de (I) and chromone (II)
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products.3,7,9,19 The possiblestructuresof the products
are shown in Scheme 1 (structures 2 and 3). The
photoreactionleading to the formation of product 2
seemsparticularly likely sincethe formation of sucha
productcanbeconsideredasanexampleof awell known
reactionof cycloadditionof a thiocarbonylgroup to a
carbon–carbondoublebond.3–5,20,21It is interestingthat
thesetwo productsare not formed upon irradiation of
BPT derivativeswith an alkyl group(butyl or decyl) at
the 2-position,owing to steric hindranceinhibiting the
formationof theseproducts.The productswith thiocar-
bonyl groups can absorb incident light and, being
photochemicallyreactive,theyundergosecondaryphoto-
chemicalreactionsincludingfurtherpolymerization.The
photopolymerization can take place also when 3(BPT)
reacts with product 2 or 3 in its ground state.
Photopolymerization processeshave been reported to
occur also during the photolysisof other thioketones;
however,thepolymersformedhavenot beenthesubject
of any studiesso far. Formation of a precipitatewas
observeduponirradiationof asolutionof BPTin 3-MPof
relativelyhighconcentration(>10ÿ4 M). Massspectraof
the isolatedprecipitatewere recordedby positive and
negativeion liquid secondaryion massspectrometry).
(LSIMS) The positive ion spectrum revealed an
[M � H]� peak at m/z 811, whereasthe negative ion
spectrumindicatedan [MÿH]ÿ peakat m/z809, which
provesthat themolecularweightof theoligomeris 810,
which correspondsto 5MBPT. The m/zvaluesshowthat
BPT is indeeda monomerunit of theobtainedoligomer.
Thisconclusionwasconfirmedby theelectronionization
(EI) massspectrumwith peaksat m/z 162 and 324,
interpretedascorrespondingto the monomeranddimer
formeddueto fragmentationof the oligomer.The UV–
visible absorptionspectrumof theoligomerdissolvedin
dimethylsulfoxideshowsa bandwith a maximumat the
wavelength378nm. This indicates the presenceof a
thiocarbonylgroup in the oligomer molecule.7,9,19 The
intensity of this band is lower, relative to thoseof the
other absorptionbands, than in the spectrumof the
monomer,which is connectedwith the fact that only a
small proportion of thiocarbonyl groups remain intact
when the oligomer is formed. For BPT concentrations
>10ÿ4 M, the oligomer is the main product of photo-
chemicaldecompositionof BPT in 3-MP.Thestructures
of products2 and3 seemto be particularly likely since
they can yield the oligomer observedas a product in
furtherphotoreactions.Theconsumptionof theprimarily
formed dimers makesit impossibleto obtain them in
quantitiessufficientfor moredetailedspectralanalysis.


Thethird productformedasa resultof self-quenching
is, as expected,1,3-dithiane(shown in Scheme1 as
compound4). Themoleculesof thisdimerdonotcontain
a thiocarbonyl group and do not undergothermal or
photochemicaldecomposition.The UV–visible absorp-
tion spectrumof this product is shown in Fig. 4(a).
Photochemicaland thermaldimerizationand formation


of 1,3-dithiane have been reported for adamanta-
nethione.4,5,22 1,3-Dithianeshave been consideredas
theonly productsformedin theT1 self-quenchingprocess
in perfluoroalkanes.3,7 However,HPLC analysisof the
productsof photochemicaldecompositionof BPT in the
concentrationrangewhereself-quenchingis the domi-
nantprocessin 3(BPT) decayprovedthatapartfrom 1,3-
dithiane, two other primary products(2 and 3) of the
photochemicaldecompositionof BPT areformedunder
suchconditions.


The most remarkablefeature of the concentration
dependenceof fD is the rapid initial growth of fD with
increasein BPT concentration(Fig. 2). This can be
explainedneitherby an increasein the contributionof
self-quenching,sincefsq is low (seeabove),nor by a
high quantumyield of the primary reaction with the
solvent,becausethe contributionof the latter decreases
with increasingBPTconcentration.Theonly explanation
for the increasein fD canbe an additionalbimolecular
processinvolving BPTmoleculesin thegroundstateand
radicalsformed in the reactionof hydrogenabstraction
that would render the process of recombination of
radicalslessefficient.Sucha processhasbeenproposed
by Brühlmannand Huber10 for xanthionein methylcy-
clohexane.Also elsewherearomatic thioketoneshave
beenreportedto bevery efficientradicalscavengers.23,24


In the first step of this process(Scheme1), the thiyl
radical, formed in the primary reaction with the
solvent,3,10,16 reactswith the BPT molecule in the S0


state,formingadimericradical(structure7), whichin the
following stepabstractsthesecondhydrogenatomfrom a
3-MP molecule,probablyleadingto disulfideformation
(structure8). TheUV–visible spectrumof this productis
shown in Fig. 4(b). As the formation of the dimeric
radicalsis a competitiveprocesswith the thiyl radical
recombination,it causesan increasein finter and the
initial growth of the overall quantumyield of photo-
chemicaldecompositionof BPT with increasein BPT
concentrationup to the value of 0.052 for [BPT] =
6.5� 10ÿ6 M. We cannot rule out the possibility of
formation of disulfide also in the reactionof two thiyl
radicalsfollowing their escapefrom thesolventcage.In
the range1� 10ÿ6 –8� 10ÿ5 M the processof disulfide
formation dominatesthe photochemicaldecomposition
of BPT. However,for increasingBPT concentrationthe
increasein Csq at the expenseof Cinter is still more
significant and when BPT concentration is further
increased ([BPT]> 1� 10ÿ5 M) a decrease in the
experimentalfD is observed.


In the presenceof oxygenan efficient (especiallyfor
low BPTconcentrations)processof photooxidationtakes
place, as has been reported for some other thioke-
tones.3–5,25 This processcan obscureother processes
responsiblefor photochemicalconsumptionof thethione
in air equilibratedsamples.The retentiontime andUV–
visiblespectrum[shownin Fig. 4(b)] of themainproduct
obtainedin thepresenceof oxygenperfectlymatchthese
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propertiesof the chromoneinjected as a standardin
various eluent compositions, which proves that a
chromoneis formed on irradiation of BPT in 3-MP in
aeratedsolutions.


EXPERIMENTAL


BPT wassynthesizedandpurifiedby methodsdescribed
elsewhere.7,9 Chromone (Aldrich) was purified by
column chromatographyand crystallization.3-MP (Al-
drich) was purified by column chromatographyand
distillation. Deoxygenated(if not stated otherwise)
sampleswere illuminated with 515nm radiation from
an argon laser (ILA-120, Zeiss). The intensity of the
incidentradiationwasmeasuredby meansof a Reinecke
saltactinometer.Whenanappropriatelyhigh conversion
was achieved,the irradiated samplewas analysedby
HPLC using a diode-arraydetector(Waters996). This
techniquepermittedrecordingof theUV–visible absorp-
tion spectrumof eachproduct.Sincethequantumyield of
thephotochemicaldecompositionof BPT(fD) wasfound
to dependstronglyon the thioneconcentration,fD was
determinednotonly by extrapolationof themeasuredfD


to zeropercentageof thioneconsumed,butalsousingthe
differentialmethod.MassspectrawererecordedonAMD
604 (LSIMS) and AMD 402 (EI) massspectrometers.
LSI mass spectrawere recordedusing m-nitrobenzyl
alcoholasa matrix.


CONCLUSION


Themeasurementsof thequantumyield of photochemi-
cal decompositionof BPT in 3-MP overa wide rangeof
concentrationand HPLC analysisof irradiatedsamples
togetherwith reportedearlier values of photophysical
parametersof the BPT lowesttriplet stateenabledus to
suggesta full and coherentmechanismfor the photo-
chemicaldecompositionof BPT.Despitethehigh(>0.5)
yield of theprimaryreactionof hydrogenabstractionfor
low (<10ÿ6 M) BPTconcentrations,thequantumyield of
BPT decayis relatively low owing to the very efficient
processof recombinationof cagedradicals.ForhighBPT
concentrations(>10ÿ4 M), when self-quenchingis the
main processof deactivationof 3(BPT), not just one
product(1,3-dithiane)is formedashasbeenassumedso
far, but theformationof two moredimerproductsandan
oligomer has been evidenced. An interesting and


unexpectedfeatureof the concentrationdependenceof
thequantumyield of thephotochemicaldecompositionof
BPT is thatthemaximumvalueof fD (0.052)wasfound
for BPT concentrationsaslow as6.5� 10ÿ6 M.
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ABSTRACT: A series of potentially stable high-spin molecules based onm-phenylene and/ors-triazine
ferromagnetic connectivity coupling units and two-atom three-electron spin centers thioaminyl (—N�—S)— and/
or hydrazyl (—N�—N<) were computationally investigated as novel magnetic material building blocks, using the
semiempirical AM1-CI molecular orbital plus configuration interaction (CI) method. Oligoradicals based on these
structural units were investigated for various both cyclic and linear connectivities in order to determine the effects of
structural variation on the high-spin state preference. Copyright 1999 John Wiley & Sons, Ltd.


KEYWORDS: high-spin organic molecules; two-atom; three-electron spin centers; magnetic materials


INTRODUCTION


The design and synthesis of organic molecules with very
high-spin ground states has been and remains a topic of
great interest.1–4 One rational approach to designing
high-spin molecules which has been proposed and
studied by several groups5–7 consists of conceptually
dividing the molecules into two components: a spin-
containing (SC) fragment which provides the unpaired
electron and a ferromagnetic coupling (FC) unit which
connects radical centers ferromagnetically.


Recent interest in design of organic-based magnetic
materials has spurred considerable work on the synthesis
and properties of organic open-shell molecules. The
highest spin states obtained for purely organic systems
have been reported for systems such as polycarbenes and
dendridic polyradicals. High-spin polycarbenes4 have not
been considered feasible as realistic components of
magnetic materials owing to their high reactivity under
non-cryogenic conditions, although recent results suggest
some improvements in stability of polycarbenes with
appropriate substitution.4g,hEven sterically stabilized all-
hydrocarbon dendritic polyradicals show instability for
larger systems, with some loss of exchange coupling
between electrons.1e Therefore, the quest for new classes
of stable multiradicals with high-spin ground state has
been strongly pursued. Although painstaking, the pro-


mise of these efforts is spurred by successes such as the
solid-stateb-phase of the organic radical 1-cyano-4-
dithiadiazolyl-2,3,5,6-tetrafluorobenzene that has been
recently discovered to exhibit spontaneous magnetization
at 36 K.8


In this contribution, we describe computational studies
of a class of potentially stable high-spin multiradicals that
incorporates thioaminyl (—N�—S—) and hydrazyl
(—N�—N<) SC units connected bym-phenylene and/
or s-triazine FCs as shown in the schemes. Free radicals
containing the two-atom three-electron thioaminyl9 and
hydrazyl10 spin centers are exceptionally persistent and
can in some cases be isolated as pure radical crystals.
Additional requirements for the stabilization of a high-
spin ground state inp-conjugated systems are (i) the
existence of partially occupied degenerate or near-
degenerate molecular orbitals (POMOs) and (ii) strong
Coulomb electron–electron interaction within the sub-
space of near degenerate POMOs that prevents spin
pairing and gives rise to preference of the high-spin
state.11 Semiempirical quantum methods have been
found to be effective in identifying electronic ground
states of open-shell systems with varying structures,
connectivities and conformations.12


We have applied the semiempirical molecular orbital
plus configuration interaction AM1-CI method,13 to
assess ground-state spin multiplicities for a series of
putative di- or multiradicals shown in the schemes. Since
the prediction of the absolute singlet–triplet gaps of small
organic biradicals is seldom feasible even by high quality
ab initio methods, we concentrated mainly on relative
trends associated with variations of SC, FC and
connectivity in the series. In addition, we describe the
nature of the exchange coupling in terms of energy
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splitting of POMOsandthespindensitydistributionsfor
thehigh-spinstate.


Limited CI treatmentssuch as thoseusedhere can
suffer from size extensivity problems,wherein larger
moleculesarenotsocompletelyor preciselydescribedas
smaller moleculesfor the same computationalactive
space. This is a particular problem for ab initio
methodology.However,asis truefor othersemiempirical
methods,theAM1 limited CI methodaswe haveusedit
for open-shellmoleculeshasbeencalibrated12a–c using
specificactive spacesagainstboth experimentalresults
and ab initio results. The calibrations have included
geometryoptimization, ground-statemultiplicity deter-
minationandtheestimationof lowestground-to-excited
stateenergygapsDEL–H.12a–cThe calibrationmolecules
also included systems with considerableheteroatom
substitution. Without going into extensivedetail, we
notethatthepredictivecapabilityof AM1-CI andclosely
related methodsfor ground-statemultiplicity vis-à-vis
known experimentalresults (such as dinitroxide radi-
cals12m) hasbeenextremelygood,and that quantitative
comparisonsof DEL–H to ab initio resultshavealsobeen
family goodwherethe latter numbersareavailable.12a–c


Simplevariationsof techniquedid not significantlyalter
the resultspredictedin this study. Normally, it can be
dangerousto alter thestandardCI activespaceusedin a
semiempiricalmethodthat hasalreadybeencalibrated
against ab initio results, since the whole calibration
proceduremight needto berepeated.Still, for a number
of themoleculesexaminedin thepresentstudy,wefound
thatmoderateincreasesin theactivespacedid notchange
the computedDEL–H in any substantialfashion. This
finding is in accordwith resultsfor othersemiempirical
studiesin which themagnitudeof electroncorrelationis
described as not too strongly affecting qualitative
ground-statemultiplicity for alternant open-shellsys-
tems.12l Sincethe resultsdid not vary strongly with CI
activespacewithin theconstraintsof ourprocedure,only
resultscomputedby our previously establishedproce-
duresarereported.12a–c,g


As additional calibration, we note that alteration in
connectivitygivesreasonablequalitativeresultswhenthe
sameAM1-CI methodologyis used.Forexample,planar
para analogsof themetabiradicalsdescribedin Scheme
1 areall foundto havesingletstates,asonewouldpredict
by simpleconnectivityarguments,1g andby theprecedent
of computations12i on very closelyrelatedbiradicals.


Overall, the AM1-CI methodologytakesinto account
themajororbital subspaceandconfigurationsthatdeter-
mine ground-statemultiplicity and electronicstructure
for open-shellmolecules,insofarascalibrationagainstab
initio computationand experimenthas determinedto
date.Extrapolationto largerpolyradicalshastheoretical
pitfalls, but is warrantedin the absenceof obviously
illogical results. Still, the discussionof results given
belowshouldbetakenin thespirit of explainingtrendsin
computedpropertiesfor relatedsetsof molecules,rather


than implying that one can expect strict quantitative
verificationof anygiven singlenumber.


METHODOLOGY


Theseriesof di- andmultiradicals1–17 wasobtainedby
variation not only of the SC (—N�—S—, —N�—N<;
thioaminyl, hydrazyl)andFC (m-phenylene,m-triazine)
units,butalsoof connectivity.Thediradicalmodels1 and
3 form onepairof symmetricalregioisomers,andmodels
2 and 4 form a secondpair; both pairs utilize the m-
phenyleneFCunit. Analogouspairsof s-triazinecoupled
systemsare5 and7 plus6 and8.Extendedversionsof the
m-phenylene linked systems were studied as linear
oligomers (9 and 10, n = 1–4) and cyclic oligomers
(11–13, n = 1–4) as shown in the schemes.We used
Spartan(Wavefunction,version4.1)runningonaSilicon
Graphicsworkstationto assembleand pre-optimizethe
molecules using the AM1 semiempirical all-valence
electronHamiltonian13 with unrestrictedHartree–Fock
(UHF) wavefunctions.


For the diradicals,final geometryoptimizationswere
performedwith AM1 multielectronconfigurationinter-
action wavefunctions(MECI) using C2v (1–4) and Cs


(5–6; n = 1) symmetryconstraints;linearmultiradicals(5
and6, n = 2–4)wereunderCs symmetryconstraints.The
cyclic multiradicals(7 and 8, n = 2–4) were optimized
with planar constraintsfor the sake of simplicity in
evaluatingthe connectivityeffectsin thesesystems.All
MECI optimizationswere doneusing MOPAC93.14 As
reference SCF wavefunction, a restricted open-shell
Hartree–Fock(RHF) determinantwith singleoccupancy
of all near-degeneratePOMOs was used. The CI
subspacespanned121 configurations possessingthe
lowest energywithin six frontier MOs. In addition,we
alsocomputedthespindensitydistributionobtainedfrom
the UHF high-spinground-statewavefunctionat the CI
equilibriumgeometry.UHF wavefunctionstypically give
spin densitymagnitudesthat are too largeandproneto
spin contaminationby statesof higherspin multiplicity,
but remain useful to demonstratequalitative effects of
spinpolarizationin similar molecules.


RESULTS AND DISCUSSION


Variouscomputedpropertiesaregivenin Tables1–4:(1)
the ground-statespin multiplicity for the bi- andmulti-
radicals including the calculated energy gap DEL–H


betweenthe stateof highest spin multiplicity and the
nextlowestlying state(DEL–H > 0 correspondsto ahigh-
spin groundstate);(2) the splitting of the POMO levels
DEPOMOin thereferenceSCFwavefunction;(3) selected
spin densitieson eachatomof the SC andon positions
alternant to the SC (C-2 or N-2 of m-phenyleneor
m-triazine moiety, respectively,shown in structure1).
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Table 1. Stability of triplet ground state (DEL±H), POMO splitting (DEPOMO) and spin densities on the hypovalent atom (rN), on the normally valent atom (rNH/S) of the SC and
on the 2-position of the FC (rC-2 or N-2) for diradical systems (n = 1)


Ph—X—N�—Ar—N�—X—Ph Ph—N�—X—Ar—X—N �—Ph Ph—N�—X—Ar—N�—X—Ph


Ar = C6H4 Ar = C3N3H Ar = C6H4 Ar = C3N3H Ar = C6H4 Ar = C3N3H Ar = C6H4 Ar = C3N3H
X = S X = NH X = S X = NH X = S X = NH X = S X = NH X = S X = NH X = S X = NH


Parameter 1 2 3 4 5 6 7 8 9aa 10aa 11a 12a


DEL–H (eV) 0.39 0.51 0.13 0.25 0.02 0.07 0.01 0.05 0.09 0.16 0.03 0.11
DEPOMO (eV) 0.24 0.32 0.39 0.45 0.005 0.02 0.08 0.12 0.22 0.24 0.63 0.41
rX� (N�, S�) 0.55 0.59 0.41 0.59 0.56 0.59 0.52 0.66 —S—PhN�— 0.55 —HNPhN�— 0.59 —S—ArN�— 0.60 —HN—ArN�— 0.52


PhN�— 0.55 PhN�— 0.59 ArN�— 0.70 ArN�— 0.68
rNH/S 0.27 0.19 0.47 0.19 0.28 0.19 0.30 0.12 Ph—S— 0.26 Ph—NH 0.20 Ph—S 0.28 Ph—NH 0.32


—Ar—S— 0.26 —Ar—NH— 0.19 —Ar—S— 0.09 —Ar—NH— 0.10
rC-2/N-2b 0.67 0.68 0.42 0.21 0.46 0.49 0.46 0.18 0.58 0.60 0.35 0.32


a For theseasymmetricbiradicals,the tableshowsthe resultsfor both theexternallydelocalized(Ph—X�—) andcentrallydelocalized(—Ar—X�—Ph)spinsites.
b For all biradicals,this site is at the 2-positionof thecentral,meta-substitutedring.
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For thesakeof simplicity, we list only thespindensities
for theSCsandr(C-2or N-2), sincewefoundtheseto be
themajor sitesof positivespindensity.Thesevariations
in spin density can be correlatedwith the variation of
DEL–H,12e–h and the combination of the two results
revealsusefultrendsaboutthedegreeof preferenceof the
high spinstateasa functionof structuralvariation.From
Tables 1–4 it can be seen that all the molecules
investigatedhere are predicted to possesshigh-spin
groundstateswith DEPOMO� 0.63eV.


For the various thioaminyl (1 and 2) or hydrazyl (3
and4) SCs,thespindensitieson thetwo atomsof theSC
have the samesign, but with considerablylarger spin
densitieson the hypovalentnitrogenatomsthan on the
—S—or—N< atom(seeTable1), regardlessof different


connectivitypatterns.The normally valentatomsthere-
fore tend to insulate the spin-bearinghypovalentsites
from delocalization.Thechoiceof connectivityof theFC
to thehypovalentor thenormally valentatomof theSC
stronglyaffectsthespindensityr(C-2 or N-2) of theFC
unit, which is a useful measureof the degreeof spin
delocalizationfrom the SC on to the FC. When the
hypovalentspindensitysitesaredirectly attachedto the
FC, the high-spinstateis considerablymore favorable
thanthecaseswhenneitherhypovalentsite is connected
to theFC.12a,h,i


The diradicalscan be rankedin order of decreasing
DEL–H as 1> 9a> 5 and 2> 10a> 6 (Table 1). The
decreasinghigh spinpreferencewith —X—N�—Aryl—
N�—X— > —X—N�—Aryl—X—N �— > —N�—X—
Aryl—X—N �— connectivity is not just an effect of
distanceasthe hypovalentspin-bearingsiteson the SCs
become further apart, but is also due to the spin-
insulating effects of the normally valent atoms in the
SCs. Becausespin density does not delocalize well
through the —S—and—N< sites in the SCs,lessspin
densityis delocalizedon to the FCsin 9a and10a, and
evenlessin 5 and6, resultingin adecreasingDEL–H. This
computationalresult is supportedby the experimental
finding that thioaminyl-baseddiradicals with the con-
nectivity of 5 (—N�—S—Aryl—S—N�—) do not show
triplet behavior.9g


DEPOMO decreasesin the series1–2> 9a–10a> 5–6
(Table 1). It may seemparadoxicalthat the high-spin
preferencein this seriesgrows smalleras the energetic
splitting of the frontier orbitalsdecreases.However,the
decreasein DEPOMOis aneffectof increasedinsulationof
theSCsfrom oneanotherdueto theplacementof thespin
isolating —S— and —NH— moieties:it is not due to
symmetry-imposedeffects. As a result, the increasing
orbital degeneracyreflectsincreasingisolation of non-
interactingspin orbitals, suchthat systems5 and 6 are
essentiallynon-interactingbiradical systems.Nominal
orbitaldegeneracyin asystemis notsufficientto yield an
energeticallyfavorablehigh-spinstate,whenaneffective


Scheme 2


Table 2. Stability of quartet ground state (DEL±H), POMO
splitting (DEPOMO) and spin densities on the hypovalent atom
(rN), the normally valent atom (rNH/S) of the SC, and on the
2-position of the FC (rC-2 or N-2) (n = 2)


Parameter 9b 10b 13a 14a 15 16a 17a


DEL–H (eV) 0.05 0.09 0.21 0.29 0.25 0.12 0.21
DEPOMO(eV) 0.35 0.38 0.04 0.007 0.05 0.23 0.31
rN� –a –a 0.47 0.53 0.55 0.32 0.51
rNH/S –a –a 0.39 0.23 0.21 0.57 0.27
rC-2/N-2 –a –a 0.57 0.59 0.60 0.35 0.40


a Spindensitieson monomerunitsvariableowing to non-symmetryof
linear oligomer.


Table 3. Stability of quartet ground state (DEL±H), POMO
splitting (DEPOMO) and spin densities on the hypovalent atom
(rN), the normally valent atom (rNH/S) of the SC, and on the
2-position of the FC (rC-2 or N-2) (n = 3)


Parameter 9c 10c 13b 14b 16b 17b


DEL–H (eV) 0.03 0.05 0.10 0.13 0.09 0.10
DEPOMO (eV) 0.42 0.44 0.15 0.36 0.33 0.63
rN� –a –a 0.50 0.58 0.32 0.56
rNH/S –a –a 0.33 0.21 0.55 0.25
rC-2/N-2 –a –a 0.56 0.60 0.34 0.39


a Spindensitieson monomerunitsvariableowing to non-symmetryof
linear oligomer.


Table 4. Stability of quartet ground state (DEL±H), POMO
splitting (DEPOMO) and spin densities on the hypovalent atom
(rN), the normally valent atom (rNH/S) of the SC, and on the
2-position of the FC (rC-2 or N-2) (n = 4)


Parameter 9b 10c 13b 14b 16b 17b


DEL–H (eV) 0.02 0.03 0.08 0.11 0.05 0.07
DEPOMO (eV) 0.46 0.49 0.11 0.32 0.38 0.56
rN� –a –a 0.55 0.58 0.43 0.58
rNH/S –a –a 0.29 0.21 0.45 0.24
rC-2/N-2 –a –a 0.56 0.59 0.35 0.38


a Spindensitieson monomerunitsvariableowing to non-symmetryof
linear oligomer.
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mechanism for exchange between electrons is not
available.


Thes-triazineFC unitsgive FM coupledbehaviorfor
diradicals3, 4, 7, 8, 11 and12. In all cases,thecoupling
DEL–H is smallerthanthatcomputedfor theconnectivity
analogousm-phenylenecoupleddiradicals.As in the m-
phenylenecoupled analogs,the magnitudeof DEL–H


decreaseswith increasingdistancebetweenthe hypova-
lent nitrogencenters,following theorder3> 11> 7 and
4> 12> 8 for the thioaminyl and hydrazyl SCs,
respectively. In the subsequentwork on oligomeric
species,we choseto studyonly the m-phenylenelinear
oligomers,becauseof thelower exchangeefficacyof the
s-triazineunits.However,we did studycyclic oligomers
incorporatings-triazine FCs, becauseof their potential
ability to form chelatedor hydrogen-bondedsolid-state
arrays.


Thestabilityof high-spingroundstates(DEL–H) for the
linearandcyclic tri-, tetra-andpentaradicalsshowsimilar
trendsto the diradicalsasfunctionsof connectivityand
SC. All oligomerswere formulatedusing regioregular
head-to-tail—Aryl—N �—X—Aryl—N �—X connectiv-
ities, in order to avoid the spin-insulatingeffectsnoted
above for the —N�—X—Aryl—X—N �—connectivity.
There is some decreasein high-spin preferenceas
oligomersize increases,but it is not clearhow muchof
this trend is dueto the inherentuncertaintiesof usinga
limited active spacefor the configuration interaction
calculations.12a,c


For practical reasons,the cyclic oligoradicals are
particularly worthy targets. Rajca1e noted that cyclic
oligoradicalsare more tolerant of SC defectsthan are
linear oligoradicals when the SCs are part of the
conjugatedsystemratherthanbeingpendant.As shown
in Scheme2 thecyclic casesallow multiple pathwaysfor
electron exchangethroughout the molecule, whereas
linear oligoradicalsare brokeninto small spin domains
by SC defects.In our computations,the cyclic oligo-
radicals were found to have larger DEL–H than the
correspondinglinear forms for the lower degree of
polymerization.Multiple factorscould contributeto this
effect. For linear oligoradicals,spin populationtendsto


concentrateon the terminal units, segregatingspin
densityand leading to a smallerDEL–H. This effect is
reducedby an increasein thedegreeof oligomerization,
which leadsto a moreevenspin densitydistribution in
thecenterof a linear chainresemblingthat of thecyclic
systems.The cyclic systemactslike a linear systemof
infinite length,so long asthecyclic connectivityis non-
disjoint andregioregularin a head-to-tailfashion.Also,
thecyclic oligomerstendto possesssmallerDEPOMOthan
correspondinglinear oligomers, in part owing to their
higher symmetry.Deplanarizationof the cyclic oligo-
radicalscouldaffect thesetrendsin realsystems,but the
qualitativetrendsarereasonableandfurther point to the
cyclic systemsasdesirablesynthetictargets.


An interestingandimportantquestionfor thedesignof
practical ferromagneticsystemsconcernswhether the
natureandmagnitudeof exchangecouplingin theoligo-
radicalsis comparableto thosein thediradicalmodels.In
consideringthe trendsfor both the linear systems9 and
10 andcyclic oligoradicals13–17, thereis a substantial
drop in DEL–H on going from thediradical to the higher
spin systems.DEL–H decreasesas the degreeof oligo-
merizationincreases,but the decreaseis small in com-
parisonwith thatongoingfrom thediradicalto triradical.
A similar trendwasfound in our original study12c of the
AM1-CI method as applied to diradicals and oligo-
radicals,andalsoby Li et al.12l in a completelyseparate
semiempirical study of di- and oligoradical systems.
Given the variation of the magnitudesof high-spin to
low-spinenergygapasa functionof structure,thetrends
in both studies are unlikely to be due solely to
methodologicalartifacts. Qualitatively, these and the
previousresultsshowthat diradicalmodelsarelikely to
begoodqualitativemodelsfor theexchangecouplingin
oligoradicalsof similar geometry,but thatthemagnitude
of exchangein the diradical may overestimatethe
analogousaverageexchangebetweenany two units in a
larger,relatedpolyradical.


For all of thesystemsstudied,if thetwo-atomSCsare
consideredasa singleunit (sinceboth atomshavespin
densityof thesamesign),a spindensitywaveis formed
in the oligomeric systems.A spin density wave with
appropriateconnectivity and geometry to avoid spin
mismatches(ra–ra spin interactionsof thesamesign) is
expectedto exhibit a high-spin ground state for all
oligomers,asobservedin thesecalculations(Scheme3).
Suchspin-densitywavemodelsareknownto bein accord
with the experimentalexchangebehaviorobservedfor
high spinmolecules.15


In comparingoverall trends,the hydrazylSC qualita-
tively delocalizesmore spin densityon to m-phenylene
FCunitsthandoesthethioaminylSC.Interestingly,when
thes-triazineFC is used,the thioaminyl SC is predicted
to undergoconsiderablespin densityperturbation,with
anincreasein unpairedspinuponthedivalentsulfuratom
attributableto agreatercontributionof the—ÿN—S��—
resonancestructure. The heteroatom substitution in


Scheme 3
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s-triazinethusaffectsthe spin densitypopulationon the
SC.Although an analogouseffect is nominally possible
for thehydrazylradicaldueto resonanceadmixtureof the
—ÿN—N��< structure,the computationssuggestthat
this doesnot occur to a significantextent.This result is
consistentwith thebetterability of divalentsulfur to bear
aradicalcationsitein —ÿN—S��— thanthatof trivalent
nitrogenin —ÿN—N��<.


In an effort to modela hydrazyl-basedsystemthat is
synthetically more realistic, although computationally
morecomplex,thanthoselackingstericstabilization,we
investigated system 15 with N-phenyl substitution
analogousto that of known stableradicalssuchasN,N-
diphenylpicrylhydrazyl. As shownin Table2, theuseof
N-phenylhydrazyl instead of the simple hydrazyl SC
perturbsthe degeneracyof POMOs,suchthat 15 hasa
slightly larger DEPOMO and a smaller preferencefor a
quartet ground state than is found for analogousbut
sterically simpler system14a. Still, 15 has a sizable
predictedDEL–H of 0.25eV, suggestingthis systemto be
a goodsynthetictarget.


In principle, the degreeof oligomerizationmight be
further increasedwhile still maintaining a high-spin
groundstatefor both the cyclic and linear oligoradical
systemsstudiedhere.For example,Patel et al.16 have
beeninvestigatingliquid crystallineoligoradicalsystems
basedon the thioaminyl SCunit. They havealsoshown
computationally that thioaminyl radicals should be
attractivesyntheticbuilding blocks for molecularmag-
netic materials.If problemswith oligomerizationof the
radicalsitescanbe overcomein thesesystems,systems
containing the hydrazyl and thiaminyl radicals could
serveasusefulbuilding blocksfor magneticmaterials.


CONCLUSION


Stabletwo-atomthree-electronSCssuchas thioaminyl
and hydrazyl should be useful building blocks in the
designof high-spinmoleculessuch as thosedescribed
above.Fordiradicalsconstructedusingm-phenyleneFCs
andtheseSCs,therelativetriplet stabilizationversusthe
singletdecreaseswith anincreaseof thedistancebetween
two hypovalentspin centerscarrying the largest spin
density, especiallywhen more of the normal valence
—S— and —NH— units are interposedbetweenthe
hypovalentspin-bearingsites.Use of the hydrazyl SC
favorsmorespindensitydelocalizationfrom theSConto
the 2-position in the FC ring, in comparisonwith the
thioaminylSC,leadingto greaterhigh-spinground-state
preferencewhenhydrazylis used.This differencewould
probably be decreasedin the experimentally more
realisticN-phenylhydrazylsystems.


All of the cyclic oligoradicals describedhere are
predictedto be goodcandidatesfor stablemultiradicals
with robust high-spin ground states. The high-spin
preferencein the cyclic casesappearssufficient not to


be overcomeby effectsof deplanarization.In addition,
thecyclic oligoradicalshavea greaterpreferencefor the
high-spin ground state than linear oligoradicals of
correspondinglength,althoughthepreferenceis reduced
as the degreeof oligomerizationincreases.For all the
systemsinvestigated,the magnitudeandsign of DEL–H


correlatewith variationof spin densityon the FC, such
thatthelargesthighspinpreferencesarefoundwhenspin
densityis mostdelocalizedfrom theSCsonto thelinking
FCs.Overall, stablehigh-spinmoleculesbasedon these
SCsshouldbe attractivetargetsaspart of the designof
magneticmaterials.
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ABSTRACT: For an aqueous solution ofp-toluyldimethylglycine [Me2NCH(p-CH3-C6H4)COOH], at low
concentrations or high temperatures, where solute–solute interactions are minimal, inversion about the amino group
and the rate of tautomerization are relatively fast on the NMR time-scale. As a result, the dimethyl groups appear as a
singlet in the NMR spectra. At high concentrations of the solute or low temperature, where there is an increase in
solute–solute interactions via, more than likely, hydrogen bonds involving the acidic and basic functionalities, the
rates of inversion and tautomerization are relatively slow. As a result, the two methyl groups are non-equivalent on the
NMR time-scale. Copyright 1999 John Wiley & Sons, Ltd.
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INTRODUCTION


Many compounds, such as drugs, are ionized to some
extent at physiological pH in order to achieve biological
activity.1 Knowledge of the factors that influence the
ionization of such compounds is necessary in order to a
gain mechanistic understanding of their activity.2 The
extent of the ionization of compounds in solution is
influenced not only by the structure of the compounds,
but also by significant solute–solvent and solute–solute
interactions that exist. Kamlet, Taft and co-workers have
examined, in extensive detail, the source and nature of
these types of interactions.3 For a-amino acids, their
limited solubility4 in most solvents precludes a thorough
analysis of the sources and nature of important solute–
solvent and solute–solute interactions that exist. As a
result, the properties of a wide variety ofa-amino acids
and their derivatives in different media are poorly
understood.N,N-Dialkylated a-amino acids, in addition
to being very important compounds in biological
chemistry,5 are ideal compounds that can be used to
gain an understanding of the nature of solute–solvent and
solute–solute interactions ofa-amino acids; these two
types of compounds have very similar structures. In
addition, compared with mosta-amino acids, dialkyla-
mino acids are very soluble in a wide range of solvents.6


In this work, we examined the nature of the association
betweenp-toluyldimethylglycine molecules in water and
the effects that temperature and concentration changes
have on the equilibria of the tautomeric species.p-


Toluyldimethylglycine is one in a series of substituted
phenyldimethylglycine molecules which are currently
being used in our laboratory to understand better the
effects that substituents have on the properties of amino
acids.


EXPERIMENTAL


p-Toluyldimethylglycine was synthesized as outlined in
the literature.7 1H NMR spectra were recorded on an IBM
(Bruker) NR/300 FT-NMR spectrometer.


RESULTS AND DISCUSSION


In D2O, the1H NMR spectra ofp-toluyldimethylglycine
vary with both the concentration of the solute and
temperature. Figure 1(A) shows the partial spectra ofp-
toluyldimethylglycine at different concentrations and
Fig. 1(B) shows the partial NMR spectra of the same
compound at different temperatures. The singlet at
2.1 ppm is that of the toluyl methyl group. From Fig.
1(A), the dimethylamino protons are equivalent at low
concentrations ofp-toluyldimethylglycine, but they are
not equivalent at higher concentrations. From Fig. 1(B),
the dimethylamino protons are equivalent at high
temperatures, but they are not equivalent at low
temperatures. Thea-carbon of the dimethyl amino acid
is chiral, hence at low rates of inversion of the free amine
the diasteriotopic8 N-methyls are magnetically non-
equivalent in the1H NMR spectra. In contrast, the
protonated amine can only invert through a tautomeriza-
tion equilibrium with the free amine. Hence there are two
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important equilibria (inversion and tautomerization) (Fig.
2), which must be considered to explain the spectra in
Fig. 1.


In water, the tautomeric equilibrium for amino acids is
known to favor the zwitterionic tautomer—the equili-
brium constant is 105.62 for glycine.9 It has been shown
experimentally and theoretically that water solvates the
zwitterionic tautomer of amino acids very effectively.10


Since water is considered to be one of the most polar
protic solvents,11 it will favorably solvate dipolar
zwitterions. Hence it is reasonable to assume that the
tautomeric equilibrium ofp-toluyldimethylglycine in
D2O also favors the zwitterions and only a small
concentration of free amine exists in the concentration
and temperature range of this study. It is known that
inversion about substituted amines is very fast;12 thus, at
low concentrations ofp-toluyldimethylglycine where


solute–solute interactions are expected to be minimal,
and the lone pair of electrons on the nitrogen are not
excessively hydrogen bonded, rapid inversion of the
dimethylamino nitrogen of the neutralp-toluyldimethyl-
glycine is expected. At low concentrations of the solute
and at room temperature, fast tautomerization is ex-
pected. As a result of a rapid inversion rate combined
with fast tautomerization (Fig. 2), the dimethylamino
protons appear to be equivalent in the NMR spectra.


At higher concentrations ofp-toluyldimethylglycine in
water, the solute–solute association increases. The
association is probably via specific and non-specific
interactions,13 but probably mainly specific interactions
owing to the presence of an acidic hydrogen and a basic
group. As a result of this close association between
solutes, the lone pair of electrons on the nitrogen are
involved in a hydrogen bond and the inversion rate about


Figure 1. Partial 300 MHz spectra of p toluyldimethylglycine in D2O. (A) Different
concentrations at 298 K and (B) different temperatures of a 1.58 M solution


Figure 2. Equilibria of p toluyldimethylglycine in D2O
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the dimethylamino group is reduced, compared with that
at lower concentrations. Another consequence of such a
close solute–solute interaction is that the zwitterion is
stabilized more than that in dilute solution, and thus a
return to the neutral amino acid is more difficult owing to
a higher activation barrier; hence the rate of tautomeriza-
tion is reduced also at higher concentrations. It is difficult
to determine which of the rates is affected more as a
function of concentration, but a reduced rate of inversion
and tautomerization renders the dimethyl protons non-
equivalent on the NMR time-scale.


From the results shown in Fig. 1(B), there is indication
that the association between the solute molecules is more
than likely via hydrogen bonds. It is known that hydrogen
bonds are sensitive to temperature14 and from the
temperature-dependent spectra in Fig. 1(B) the two
signals for theN,N-dimethylamino hydrogens coalesce
to a single signal at high temperatures. At low
temperatures (which is also at a high concentration of
the solute), owing to strong association through hydrogen
bonds of the solute species, the amino acid exists as
effective aggregates. Hence the appearance of two
signals at low temperatures is caused by a slow rate of
inversion and tautomerization. As the temperature is
raised, however, the effectiveness of the hydrogen bonds
is reduced and the rates of inversion of the amino groups,
and also the tautomerization, are increased, and, as a
result, the dimethyl groups appear equivalent in the NMR
spectra.


In summary, at low concentrations ofp-toluyldi-
methylglycine in water or high temperatures, solute–
solute interactions are minimal, the rates of inversion
about the amino groups and tautomerization are relatively
fast on the NMR time-scale and the dimethyl groups
appear as a singlet. At high concentrations of the solute or
low temperature, it is expected that the solute–solute
association should be strong, rendering very stable
zwitterion aggregates, similar to that found in the crystal
structure of dimethylamino acids (A. D. Headley, S. D.
Starnes and B. R. Whittlesey, unpublished results).


As a result of this strong association, the rates of
inversion and tautomerization are reduced and the two
methyl groups are non-equivalent on the NMR time-
scale. Even though the formation of the specific and non-
specific interactions may be the major driving force for
the association of these amino acids, their hydrophobic/
hydrophilic nature may serve to orient the molecules such
that there are interactions between the carboxylic acid
and amino functionalities. Similar NMR temperature and
concentration dependence spectra were not observed for
a-alkyldimethylamino acids, such asN,N-dimethylva-
line, which do not have as hydrophobic a side-chain.15


There may be two explanations for this observation: (a)


the diasteriotopic shift caused by the isopropyl group is
not great enough to be detected; or (b) the hydrophobic
effect of the isopropyl group is not great enough to cause
aggregation of the molecules. Ongoing investigations are
being carried out in our laboratory to delineate the
contributions of these effects.
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ABSTRACT: The PM3 semiempirical method was selected to study the stereoselectivity along the domino pathways
corresponding to the twofold addition of the chiral (R)-3-tert-butylcyclopentenyllithium 2 and the achiral
cyclopentenyllithium5 to dimethyl squarate ester1 as a model for squarate ester sequential reactions. Stationary
points, reactants, intermediates, transition structures and products, on the reactive potential energy surface were
characterized with analytical gradient techniques. The main steps of this consecutive chemical reaction can be
classified as follows: (1) addition of2 to 1 to obtain the ketoalkoxide products3 and 4; (ii) a domino sequence
corresponding to an initial addition of5 to these products to yield dialkoxide intermediatesIN1 andIN2; subsequent
C—C bond breaking processes ofIN1 andIN2, associated with electrocyclic four-membered ring cleavage, to yield
the endoand exo octatetraene rotamersIN3 and IN4, respectively; the final cyclizations give the cyclooctatriene
products6 and 7, respectively; and (iii) hydrolysis and subsequent intramolecular aldolic condensation of these
cyclooctatrienes to obtain the final products. The theoretical results show that the step controlling the product
stereochemisty corresponds to the conrotatory cyclization of theexooctatetraene intermediateIN4. The large value of
the barrier height associated with the cyclization of theendooctatetraeneIN3 together with the easy interconversion
between the octatetraene rotamersIN3 andIN4 indicate that the cyclization process takes place only through theexo
octatetraeneIN4. Copyright 1999 John Wiley & Sons, Ltd.


KEYWORDS: squarate esters; sequential reactions; domino reactions; PM3 semiempirical method


INTRODUCTION


The development of synthetic methodologies combining
the simultaneous formation of several bonds in a single
sequence (domino processes) represents an attractive
field of research, belonging to a growing family of
reactions that allow the regio-and stereo-controlled
formation of several carbon–carbon bonds and/or ring
systems in a single operation.1–9A striking feature of this
type of rearrangement is that whereas both starting
reagents can be achiral, products containing several
contiguous stereogenic centers can be formed. In
particular, the squarate ester cascade associated with
the twofold addition of cyclopentenyllithium to a
squarate ester triggers a domino of chemical events with
concomitant formation of polycyclic products. This type
of chemical reaction has been systematically studied by
Paquette and co-workers10–12and can be considered as a
useful synthetic transformation in organic chemistry.13,14


A schematic representation of the stages of the overall
process is presented in Scheme 1.


Although the sequence of the major steps is known
from experimental work,10–14 there have been no
theoretical investigations on the detailed molecular
mechanism. As a part of our ongoing research program
to study the family of consecutive inter- and intramole-
cular domino reactions,15–17in this paper we report on a
first theoretical study in which all stationary points
related to the co-addition of a chiral alkyl-substituted and
an achiral cyclopentenyllithium to a squarate ester were
characterized on model compounds having the essential
group elements intervening in the chemistry of this
system. The aim of this work was to contribute to a better
understanding of the mechanistic features of this domino
reaction process, especially by identifying the step in the
domino sequence that controls the product sterochem-
istry.


COMPUTATIONAL METHODS AND MODELS


Owing to the large size of the present systems, studies at
the ab initio level are exceedingly expensive. However,
semiempirical methods have progressed over the past few
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yearsto a surprisinglevel of accuracyand reliability,
consideringthe limitationsof theunderlyingapproxima-
tions;18,19evensimplecalculationsat moderatelevelsof
theory such as semiempirical proceduresgive useful
information on the molecular mechanismof different
chemicalreactions.Accordingly,thePM3semiempirical
procedure20 was selectedto carry out the calculations
with theMOPAC93packageof programs.21 Thismethod
rendersa reliable parameterset for Li and it hasbeen
appliedto studydifferent organiccompounds.22–30


Theoretical characterization of the properties of
stationarypoints,reactants,intermediates(IN), transition
structures (TSs) and products, located on reactive
potentialenergysurfaces(PES)of greatcomplexitycan
beachievedsatisfactorilyby usingsemiempiricalproce-
dures.31 ThePESassociatedwith themolecularmechan-
ism,following thesequentialstagesproposedby Paquette
et al.,11 for the twofold addition of 2 and 5 to 1 was


calculatedin detail to ensurethat all relevantstationary
points were located and properly characterized.The
optimizations were carried out using the eigenvalue
following routine32,33andtherequestedconvergencefor
the gradients of energy was 0.5kcalmolÿ1 Åÿ1


or kcalmolÿ1 radÿ1 (1 kcal= 4.184 kJ). The nature of
eachstationarypoint wascheckedby diagonalizingthe
Hessianmatrix to determinethe numberof imaginary
frequencies(zerofor localminimaandonefor TSs).This
type of analysis provides valuable information that
complementsthat obtained by experimental organic
work. Following recent experimentaland theoretical
work, we included in our calculations two or three
moleculesof dimethyl ether in order to completethe
preferential four coordination number of the Li
atom.30,34,35


RESULTS AND DISCUSSION


The domino pathwaysfor the squarateestersequential
reactionsincludeseveralstepsandsubtleties,andit is not
aneasytaskto producea sensibletheoreticalmechanism
involving all aspects,which remains a challenging
problemin theoreticalphysicalorganicchemistry.The
different stationarypoints characterizedon the reactive
PESaredepictedin Fig. 1 andtheheatsof formationare
presentedin Tables1 and2. Threereactants,1, 2 and5,


Scheme 1. Schematic representation of the twofold addition
of the chiral and achiral cyclopentenyllithium 2 and 5 to the
squarate ester 1 following Paquette's et al. scheme11


Table 1. Heats of formation (DHf, kcal molÿ1) for intermedi-
ates (IN1, IN2, IN3, IN4), transition structures (TS1, TS2,
TS3, TS4, TS5, TS6, TSint, TS7, TS8) and products (3, 4, 6,
7) and relative energies with respect to reactants


Species Endo Species Exo


TS1 ÿ362.5(10.8) TS2 ÿ364.0(9.3)
3 ÿ409.1(ÿ35.8) 4 ÿ409.2(ÿ35.9)
TS3 ÿ385.2(ÿ11.9) TS4 ÿ384.5(ÿ11.2)
IN1 ÿ426.6(ÿ53.3) IN2 ÿ425.8(ÿ52.5)
TS5 ÿ418.3(ÿ45.0) TS6 ÿ416.6(ÿ43.3)
IN3 ÿ454.1(ÿ80.8) IN4 ÿ454.3(ÿ81.0)
TSint ÿ441.4(ÿ68.1)
TS7 ÿ408.4(ÿ35.1) TS8 ÿ421.6(ÿ48.3)
6 ÿ437.0(ÿ63.7) 7 ÿ446.6(ÿ73.3)


Table 2. Heats of formation (kcal molÿ1) for intermediates
(IN5, IN6), transitions states (TS9, TS10) and products (8, 9),
and relative energies with respect to IN5


Species DHf (kcalmolÿ1)


IN5 ÿ138.9(0.0)
IN6 ÿ138.5(0.4)
TS9 ÿ116.0(22.9)
TS10 ÿ117.1(21.8)
8 ÿ177.4(ÿ38.5)
9 ÿ178.9(ÿ40.0)
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six intermediates,IN1, IN2, IN3, IN4, IN5 andIN6, 11
TS, TS1, TS2, TS3, TS4, TS5, TS6, TSint, TS7, TS8,
TS9andTS10, andsix products,3, 4, 6, 7, 8 and9, were
locatedon thePES.


The analysis of the results shows that the overall
reactions can be dissected into a series of three
consecutivesteps:(i) addition of the chiral (R)-3-tert-
butylcyclopentenyllithium 2 to the squarateester1, to


give the ketoalkoxides3 and 4; (ii) a secondprocess
associatedwith aheterodominosequence;additionof the
achiral cyclopentenyllitium5 to ketoalkoxides3 and 4
givestheintermediatesIN1 andIN2, respectively,which
by meansof ring cleavageand subsequentcyclization
afford thecyclooctatrienes6 and7 via the intermediates
IN3 and IN4; and (iii) hydrolysis and subsequent
intramolecularaldolic condensationof thesedienolates


Figure 1. Stationary points along the reaction pathway. (a) Addition step and heterodomino sequence. (b) Hydrolysis and
intramolecular aldol condensation
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to give thefinal products.Westudiedonly thehydrolysis
of 7, to yield 8 and9, sincethe dienolate6 is obtained
experimentallyin very small amountsand 7 is purified
beforetheprocesscontinues.


Addition of the chiral cyclopentenyllithium 2 to
squarate ester 1


Monoadditionof the chiral (R)-tert-butylcyclopentenyl-
litium 2 to thedimethylsquarateester1 correspondsto a
nucleophilicattackof theanionicC-5 centerof 2 to one
of two facesof thecarbonylgroupsof thesquarateester1
to give the diastereoisomericketoalkoxides3 and4, via
the transition structuresTS1 and TS2, respectively.
Becauseof the presenceof a symmetry plane in the
squarateester1, only two competitivediastereoisomeric
pathways take place, along these diastereoisomeric
transition structures.Owing to the chiral characterof
the cyclopentenylsystem, two diastereoisomericpro-
ducts 3 and 4 can be obtained.Both pairs of stereo-
products3 and4, andtransitionstructuresTS1 andTS2,
havesimilar energiesowing to a similar arrangementof
the tert-butyl substituentin the two pairs of diastereos-
tructures.The correspondingbarrier heightsare in the


range9.3–10.8kcalmolÿ1. TheC-1—C-5forming bond
lengths at TS1 and TS2 are 2.357 and 2.294Å,
respectively,andthe C-5—C-1—Oanglesof attackare
103.3° and 104.5°, respectively.In Fig. 2 a pictorial
representationof TS2 geometryis given and selected
geometricalparametersfor TS1, TS2, 3 and4 aregiven
in Table3.


Heterodomino sequence


Thefirst stepof theheterodominoprocessis theaddition
of theachiralcyclopentenyllithium5 to theketoalkoxides
3 and 4, to give the intermediatesIN1 and IN2 (anti
attack), via a similar molecular mechanism to the
previous nucleophilic addition. Syn attack was not
consideredbecausethe correspondingfinal products
werenotdetectedexperimentally;weadoptedPaquette’s
et al. proposal.11


Thepresenceof two bulky groups(cyclopentenyland
lithium alkoxide solvated) in ketoalkoxides3 and 4
makesthis additiontakeplaceat theoppositefaceof the
chiral cyclopentenylsubstituent,to give two diastereoi-
somericdialkoxides,IN1 andIN2, with similar energies,
via the transitionstructuresTS3 andTS4, respectively.


Figure 1. continued
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Both TSs also have similar energies (ÿ285.2 and
ÿ284.5kcalmolÿ1).


At theseTSs,theC-4—C-10formingbondlengthsare
2.237and2.217Å, respectively,andtheC-10—C-4—O
attackbond anglesare 101.9° and 101.5°, respectively.
Thetwo dialkoxidesIN1 andIN2 presentlargevaluesof
C-1—C-4bondlengths,1.767and1.748Å, respectively,
owing to a stereoelectronicrepulsive interactionsbe-
tweenthebulky substituentslocatedon theC-1 andC-4
atoms.Thesebond lengthsare longer than for ketoalk-
oxides 3 and 4 (1.619 Å) and for the squarateester1
(1.564 Å), and consequently the ring cleavage is
promoted.


Thesubsequentdominostepsaretheelectrocyclicring


cleavagesof the dialkoxydeintermediatesIN1 and IN2
to give theoctatetraenesIN3 andIN4, via the transition
structuresTS5 and TS6, respectively.Both transition
structurestake place along similar barrier heights(see
Tables1 and2) andtheC-1—C-4breakingbondlengths
in TS5 andTS6 are2.323and2.306Å, respectively.In
this respect,thetwo terminalcyclopentenylringspresent
a perpendiculararrangementrelative to the C-1—C-4
breakingbond,promotingthe ring openingprocess(see
Fig. 3). Moreover, the stabilizing effect of the two
cyclopentenylrings causesthe outward rotation of the
oxidegroupsto belaterthantheopeningprocess.TheC-
2—C-3 bond lengths in TS5 and TS6 are 1.374 and
1.376Å, respectively.Thesebondsare slightly longer
than the correspondingbondsin intermediatesIN1 and
IN2 (1.355Å) but shorterthanthosein theoctatetraenes
IN3 and IN4 (1.462 and 1.456Å, respectively).These
resultsindicate that the ring cleavageprocessescorre-
spond to a non-concertedelectrocyclic mechanism,
wherethe breakingbondprocessis moreadvancedthan
the conrotatory processto give the octatretaenecon-
jugatedsystem.


During the ring cleavagesthere is a change in
hybridizationfrom sp3 to sp2 on theC-1andC-4centers.
Therefore,assoonasthe intermediatesIN3 andIN4 are
formed, the temporalstereochemicalinformation along
the pathway on centersC-1 and C-4 is lost, but the
diastereomericdistinctionpersistsowing to the outward
rotationof theoxidegroups,which only leadto a cis C-
2—C-3andC-4—C-5arrangement.


The intermediatesIN3 andIN4 aretwo rotamerswith


Figure 2. Schematic representation of TS2 (without hydrogens), showing the C-5ÐC-1ÐO angle of attack (104.5°) and the
lithium coordination with two ether molecules, with C-1 and with O-1 centers


Table 3. Selected geometric parameters (bond lengths in AÊ ,
angles in degrees) for TS1, TS2, 3 and 4


Bond TS1 TS2 3 4


C1—O1 1.238 1.241 1.330 1.330
Li1—O1 1.928 1.923 1.712 1.711
C1—C5 2.357 2.294 1.505 1.506
Li1—C5 2.102 2.125 3.943 3.929
C1—C4 1.580 1.580 1.619 1.618
C1—C2 1.529 1.534 1.596 1.598
C2—C3 1.374 1.374 1.366 1.366
C3—C4 1.513 1.508 1.498 1.496
C5—C1—O1 103.29 104.52 114.69 114.41
Li1—O1—C1 98.43 97.85 173.52 176.92
C5—C1—C2—C3 97.86 261.96 109.99 250.39
C5—C1—O1—Li1 3.59 8.62 242.49 125.62
C4—C3—C2—C1 358.93 0.14 359.90 359.87
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similarenergies(ÿ454.1andÿ454.3kcalmolÿ1, respec-
tively), which can be connectedby meansof different
rotationsaroundthe C—C single bondsof the octate-
traenesystem.Therearealternativewaysconnectingthe
two intermediates,andoneof them(TSint) wasselected
in order to compareits barrier height (12.9kcalmolÿ1)
with thosein TS7 and TS8 (45.7 and 32.7kcalmolÿ1,
respectively).Therefore,thereis aneasyinterconversion
betweenIN3 and IN4 and the Curtin–Hammettprinci-
ple36–39hasto be takeninto accountduring the reactive
sequence.


Thehelical arrangementof theseintermediatesfavors
the p atomic orbital overlap of the carbon chain and
concomitant electron delocalization through the 8p
system of the octatetraene.Hence these favorable
interactionspromotetheelectrocyclizationof theoctate-
traenesIN3 andIN4 to give theproducts6 and7, via the
transitionstructuresTS7 andTS8, respectively(seeFig.
4). However,thepresenceof the tert-butyl substituenton
the cyclopentenylring plays an importantrole in these
electrocyclic closures.The presenceof the endo tert-
butyl grouphindersthebond-makingprocessbetweenC-
6 andC-11 in rotamerIN3 andconsequentlytheenergy
of TS7 is higherthanthat of TS8 (13.2kcalmolÿ1), the
C-6—C-11 forming bond lengths being 2.150 and
2.072Å, respectively.Therefore,only the exo rotamer


IN4 undergoessubsequentelectrocyclization to obtain
cyclooctatriene7. The chirality control of the hetero-
domino sequenceis kinetically dominatedby the path-
way IN4 → TS8 and the steric bulk effect of the endo
alkyl group of the cyclopentenylat transitionstructure
TS7modulatestheabsoluteconfigurationof theproduct.
The sterochemicaloutcome is decided at this stage.
Selectedgeometricparametersfor TS3, TS4, IN1, IN2,
TS5,TS6,IN3, IN4, TSint, TS7,TS8,6 and7 aregiven
in Tables4 and5.


Intramolecular aldolic condensation of cycloocta-
triene 7


The last chemical processto transformthe cycloocta-
triene7 into thepolycyclicsystems8 and9 [seeFig.1(b)]
demandstheprevioushydrolysisof thelithium dienolate
7. A plausiblemechanismwould takeplacethroughthe
enols IN5 and IN6 with similar energies(seeTables1
and2). Both enolscouldafford thetetracyclicsystems8
and 9, via the transition structuresTS9 and TS10,
respectively,andfurther protonation–deprotonationpro-
cesses.The similar energiesof IN5 and IN6 and the
similar barrierheightsassociatedwith TS9andTS10are
in agreementwith the fact that in aqueoushydrolysis


Figure 3. Schematic representation of TS6 (without hydrogens), showing the perpendicular arrangement of the two
cyclopentenyl rings relative to the C-1ÐC-4 breaking bond
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Table 4. Selected geometric parameters (bond lengths in AÊ , angles in degrees) for TS3, TS4, IN1, IN2, TS5 and TS6


Bond TS3 TS4 IN1 IN2 TS5 TS6


C4—O4 1.256 1.259 1.340 1.340 1.305 1.307
Li2—O4 1.875 1.867 1.703 1.698 1.726 1.717
C4—C10 2.237 2.217 1.506 1.507 1.469 1.471
Li2—C10 2.143 2.150 3.651 3.708 3.708 3.742
C1—C4 1.689 1.699 1.767 1.748 2.323 2.306
C1—C2 1.578 1.580 1.561 1.562 1.476 1.475
C2—C3 1.362 1.362 1.355 1.355 1.374 1.376
C3—C4 1.522 1.521 1.557 1.561 1.476 1.474
C10—C4—O4 101.93 101.49 112.27 112.56 116.70 116.56
Li2—O4—C4 102.06 102.75 161.87 163.66 162.06 164.48
C10—C4—C3—C2 10.61 243.70 110.47 248.23 80.09 280.37
C10—C4—O4—Li2 3.05 5.42 23.63 319.30 24.36 329.01
C4—C3—C2—C1 359.22 1.18 0.70 359.50 10.76 348.37
C10—C4—C1—C5 148.02 211.02 135.59 225.85 131.82 227.02
O1—C1—C4—O4 251.24 111.13 229.39 130.96 232.31 125.48


Table 5. Selected geometric parameters (bond lengths in AÊ , angles in degrees) for IN3, IN4, TS7, TS8, 6 and 7


Bond IN3 IN4 TSint TS7 TS8 6 7


C1—C2 1.383 1.381 1.388 1.436 1.428 1.497 1.492
C2—C3 1.462 1.456 1.460 1.408 1.418 1.365 1.370
C3—C4 1.385 1.384 1.388 1.439 1.427 1.399 1.490
C4—C10 1.478 1.480 1.475 1.410 1.414 1.365 1.365
C10—C11 1.342 1.343 1.345 1.399 1.400 1.492 1.489
C11—C6 3.968 4.146 3.452 2.150 2.072 1.559 1.558
C6—C5 1.340 1.341 1.340 1.403 1.399 1.502 1.490
C5—C1 1.481 1.481 1.478 1.410 1.415 1.359 1.365
C4—C3—C2—C1 84.32 279.75 24.40 15.61 317.01 355.36 333.95
C10—C11—C6—C5 103.95 245.47 71.47 122.88 238.72 115.16 245.06
C7—C6—C11—C10 312.47 56.66 312.54 236.04 122.19 229.32 124.84


Figure 4. Schematic representation of TS8 (without hydrogens), showing the helical arrangement favouring the p atomic orbital
overlap of carbon chain and concomitant electronic delocalization through the p system. Dashed lines indicate the helical carbon
chain
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conditions,thetetracyclicsystems8 and9 areobtainedat
similar rates.


The transitionstructuresTS9 andTS10correspondto
intramolecularaldolic condensationprocesses.The C-
4—C-5andC-1—C-10formingbondlengthsin TS9and
TS10 are1.869and1.912Å, respectively.The arrange-
ment of the tert-butyl substituentdoesnot lead to any
asymmetricinduction during thesechemicalprocesses,
giving two tetracycliccompoundswith similar yields, in
agreementwith the experimentaldata. Nevertheless,
more studiesare being conductedin order to obtain a
detailedexplanationof the stepsin the overall process,
andthe resultswill be reportedelsewhere.


CONCLUSIONS


A theoreticalstudyof the molecularmechanismfor the
co-addition of a chiral and an achiral cyclopentenyl-
lithium to a squarateester has been carried out. The
reaction pathwayswere studied using the PM3 semi-
empiricalmethod.Specificdetailsof theoverall process
may changeat higher levels of theory (e.g. ab initio
methods),but despite the approximatenature of the
calculations employed here, some important features
were clarified in order to establishnew mechanistic
insights into the molecular mechanism of domino
pathwaysof squarateester sequentialreactions.The
following conclusionscan be drawn from the results
obtainedin this study:(i) thestepin thedominoprocess
responsiblefor the stereochemicalcontrol of the global
processcorrespondsto theconrotatoryelectrocyclization
of theexooctatetraeneIN4; (ii) thelargevaluetheof the
barrierheightassociatedwith thecyclizationof theendo
octatetraeneIN3 and the easyinterconversionbetween
the helical octatetraenerotamers IN3 and IN4 can
explaintheformationof auniqueproduct,thecycloocta-
triene 7, in agreementwith experimental data; the
Curtin–Hammettprinciple is operativein this reactive
sequence;and(iii) the electrocyclicopeningof 4 and5
intermediatesis anasymmetricprocess;thering opening
processis moreadvancedthanthedisrotatorymotionof
cyclopentenyl rings in the corresponding transition
structures,TS5 andTS6, respectively.
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Hydrogen bonding interactions between Starburst
dendrimers and several molecules of biological interest
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ABSTRACT: 1H NMR spectroscopy was used to analyze the interactions between poly(amidoamine) (PAMAM)
Starburst dendrimers (SBDs)1–4and several biologically important guests (pyridine, quinoline, quinazoline, nicotine
and trimethadione). Association constants obtained from changes in the chemical shifts of the amide protons in the
host indicate two different interaction sites inside and on the periphery of the dendrimer. Binding at the inner site is
inhibited in the ester-terminated dendrimers. Copyright 1998 John Wiley & Sons, Ltd.


KEYWORDS: Starburst dendrimers; hydrogenbonding


INTRODUCTION


The poly(amidoamine) (PAMAM) Starburst dendrimers
(SBDs) are of particular interest because their internal
poly(amidoamine) structure may mimic the three-dimen-
sional structure of biomacromolecules, such as proteins
or enzymes.1 In addition, such compounds also manifest
high affinity toward external agents with complementary
hydrogen bonding moieties, enabling them to function as
effective molecular hosts.


Dendrimers possess three distinguishing architectural
components:2 (a) a unique core; (b) an interior consisting
of repeat units of varying number, radially attached to the
core; and (c) an exterior terminal functionality attached at
the outermost position along the chain. The dendrimers
studied here have an ethylenediamine (EDA) core to
which four groups are attached. This structural feature
determines the number of branches possible in the
oligomeric intermediates. The interior layers here consist
of repeat units formally derived fromN-(2-aminoethyl)
acrylamide (CH2=CH(C=O)NHCH2CH2NH2). The
terminal group is either anN-(2-amino)acrylamide as in
1 and2 or an acrylic ester as in3 and4 (Fig. 1).


Recently, photophysical probes have been used to
characterize the interactions between guests included
within a dendrimer and a reaction partner outside the
complex. For example, electron-transfer quenching of
photoexcited Ru(bypy)3


2� by methyl viologen has been
used to investigate the structural differences between
several different generations of Starburst dendrimers,3,4


and a similar photophysical investigation of the interac-
tions of an SBD with anionic and cationic surfactants has


been carried out.5 Pyrene has been used as a photo-
luminescence probe to explore the various hydrophobic
sites in the microheterogeneous architecture in dendri-
mers analogous to3 and 4.6 These studies implicate a
change in morphology from an open, branched structure
for short chains such1–4 to a closed, increasingly
compact surface for more extended chains. The low
molecular weight dendrimers analogous to1–4appear to
be hydrophilic, with large separations between the
terminal groups. Such end-terminated dendrimers have
been described as model anionic micelles.3,6,7


In addition, the structures of Cu(II) complexes formed
with ester-terminated dendrimers in aqueous solution
have been used to study host–guest interactions in the
SBDs. For dendrimers of a length comparable to1–4,
both the carboxylic groups at the dendrimer surface and
the internal amido groups act as active complexation
sites.8 PAMAM-SBDs, when used as stationary phases in
electrokinetic chromatography,9 also showed skeleton
selectivity and a clear preference for aromatic com-
pounds, especially for rigid planar polynuclear aromatic
hydrocarbons.


The SBDs1–4 present two active sites for potential
complexation with hydrogen bonding partners: the
external surfaces of1 and 2 are characterized by free
amino groups, whereas dendrimers1–4 all contain
internal amido groups. In this study, we characterized
the sites by 1H NMR spectroscopy to analyze the
interactions between each dendrimer and a complemen-
tary biologically active complexant, such as pyridine,
quinoline, quinazoline, nicotine or trimethadione. Such
studies can evaluate these dendrimers as hosts for
biomacromolecular guests and can be used to predict
their utility as carriers or stationary phases in chromato-
graphy.
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Figure 1. Poly(amidoamine) Starburst dendrimers employed as hosts
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The guest probes employed here (Fig. 2) were chosen
because of their established reactivity as hydrogen bond
acceptors.10 The study of hydrogen bonding interactions
between these pharmacological active compounds and
biomacromolecules is important because they probe
directly the non-covalent interactions that have been
shown to be physiologically significant.


The present investigation focused on1H NMR shifts of
the included molecules induced by dendrimers1–4. It
addressed (1) the complexation of the SBDs with the
probe molecule, and how solvent influences the strength
of these interactions, (2) a quantitative determination of
the energetic gain associated with hydrogen bonding
between the SBD and the probe and (3) the effect of the
chain length of the SBD on the character of the host–
guest interactions.


EXPERIMENTAL


Materials. Dendrimers 1 and 2 were obtained from
Aldrich as 20% methanol solutions. They were purified
by evaporation of the solvent and by washing with
acetone and diethyl ether. The product was stored in
chloroform over type 4A molecular sieve beads of 8–12
mesh (EM Science) for 24 h. The chloroform was then
removed by rotary evaporation between room tempera-
ture and 50°C.


Quinazoline (Aldrich, 99%), nicotine (Aldrich, 99%),
3,5,5-trimethyloxalidine-2,4-dione (Sigma, 98%) and
pyridine (Norell, 99.8%) were used as received. Quino-
line (Kodak) was distilled under vacuum.


The deuterated solvents CDCl3 (99.8 at% D) (Isotec),
acetone (99.9 at% D) (Norell), methanol (99.8 at% D)
(Sigma), water (99.8 at% D) (Norell), cyclohexene (99.5
at% D) (Sigma), toluene (99 at% D) (Sigma) and benzene
(99.6 at% D) (Isotec) were used as received. Tetra-
methylsilane (99.9�% NMR grade, Aldrich) was used as
an internal standard.


Synthesis of dendrimer 3. To a 50 ml round-bottomed
flask was added 5.0 g of a solution of1 (20% in MeOH).
The methanol was evaporated at room temperature and
methyl acrylate (1.7 g, 19 mmol) was added along with
2.7 g MeOH (50% solution by weight). This solution was
stirred for 48 h at room temperature. MeOH and excess
methyl acrylate were removed by rotary evaporation
between room temperature and 40°C, yielding
0.65 mmol (33%) of a colorless oil.1H NMR data are
listed in Table 1.


Figure 2. Guest probe molecules used in this study


Table 1. Proton chemical shift assignments for ester-terminated Starburst dendrimers 3 and 4 in CDCl3


Dendrimer Structure Assignments (�, ppm)a


3 �a� �b� �c� �d� �e� �f � �h� �i� �j�
ÿ�CH2 ÿ N�CH2CH2CONHÿ CH2CH2 ÿ N�CH2CH2CO2CH3�2�2


(a), (f) 2.55 (m)
(b), (h) 2.77 (m)
(c) 2.36 (5)
(d) 7.21 (bt)
(e) 3.28 (m)
(i) 2.44 (t)
(j ) 3.67 (s)


4 �a� �b� �c� �d� �e� �f � �h� �i�
ÿ�CH2 ÿ N�CH2CH2CONHÿ CH2CH2 ÿ N�CH2CH2CO2R2�2�2


(a), (f) 2.55–2.50 (m)
(b), (h) 2.78 (m)


�k� �l� �m� �n�
R� ÿCH2 ÿ CH2 ÿ �CH2�3 ÿ CH3


(c) 2.35 (t)
(d) 7.21 (bt)
(e) 3.28 (m)
(i) 2.43 (t)
(k) 4.05 (t)
(l) 1.31 (m)
(m) 1.62 (m)
(n) 0.89 (t)


a (m) = multiplet, (bt) = broad triple, (bs) = broad singlet.


�a� �b� �c� �d� �e� �f � �h� �i� �j�
ÿ�CH2 ÿ N�CH2CH2CONHÿ CH2CH2 ÿ N�CH2CH2CO2CH3�2�2


�a� �b� �c� �d� �e� �f � �h� �i�
ÿ�CH2 ÿ N�CH2CH2CONHÿ CH2CH2 ÿ N�CH2CH2CO2R2�2�2


�k� �l� �m� �n�
R� ÿCH2 ÿ CH2 ÿ �CH2�3 ÿ CH3
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Synthesis of dendrimer 4. To a 50 ml round-bottomed
flask was added 5.0 g of a solution of1 (20% in MeOH).
The methanol was evaporated room temperature and
hexyl acrylate (3.8 g, 24 mmol) was added along with


5.1 g of hexan-1-ol (50% solution by weight). This
solution was stirred for 48 h at 50°C under argon.
Hexanol and excess hexyl acrylate were removed by
rotary evaporation between room temperature and 80°C.


Table 2. Proton chemical shift assignments for amino-terminated Starburst dendrimers 1 and 2 in CDCl3


Dendrimer Structure Assignments (�, ppm)a


1 �a� �b� �c� �d� �e� �f � �g�
ÿ�CH2 ÿ N�CH2CH2CONHÿ CH2CH2 ÿ NH2�2�2


(a) 2.40 (m)
(b) 2.66 (m)
(c) 2.34 (m)
(d) 7.54 (bt)
(e) 3.26 (m)
(f) 2.81 (m)
(g) 1.40 (bs)


2 �a� �b� �c� �d� �e� �f � �h� �i� �o� �p� �q� �r �
ÿ�CH2 ÿ N�CH2CH2CONHÿ CH2CH2 ÿ N�CH2CH2CONHÿ CH2 ÿ CH2 ÿ NH2�2�2


(a), (f) 2.51 (m)
(b), (h) 2.73 (m)
(c), (i) 2.36 (m)
(d) 8.05 (bt)
(e) 3.23 (m)
(o) 7.73 (bt)
(p) 3.29 (m)
(q) 2.82 (m)
(r ) 1.74 (s)


a (m) = multiplet, (bt) = broad triple, (bs) = broad singlet.


Figure 3. 1H NMR spectra at 293 K of 1 in CDCl3 (10ÿ2
M)


�a� �b� �c� �d� �e� �f � �g�
ÿ�CH2 ÿ N�CH2CH2CONHÿ CH2CH2 ÿ NH2�2�2
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Figure 4. 1H NMR spectra at 293 K of 2 in CDCl3 (10ÿ2
M)


Figure 5. 1H NMR spectra at 293 K of 3 in CDCl3 (10ÿ2
M)
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A colorless oil, 0.42 mmol (21%), was obtained.1H
NMR data are listed in Table 2.


Methods. 1H NMR spectra were obtained on a Varian
300 Hz spectrometer with tetramethylsilane as internal
standard at 293 K in chloroform. Probe concentrations
were varied in the concentration range 10ÿ2–1M at a
constant concentration of the SBD (<10ÿ2 M). NMR
spectra were recorded 1–2 h after preparation of the
samples and all the solutions were refrigerated immedi-
ately after preparation.


RESULTS AND DISCUSSION


Assignment of chemical shifts in dendrimer com-
plexes


Assigning each proton of dendrimers1–4 is critical
because the shift of each signal must be used to define the
zone of interaction. The assignments were based on1H
and 13C one-dimensional NMR spectra and COSY
1H/1H, HMQC 13C/1H NMR spectra. One-dimensional
1H NMR spectra for1–4 (Figs 3–6) show three kinds of
protons: the amide protons at low field (triplet,


� = 7.54 ppm), amine protons at high field (singlet,
� = 1.39 ppm) and the methylene protons adjacent to the
amide group at a much lower field than the others
methylenes (multiplet,� = 3.26 ppm). Between� 3.0 and
2.3 ppm are found the signals of the others methylenes,
which were assigned by analysis of the corresponding
two-dimensional NMR spectra (Figs 7–10).


In the homonuclear correlation spectroscopy (COSY)
spectrum of1 (Fig. 7), interaction between the different
protons in the molecule permitted assignment of
methylenesf, which show interaction with the methylene
d protons. In contrast, methylenesa show no interaction
with other protons in the molecule. Heteronuclear
multiple-quantum coherence (HMQC) spectra reveal all
the expected cross peaks from the secondary and tertiary
carbons,11 making it possible to assign theb and c
methylene protons. The13C signal of thec methylene,
next to an amide group, is at lower frequency than the13C
signal of theb methylene adjacent to an amino group.
Following the connectivities [broken lines in Fig. 7(B)], a
full assignment can be made.


Two types of amide proton signals were found in2: an
internal amide at� 8.06 ppm and an external amide at�
7.50 ppm. This assignment was confirmed by HQMC,
13C/1H and15N/1H two-dimensional NMR spectroscopy
[Fig. 10(b) and (c)].


Figure 6. 1H NMR spectra at 293 K of 4 in CDCl3 (10ÿ2
M)
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Figure 7. (A) Two-dimensional (H,H COSY) NMR spectra of 1 in CDCl3 (10ÿ2
M) at 300 K; (B) two-dimensional (HMQC 13C/1H) NMR spectra


of 1 in CDCl3 (10ÿ2
M) at 300 K. Peak assignments as shown in Fig. 3
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Figure 8. Two-dimensional (H,H COSY) NMR spectra of 3 in CDCl3 (10ÿ2
M) at 300 K.


Peak assignments as in Fig. 5
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Figure 9. Two-dimensional (H,H COSY) NMR spectra of 4 in CDCl3 (10ÿ2
M) at 300 K. Peak assignments as in


Fig. 6


Table 3. Chemical shifts of the protons of 1 induced by
different solvents


1H chemical shift (�, ppm)b,c


Characteristica Amide H CH2 Amino H
Solvent p b a (d) (e) (g)


Chloroform 0.58 0 0.44 7.54 3.26 1.40
Acetonec 0.71 0.48 0.08 7.94 3.36 1.97
Methanol 0.60 0.62 0.93 —d 3.30 —d


Water 1.09 0.18 1.17 —d 3.30 —d


Pyridine 0.87 0.64 0 8.63 3.52 3.01


a p = Polarity,b = basicity,a = acidity.
b From tetramethylsilane as internal standard; assignments as in Table


2.
c Small contributions from imine formation with solvent were also


observed, but are omitted for clarity.
d Vanished upon equilibration.


Table 4. 1H chemical shifts of 3 induced by different solvents


Chemical shift (�, ppm)b


Characteristica Amide H CH2 CH2 CH2
Solvent p b a (d) (j ) (e) (i)


Chloroform 0.58 0 0.44 7.21 3.67 3.27 2.44
Acetonec 0.71 0.48 0.08 7.33 3.64 3.25 2.44
Methanol 0.60 0.62 0.93 —d 3.30 3.25 2.46
Water 1.09 0.18 1.17 —d 3.56 3.15 2.41
Pyridine 0.87 0.64 0 8.19 3.67 3.56 2.65
Benozene 0.59 0.10 0 7.48 3.51 3.43 2.65


a p = Polarity,b = basicity,a = acidity.
b From tetramethylsilane as internal standard; assignments as in Table


1.
c Small contributions from imine formation with solvent were also


observed, but the peak positions are omitted for clarity.
d Vanished upon equilibration.
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Figure 10. (a) Two-dimensional (H,H COSY) NMR spectra of 2 in CDCl3 (10ÿ2
M) at 300 K; (b) two-dimensional (HMQC 13C/1H)


NMR spectra and (c) (HMQC 15N/1H) NMR spectra of 2 in CDCl3 (10ÿ2
M) at 300 K. Peak assignments as in Fig. 4
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Solvent effects on the 1H NMR spectra of 1±4


Solvents of different polarity, acidity and basicity
(cyclohexane, benzene, toluene, chloroform, acetone,
methanol, water and pyridine) induce different chemical


shifts in 1–4. The largest shifts were observed in the
terminal amino group of1. The amine and the methylenic
protons adjacent to the amide in the internal structure of1
also shift with solvent (Table 3).


The amide protons in1–4 vanish in water and
methanol by exchange, but show large downfield shifts
in hydrogen bond acceptor solvents, such as acetone or
pyridine. Such shifts are normally associated with
changes in the electronic density in the neighboring
proton. The amino resonances also vanish in water and
methanol, because of exchange, but a downfield shift is


Table 5. 1H chemical shifts of 4 induced by different solvents


Chemical shift (�, ppm)b


Characteristica Amide CH2 CH2 CH2
Solvent p b a H (k) (e) (i)


Cyclohexaneÿ0.08 0 0 7.51 4.03 3.25 2.39
Chloroform 0.58 0 0.44 7.21 4.05 3.28 2.43
Acetonec 0.71 0.48 0.08 7.38 4.07 3.27 2.47
Methanol 0.60 0.62 0.93 —d 4.06 3.31 2.46
Water 1.09 0.18 1.17 —d 3.90 3.15 2.29
Pyridine 0.87 0.64 0 7.64 4.06 3.30 2.44
Benzene 0.59 0.10 0 7.50 4.06 3.44


a p = Polarity,b = basicity,a = acidity.
b Against tetramethysilane as internal standard; assignments as in


Table 1.
c Small contributions from imine formation with solvent were also


observed, but are omitted for clarity.
d Vanished upon equilibration.


Table 6. Association constants between pyridine and
dendrimers 1±4


Dendrimer
Ka (l molÿ1)
amide H (d) Ra


Ka (l molÿ1)
amine H (g) Ra


1 1.31 0.9968 0.36 0.9837
2 0.82 0.9598 0.16 0.9766
3 1.11 0.9617 —
4 1.06 0.9466 —


a Correlation coefficient.


Figure 11. Changes in the 1H NMR chemical shifts of 1 induced by
increases in concentration of pyridine in CDCl3: (a) amido group; (b) amino
group
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observed in solvents where the hydrogen bonding is
present, such as pyridine and acetone (Table 3). The
methylenic protons show only a small downfield shift,
except in pyridine, where larger shifts have been


attributed to aromatic solvent, i.e. the so-called aromatic
solvent-induced shift effect.12


A similar study of solvent effects in3 and 4 gave
analogous results. The amide protons shift in the same


Figure 12. Changes in the 1H NMR chemical shifts of 3 induced by
increases in concentration of pyridine in CDCl3: (a) amido group; (b)
CH3 (j) group


Figure 13. Interaction between the amide groups in dendrimer 1 and
pyridine at 293 K in CDCl3. [1] = 0.016 M; [pyridine] = 0.52±1.5 M.
Association constant K = 1.31 l molÿ1
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direction, and the shifts in the methylenic groups adjacent
to the amino groups are much larger than those observed
for the other methylenic protons (Tables 4 and 5).


Hydrogen bonding interactions


Assessment of equilibrium binding. The most sig-
nificant 1H chemical shift in an included guest is caused
by strong hydrogen bonding interactions between a
dendrimer amide proton and pyridine.


Consider the following equilibrium:


A ÿ H� B� A ÿ HB �1�


where A—H is the amide proton and B is the pyridine
nitrogen. If the formation of the hydrogen-bonded
complex is fast, the observed chemical shift of the
hydrogen bonding proton�obs will be a time-weighted
average of the chemical shift of the protons in the
complex �(AH � � � B), and the chemical shift of the free
molecule A—H,�f:


13


�obs� �AH�0ÿ �AH � � �B�
�AH�0


�f � �AH � � �B�
�AH�0


�AH���B �2�


where [AH]0 is the initial concentration of hydrogen
bonding donor and [AH� � � B] is the complex concentra-
tion.


Rearranging Eqn 2 gives


�AH � � �B� � �obsÿ �f


��AH���B� ÿ �f
�AH�0 �3�


By inserting these values, one obtains the following
equilibrium expression:


K�AH�0�B�0ÿ K�AH � � �B�f�AH�0� �B�0
ÿ �AH � � �B�g
� �AH � � �B� �4�


whereK is the equilibrium constant and [B]0 is the initial
concentration of hydrogen bonding acceptor.


Combining Eqns 3 and 4 gives


�B�0
�obs


� 1
��AH���B�


f�AH�0� �B�0ÿ �AH � � �B�g


� 1
Kass��AH���B�


�5�


whereDobs= �obsÿ �f andD[AH � � � B] = �cÿ �f. Equa-
tion 5 contains two unknowns, [AH� � � B] and�c, which
can be calculated by an iterative procedure.14 A plot of
[B]0/�obsversus [A—H]0� [B]0 gives a line with a slope
of 1/D[AH � � � B]. This is then substituted into Eqn 3 to
obtain an approximate value of [AH� � � B], which is then
used in Eqn 5 to calculate an improved value of the slope.
The procedure is repeated until two successive cycles
yield identical values for the slope. The final value of the
equilibrium constant is calculated from the limiting slope
and intercept values. The value of�c is also obtained from
the final slope.


If [A—H] 0 <<< [B]0, Eqn 5 reduces to


1
�obs


� 1
��AH���B�


� 1
K��AH���B��B�0


�6�


Figure 14. Changes in the 1H NMR chemical shifts of 2
induced by increases in concentration of pyridine in CDCl3:
(a) external amido group; (b) internal amido group; (c) amino
group
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Interaction of dendrimers 1, 2, 3, and 4 with pyridine.
Changes in the1H NMR chemical shifts of1–4 were
induced by increasing the pyridine concentration.
Dendrimer1 shows two active regions the internal amido
group and the external amino group (Fig. 11). Dendrimer
3 shows a strong interaction with pyridine only through
the amide proton (Fig. 12).


Equation 6 was used to calculate the association
constant between SBDs and pyridine in chloroform. This
same equation can be used in systems with more than one
hydrogen bonding donor site, but only if the concentra-
tion of the donor site is smaller than that of the acceptor
i.e. if �[A—H] i <<< [B]0.


15


Figure 13 illustrates a plot of Eqn 6 for1, providing the
association constantsKa between1 and pyridine (Table


6). The associations constants for1 are larger than those
for 3 or 4 because the length of the chain in these
dendrimers makes difficult the migration of pyridine to
the internal amide group where further association could
take place.


Dendrimer2 shows a primary interaction with pyridine
along the external surface. Both the amine and amide
groups show changes in proton shifts, but no interaction
is found with the internal amide group proton (d) in Fig.
14. It is likely that in2 the migration of pyridine to the
inner groups of the dendrimer is more difficult (Table 6).


Interaction between SBDs and quinazoline and
quinoline. The complexation of quinazoline and quino-
line was attempted with those dendrimers which have


Figure 15. (a) 1H NMR spectrum of nicotine; (b) 1H NMR spectrum of nicotine with 3 in
CDCl3 at 293 K
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only one type of interactive amido proton (i.e.3 and4).
Equation 5 was then used to calculate the relevant
association constant.


The interaction between3 and these polycyclic
acceptors giveKa = 0.83 l molÿ1 andKa = 0.69 l molÿ1


with quinoline and quinazoline, respectively, in the same
order as expected from the basicities of these acceptors.16


In 4, no interaction with quinazoline or quinoline is
detectable, and no significant changes in1H chemical
shifts are observed upon increasing the concentration of
the acceptor. Presumably, the local tighter packing in
dendrimer 4 is responsible for this difference, as
percolation of these large heterocycles becomes more
difficult.


Hydrogen bonding between 1–4and trimethadione
and nicotine. No significant interactions are observed
between trimethadione and any of the dendrimers
studied. The changes in the dendrimers’ proton chemical
shifts are consistently within experimental error.


In nicotine, the chemical shifts of the aromatic protons
(H-4 and H-5) overlap with those of the amide protons in
1–4(Fig. 15). This overlap makes it difficult to follow the
amine proton shift of the dendritic molecule. Although H-
6 in nicotine can be observed, no shift is observed when
the concentration of nicotine is fixed and the concentra-
tion of dendrimer is increased or decreased. Thus,
interactions between the SBD and the nicotine ring
nitrogen are negligible, but binding at the other amino
nitrogen is not unambiguously excluded. Changes in the
chemical shift of theN-methyl protons of nicotine are
observed, but they overlap with the aliphatic protons of
the dendrimers, making quantitative study difficult.


CONCLUSIONS


Complexation with pyridine involves both the external
and the internal sites only in those dendrimers terminated
with amino groups. No proton shifts could be observed in
the ester-terminated dendrimers3 and4, indicating that
pyridine did not complex with the external carboxylic
ester.


Basic guests tend to bind with the amido group in the
internal groups present in short dendritic branches. When
long ester chains are present, hydrogen bonding between


the internal amido group becomes difficult, and associa-
tion constants become correspondingly small.
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Solvent effects on aromatic nucleophilic substitution
reactions. Part 9. Special kinetic synergistic behavior in
binary solvent mixtures
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ABSTRACT: The kinetics of the reactions of 1-fluoro-2,4-dinitrobenzene with morpholine and piperidine were
studied at 25°C in several binary solvent mixtures of the polar aprotic hydrogen bond acceptor solvent� chloroform
or dichloromethane type, which, in some cases, exhibit synergism for theET(30) solvent polarity parameter. In each
case, the kinetic response model was analyzed as a function both of the amine concentration and of the solvent
mixture composition. The kinetic data show that for some reaction systems under certain experimental conditions, the
reactions are faster in binary solvent mixtures than in the corresponding pure solvents, manifesting a special kinetic
synergetic behavior. This kinetic effect was attributed to a complex combination of factors related to the variations of
the influence of base catalysis with the solvent composition, and to the consequence of specific solvent effects. The
kinetic results were related to theET(30) solvent polarity parameter, analyzing the general validity of the chemical
probe for interpreting the solvent effects in the aromatic nucleophilic substitution reactions explored. The
applicability of the preferential solvation model allowed the special behavior observed to be attributed to the influence
of preferential solvation phenomena. Copyright 1999 John Wiley & Sons, Ltd.


KEYWORDS: kinetic synergistic behavior; binary solvents; aromatic nucleophilic substitution reactions; solvent
effects


INTRODUCTION


Organic liquids are characterized by several properties
that make them suitable for dissolving and for providing
reaction media for various types of solutes.1,2 Solvent
effects are closely related to the nature and extent of
solute–solvent interactions locally developed in the
inmediate vicinity of the solutes.


Solute–solvent interactions are much more complex in
mixed solvents than in pure solvents owing to the
possibility of preferential solvation by any of the solvents
present in the mixture. Moreover, the solvent–solvent
interactions produced in solvent mixtures can affect the
solute–solvent interactions and, therefore, they can also
affect preferential solvation.3


We have recently determined4 the empirical solvent


polarity parameter,ET(30), which is assumed to reflect a
combination of dipolarity and hydrogen bond donor
(HBD) capability, for binary mixtures of solvents
selected with different structural characteristics and an
extensive range of polarity in which preferential solva-
tion is the rule. Among these, binary mixtures of a dipolar
hydrogen bond acceptor solvent with chloroform or
dichloromethane often show synergetic effects for the
ET(30) value. We have also pointed out that this
synergism is more significant for those binary solvent
systems in which chloroform is the cosolvent. These
results were related to the solvent effects on simple
models of aromatic nucleophilic substitution (SNAr)
reactions.


The SNAr reactions between halonitrobenzenes and
primary or secondary amines have been investigated in
both polar and apolar solvents. The rate of these reactions
is notably affected by the solvent properties and the
solvent effects have often been studied in recent decades.
These studies show how extensive and complex are the
interactions of the substrate and/or the intermediate(s)
with the solvent molecules. However, few systematic
studies on pure solvents, and even less on mixed solvents,
have been carried out.5,6
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In a first attempt to systematize the study of the solvent
effects,7 we reported that the second-order-rate coeffi-
cients,kA, for the reactions of 1-chloro-2,4-dinitroben-
zene (CDNB) with piperidine (PIP) in several aprotic
solvents are well correlated with the Dimroth–Reichardt
solvent polarity scaleET(30) according to the relation-
ship logkA vsET(30). The correlation is remarkably good
if the HBD solvents are excluded (taking into account
that the reactivity in hydroxylic solvents is inversely
proportional to the hydrogen-bond donating ability of the
solvents).8a Also, the kinetics of the reaction between 1-
fluoro-2,4-dinitrobenzene (FDNB) and PIP were deter-
mined in several polar and apolar aprotic solvents.8b


Except for HBD solvents, the second-order rate coeffi-
cients in the rest of the solvents explored were sensitive
to an increase in amine concentration, indicating base
catalysis. These results were interpreted as an indication
that in this reaction the detachment of the nucleofuge is
the rate-limiting step in most aprotic solvents; in those
solvents with HBD ability, the intermediate formation is
the rate-determining step. A simple linear energy
solvation correlation was found between theET(30)
parameter and the second-order rate coefficient obtained
at [nucleophile]�10ÿ1 M. For higher amine contents
increasing deviations were found.


In addition, we have studied the CDNB� PIP reaction
in two different systems of completely non-aqueous
binary mixtures in which preferential solvation is the
rule, but without synergetic effects for theET(30)
parameter.4a Moreover, we have studied the reaction
between 1-halo-2,4-dinitrobenzenes and primary and
secondary aliphatic amines in which the formation of
the intermediate is the rate-determining step CDNB� n-
butylamine or PIP and FDNB� n-butylamine in syner-
getic mixtures forET(30), showing that the synergism is
not reproduced in the kinetic data.4b


In this connection, it was of interest to evaluate the
solvent effects of some of the reported synergetic
mixtures for ET(30) on other simple models ofSNAr
reactions in which base catalysis is possible. Taking into
account that, in general, base catalysis is more often
observed with secondary than with primary amines and
with poor leaving groups, we studied here the kinetics of
the reactions between FDNB and two aliphatic secondary
amines of different basicity, PIP and morpholine (Mo), in
binary mixtures of a dipolar HBA solvent with chloro-


form or dichloromethane that yield high, moderate and
non-synergetic effects onET(30) polarity. The purpose of
this work was to contribute to our understanding on how
solvent effects modify a given chemical process. Also,
this approach was intended to relate the extent of the
preferential solvation of a chemical probe to the kinetic
properties ofSNAr reactions in the same binary solvent
systems. Further, this work was aimed at making a
contribution to the concept of ‘property of a solvent
mixture’ and to whether such a property can be defined
by means of chemical probes or other solvent-dependent
processes.


RESULTS AND DISCUSSION


Kinetic determinations


The kinetics of the FDNB�Mo and FDNB� PIP
reactions were determined at 25°C in ethyl acetate
(EAc)� chloroform or dichloromethane and acetonitrile
(AcN)� chloroform or dichloromethane solvent mix-
tures. Chloroform and dichloromethane are taken as HBD
species (chloroform being the strongest). The acidic
hydrogen atom of these solvents can readily form
complexes with the oxygen atoms of the dipolar HBA
solvent molecules.


The gross mechanism of these reactions in all solvents
is given in Scheme 1:5b,9 the breakdown of the
zwitterionics intermediate, ZH, can occur spontaneously
or by a base-catalyzed mechanism. The transition state
leading to the ZH intermediate is expected to be favored
by increasing solvent polarity. In aprotic polar solvents,
the SNA reactions followed second-order kinetics (first
order in both reagents), whereas in apolar solvents the
order in amine was in the range 1–3, depending on the
nature of the solvent and the nature of the amine.10 The
evidence for mechanisms proposed for theSNAr reactions
with primary or secondary amines in aprotic solvents of
low relative permittivity has recently been reviewed.11


Each kind of reaction was explored at different solvent
compositions, and the influence of amine concentration
was studied in all cases. The reactions were carried out
under pseudo-first-order conditions; they yielded the
expected product in quantitative yield [N-(2,4-dinitro-
phenyl)piperidine andN-(2,4-dinitrophenyl)morpholine],
and proved to be first order in the corresponding
substrate. The second-order rate constants,kA, calculated
from the experimental pseudo-first-order rate constants,
k', are listed in Tables 1 and 2 for the amines Mo and PIP,
respectively, in EAc� CHCl3 or CH2Cl2. For the
AcN� CHCl3 or CH2Cl2 solvent systems thekA values
are presented in Tables 3 and 4. ThekA values for the
reactions in the corresponding pure solvents are addi-
tionally presented.


The application of the steady-state hypothesis to the
gross mechanism shown in Scheme 1 gives the following


Scheme 1
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Table 1. Second-order rate constants, kA (1 molÿ1 sÿ1), for the reaction of 5� 10ÿ5
M FDNB with piperidine in EAc� CHCl3 or


CH2Cl2, including the data in pure solvents


[PIP]� 10ÿ4 (M)


Solvent Concentrationa 6.25 12.5 25 50 75 100 125 150


EAc� CHCl3 0 6.25 8.76 10.6 21.8 25.7 31.4 39.3 45.8
0.1 10.6 13.1 16.8 18.9 26.5 28.3 32.0 33.2
0.3 20.5 23.6 24.8 25.8 29.0 30.7 31.3 32.7
0.5 23.9 25.2 25.2 26.8 30.5 30.9 31.4 32.9
0.7 23.6 24.0 24.5 26.4 27.8 28.6 29.0 29.6
0.9 21.1 21.5 22.0 22.8 23.5 24.5 24.9 25.2
1 20.0 19.7 19.0 19.0 19.2 19.3 20.1 20.6


EAc� CH2Cl2 0.1 9.30 10.3 14.8 18.2 24.2 29.5 31.2 34.3
0.3 14.3 15.2 17.7 23.3 31.1 33.1 37.6 41.7
0.5 21.3 22.9 25.5 30.4 35.7 39.5 41.2 43.5
0.7 28.7 30.0 31.4 37.6 42.1 45.5 46.5 48.6
0.9 33.1 34.2 38.7 43.8 47.9 48.3 50.7 53.3
1 36.5 37.9 42.4 47.5 52.5 58.0 58.5 59.6


a The concentrations of the binary mixtures are in cosolvent mole fraction.


Table 2. Second-order rate constants, kA (1 molÿ1 sÿ1), for the reaction of 5� 10ÿ5
M FDNB with morpholine in EAc� CHCl3 or


CH2Cl2, including the data in pure solvents


[Mo] (M)


Solvent Concentrationa 0.002 0.004 0.008 0.01 0.016 0.02 0.04 0.08


EAc� CHCl3 0 0.110 0.201 0.331 0.392 0.473 0.630 1.33 2.52
0.1 0.234 0.295 0.378 0.388 0.571 0.650 1.11 2.12
0.3 0.315 0.306 0.419 0.422 0.459 0.597 0.841 1.35
0.5 0.279 0.316 0.346 0.368 0.403 0.421 0.601 0.870
0.7 0.184 0.198 0.232 0.238 0.252 0.265 0.326 0.439
0.9 0.094 0.106 0.116 0.113 0.119 0.138 0.161 0.210
1 0.0701 0.0604 0.0787 0.0760 0.0874 0.0860 0.0985 0.132


EAc� CH2Cl2 0.1 0.172 0.230 0.371 0.494 0.595 0.735 1.22 1.88
0.3 0.190 0.233 0.351 0.372 0.539 0.677 1.05 1.72
0.5 0.224 0.305 0.336 0.354 0.500 0.597 0.938 1.45
0.7 0.195 0.205 0.225 0.258 0.357 0.411 0.621 1.02
0.9 0.109 0.125 0.162 0.203 0.221 0.227 0.365 0.640
1 0.111 0.116 0.138 0.154 0.222 0.222 0.336 0.602


a The concentrations of the binary mixtures are in cosolvent mole fraction.


Table 3. Second-order rate constants, kA (1 molÿ1 sÿ1), for the reaction of 5� 10ÿ5
M FDNB with morpholine in AcN� CHCl3 or


CH2Cl2, including the data in pure solvents


[Mo] (M)


Solvent Concentrationa 0.002 0.004 0.008 0.01 0.016 0.02 0.04 0.08


AcN� CHCl3 0 0.800 1.11 1.40 1.74 2.10 2.72 4.05 5.53
0.1 0.774 0.906 1.22 1.35 1.67 2.09 2.94 3.94
0.3 0.753 0.786 0.884 1.05 1.21 1.52 1.91 2.55
0.5 0.484 0.517 0.636 0.688 0.767 0.787 1.05 1.53
0.7 0.337 0.354 0.386 0.397 0.418 0.462 0.585 0.857
0.9 0.131 0.135 0.136 0.139 0.160 0.174 0.200 0.260
1 0.070 0.060 0.0787 0.0760 0.0874 0.086 0.0985 0.132


AcN� CH2Cl2 0.1 0.795 0.853 1.32 1.45 1.95 2.54 3.61 5.38
0.3 0.549 0.649 0.927 1.11 1.38 1.67 2.28 3.88
0.5 0.519 0.500 0.626 0.723 0.915 1.00 1.47 2.30
0.7 0.305 0.329 0.437 0.519 0.650 0.810 1.09 1.93
0.9 0.189 0.188 0.224 0.258 0.313 0.376 0.503 0.850
1 0.111 0.116 0.138 0.154 0.222 0.222 0.336 0.602


a The concentrations of the binary mixtures are in cosolvent mole fraction.
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equation, wherekA is the observed second-order rate
constant and B is a second molecules of the nucleophile:


kA �
k1 k2 � kB


3 �B�
ÿ �


kÿ1 � k2� kB
3 �B�


�1�


Either the formation of the intermediate ZH or its
decomposition to products can be rate-limiting. If
kÿ1� k2� k3[B] then k1 = kA, the reaction is not base
catalyzed and the formation of the intermediate is the
rate-limiting step. If this condition does not hold, the
decomposition to products is rate limiting and the
reaction is base catalyzed. Two forms of base catalysis
have been observed in protic and dipolar aprotic solvents:
(a) when the conditionkÿ1� k2� k3[B] holds, Eqn. (1)
reduces to


kA � k0 � k00�B� �2�


and there is a linear dependence ofkA on the catalyst
concentration. This situation corresponds to the rapid
formation of the intermediate ZH, followed by its rate-
determining decomposition; (b) whenkÿ1� k2� k3[B],
Eqn. (1) cannot be simplified and the plots ofkA vs [B]
are curvilinear downwards. At low [B], the plot ofkA vs
[B] should be a straight line which will change to a
plateau at high [B], where the formation of the
intermediate becomes rate limiting. However, in aprotic
solvents, a new situation has recently been discovered:
for several SNAr reactions with amines an upward
curvature has been found in the plots ofkA vs [B] which
corresponds to a parabolic dependence ofkA on [B], and a
fourth-order kinetic law. Several alternative mechanisms
have been proposed to account for this new kinetic
finding.11,12


The variation of the rate constant with the change in
amine in all solvent systems explored follows the usual
pattern found inSNAr reactions:13 the rate constant
values decrease from PIP to Mo. For both amines the
statistical parameters reveal a satisfactory linear depen-
dence of the rate constant on the change in amine
concentration for EAc� CHCl3 or CH2Cl2 mixtures. A
similar behavior is observed for the mixtures of AcN with
both cosolvents atXAcN �0.50. For AcN-rich mixtures a
curvilinear relationship can be seen in the plots ofkA vs
[B]. This type of tendency was recently observed for the
same reaction in mixtures of EAc� AcN.4c According to
the reported results, base catalysis in EAc and absence of
catalysis in CHCl3 is noted for both amines. Hydrogen
bond complexes between chloroform and amines have
long been known. For AcN and CH2Cl2, a borderline
condition in the evaluation of the base catalysis can be
considered.


Tables 5 and 6 present the partial rate constants for
both amines in EAc�CHCl3 or CH2Cl2. In
EAc�CHCl3 mixtures, both amines show a striking
behavior: the general trend shows that the reaction is
strongly accelerated on increasing the amine concentra-
tion in pure EAc, and that the incidence of the base
catalysis markedly decreases on increasing the HBD
solvent concentration; forXCoS>0.3, the reaction could
be considered non-catalyzed. In EAc� CH2Cl2 mixtures,
the incidence of base catalysis also decreases with
increase in the mole fraction of the HBD solvent. For
the PIP amine, the incidence of base catalysis decreases
slowly from pure EAc to pure CH2Cl2. Otherwise, for Mo
the influence of base catalysis decreases strongly from
EAc to XCoS� 0.1 and then decreases mildly.


The k3/k2(k@/k') values determined for the reaction
system FDNB�Mo in AcN� CHCl3 or CH2Cl2 also
indicated that the influence of the base catalysis decreases


Table 4. Second-order rate constants, kA (1 molÿ1 sÿ1), for the reaction of 5� 10ÿ5
M FDNB with piperidine in AcN� CHCl3 or


CH2Cl2, including the data in pure solvents


[PIP]� 10ÿ4 (M)


Solvent Concentrationa 6.25 12.5 25 50 75 100 125 150


AcN� CHCl3 0 77.5 107 131 161 167 174 181
0.1 108 122 130 136 140 142 145
0.3 79.4 88.7 97.7 100 104 99.2 103 101
0.5 71.6 79.8 80.7 80.4 85.3 83.0 84.3 84.3
0.7 60.2 62.1 63.6 66.7 66.4 64.2 65.2 62.8
0.9 32.9 34.4 35.9 36.1 35.9 35.3 36.9 36.2
1 20.0 19.7 19.0 19.0 19.2 19.3 20.1 20.6


AcN� CH2Cl2 0.1 84.8 109 110 119 130 132 134
0.3 89.2 102 114 119 120 129 130 131
0.5 81.5 82.9 93.7 99.8 99.0 103 105 107
0.7 70.1 74.7 79.5 82.7 90.6 95.2 100 102
0.9 53.7 54.5 63.1 69.3 70.5 78.8 79.8 84.4
1 36.5 37.9 42.4 47.5 52.5 58 58.5 59.6


a The concentrations of the binary mixtures are in cosolvent mole fraction.


Copyright  1999 John Wiley & Sons, Ltd. J. Phys. Org. Chem.12, 430–440 (1999)


KINETIC SYNERGISTIC BEHAVIOR IN BINARY SOLVENTS 433







with increase in the mole fraction of the HBD cosolvent.
The same behavior can be expected for PIP. Hydrogen
bond interactions in AcN are possibly weaker than in
EAc, because of the important dielectric effects of AcN.


Description of kinetic response models as a
function of nucleophile concentration and solvent
mixture composition


The results in Tables 1–4 indicate that in some
intermediate binary mixtures and for certain nucleophile
concentrations ([Mo]� 0.020M and [PIP]� 0.0075M)
the kA values are higher than those in the pure solvents,
part of the mixtures indicating a special synergistic


behavior. The term ‘synergetic’ was proposed by Koppel
and Koppel14 to describe the behavior shown by some
binary mixtures that haveET(30) values higher than those
of the pure solvents mixed. This effect was observed15a


for binary mixtures between solvents that have strong
HBA and poor HBD capabilities with strong HBD donor
solvents: in these cases the synergism was explained by
the formation of hydrogen-bonded complexes of higher
‘polarity’ than those of the pure components. More
recently, Bosch,et al.15b extended the use of the term
‘synergism’ to other microscopic solvent properties. By
analogy we refer to the observed special enhancement
effect of the reaction rate at some intermediate composi-
tions of the mixtures as a ‘kinetic synergetic effect’,
which in our opinion is concerned with a special


Table 5. Partial rate constantsa for FDNB� PIP and FDNB�Mo reactions in EAc� CHCl3 solvent mixtures, including values in
pure EAc


XCoS Amine
k1k2/kÿ1


(Mÿ1 sÿ1)
k1k3/kÿ1


(Mÿ2 sÿ1)
k3/k2


(Mÿ1) rb sc nd


0.0 PIP 5.23 2718 520 0.996 1.441 8
Mo 0.053 30.87 582 0.999 0.0430 8


0.1 PIP 11.61 1590 137 0.980 1.869 8
Mo 0.176 24.09 137 0.999 0.0218 8


0.3 PIP 22.10 771 35 0.967 1.183 8
Mo 0.286 13.3 47 0.997 0.0310 8


0.5 PIP 24.1 625 26 0.971 0.8825 8
Mo 0.283 7.45 26 0.998 0.0135 8


0.7 PIP 23.7 437 18 0.975 0.5717 8
Mo 0.197 3.10 16 0.991 0.0117 8


0.9 PIP 21.2 292 14 0.988 0.2620 8
Mo 0.100 1.42 14 0.988 0.00629 8


a Calculated values from Eqn. (2).
b Regression coefficient.
c Standard deviation.
d Number of data points.


Table 6. Partial rate constantsa for FDNB� PIP and FDNB�Mo reactions in EAc� CH2Cl2 solvent mixtures including the pure
solvents


XCoS Amine
k1k2/kÿ1


(Mÿ1 sÿ1)
k1k3/kÿ1


(Mÿ2 sÿ1)
k3/k2


(Mÿ1) rb sc nd


0.0 PIP 5.23 2718 520 0.996 1.441 8
Mo 0.053 30.87 582 0.999 0.043 8


0.1 PIP 9.31 1790 192 0.989 1.578 8
Mo 0.220 21.82 99 0.988 0.0898 8


0.3 PIP 13.44 1958 146 0.993 1.366 8
Mo 0.1993 19.65 99 0.995 0.0572 8


0.5 PIP 21.66 1595 74 0.985 1.602 8
Mo 0.233 15.76 68 0.994 0.04775 8


0.7 PIP 28.89 1458 50 0.978 1.7965 8
Mo 0.1677 10.83 64 0.997 0.0217 8


0.9 PIP 34.4 1371 40 0.963 2.214 8
Mo 0.1074 6.63 62 0.997 0.0151 8


1 PIP 34.4 1371 40 0.986 0.6287 8
Mo 0.096 6.29 66 0.997 0.01232 8


a Calculated values from Eqn. (2).
b Regression coefficient.
c Standard deviation.
d Number of data points.
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combination of base catalysis and specific solvent effects,
particularly hydrogen bond interactions.


In order to analyze the experimental results from this
point of view, the data set can be divided into two general
groups according to the kinetic behavior of the studied
reactions: (a) reaction systems that exhibit kinetic
synergetic effects onkA values, and (b) reaction systems
without synergism on the reaction rate. Moreover, the
first group can be divided into (a') reaction systems with
high kinetic synergism and (a@) systems with moderate
kinetic synergism.


Synergetic effects on the reaction rate. These
reaction systems exhibit, in some binary mixtures and
for certain amine concentrations,kA values higher than
those in the pure individual solvents. We measured this
special effect on the reaction rate by the maximum
increment (expressed as a percentage) of the second-
order rate coefficient with respect to the highest one in the
pure solvents (kSEmax).


Systems with high kinetic synergetic effect. We
included in this case the FDNB�Mo reaction in
EAc�CHCl3 or CH2Cl2 solvent mixtures, which present
kSEmax>100% onkA values. Here we are concerned with
a reaction carried out in binary mixtures of solvents that,
each one individually, affect the possibility of base
catalysis in a different way: the reaction is clearly base
catalyzed in EAc, it is less influenced by catalysis in
CH2Cl2 and it is uncatalyzed in CHCl3. These reaction
systems exhibit two different behaviors depending on the
nucleophile concentrations. At low amine concentration


range ([Mo]� 0.02M), thekA values increase from pure
EAc (in which base catalysis is observed) on increasing
the HBD solvent concentration until a maximum, and
then decrease to the corresponding value in the cosolvent.
kSEmax (EAc� CHCl3) = 186% (XCoS= 0.3; [Mo] =
0.002M; k3/k2 = 47) and kSEmax (EAc�CH2Cl2) =
108% (XCoS= 0.5; [Mo] = 0.002M; k3/k2 = 74) referred
to the kA values in EAc. On the other hand, at higher
amine concentrations ([Mo]� 0.04M), the kA values
decrease continuously with increasing amount of HBD
solvent.


Taking into account that the two reaction systems
exhibit similar kinetic behavior under the explored
conditions and in order to show the results, we selected
the reaction in EAc�CHCl3 solvent mixtures as a
representative model. Figure 1 presents the plots ofkA vs
[Mo] for the binary mixtures and the pure solvents. It can
be clearly seen that the increase inkA values on
increasing the nucleophile concentration is the highest
in pure EAc and decreases with increase in amount of
chloroform. In order to compare the variation of the
reaction rate with the composition of the solvent
mixtures, the plots ofkA vs XCoSat constant nucleophile
concentrations are presented in Fig. 2 for the lowest
([Mo] = 0.002M) and the highest ([Mo] = 0.08M) amine
concentration. The shape of the curves clearly reflects the
two different kinetic response models depending on the
nucleophile concentration, and as a function of the
composition of the mixtures. At low amine concentration
and for XCoS� 0.5, the improvedkA values indicate a
synergetic behavior. The results indicate that the bulk
dielectric effects, although important, are clearly unable


Figure 1. Plots of kA vs [Mo] for FDNB�Mo reaction in
EAc� CHCl3 solvent mixtures at different amine concentra-
tions


Figure 2. Plots of kA vs XCoS for FDNB�Mo reaction in
EAc� CHCl3 solvent mixtures at [Mo] = 0.002 and 0.08 M
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to account for the observed phenomenon. Even at low
cosolvent concentration, same mechanism is at work that
is a fundamental contributor to the overall bulk “solvent
effects” on reaction rate.16


As is known, in solvent mixtures the solutes can
interact to a different degree with the components of the
mixture, and this difference in the interactions is reflected
in the composition of the microsphere of solvation.
Several equations based on solvent exchange models that
relate the transition energy of the Dimroth–Reichardt
ET(30) indicator to the solvent composition have been
derived and compared.15a Moreover, a more general
model based on a two-step solvent exchange process can
be effectively applied to synergetic mixtures for any
solvatochromic solutes (solvent parameters).17 In this
connection, the following equation has been used to
relate the transition energy of a solvatochromic indicator
to the solvent composition:


Y � Y1 � a�x0
2�2� c�1ÿ x0


2�x0
2


�1ÿ x0
2�2� f2=1�x0


2�2 � f12=1�1ÿ x0
2�x0


2


�3�


whereY is an appropriate solvatochromic property,a =
f2/1 (Y2ÿY1) andc = f12/1(Y12ÿY1). The constants of these
processes are defined by the preferential solvation
parametersf2/1 and f12/1 that relate the ratio of the mole
fractions of solvents S1, S2 and S12 (which represents a
solvent formed by the interactions of solvents S1 and S2)
solvating the indicator (x1


s, x2
s andx12


s, respectively) to


the ratio of the mole fractions of the two solvents in the
bulk mixed solvent (x1


0 and x2
0, respectively). The


constantsf2/1 and f12/1 measure the tendency of the
indicator to be solvated with S2 and S12, respectively,
with reference to S1.


Here, we extended this preferential solvation model
when the solutes are the reagents and/or the intermediates
of theSNAr reactions that exhibit high synergism in order
to analyze the relative preferential solvation abilities and
compare the correspondence between the synergistic
behaviors for the two solvent-dependent processes. The
results obtained for the application of the equation tokA


vsXCoSfor the reaction FDNB�Mo in EAc� CHCl3 at
[B] = 0.002M are presented in Fig. 3. As can be observed,
there is a good convergence of the model at low amine
concentrations (to [B]< 0.01M) and the order of
preferential solvation of the critical state of the present
reaction (measured by the preferential solvation para-
meters) is CHCl3 >EAc–CHCl3 complex> EAc.


At higher amine concentrations thekA values decrease
as a non-linear function of the cosolvent mole fraction:
the higher decreases take place in the HBD solvent-poor
mixtures.


For these systems, the sensitivity of the reaction rates
to small amounts of the HBD solvent is very different at
low nucleophile concentrations with respect to higher
corcentrations. Probably this behavior is mainly related
to the influence of base catalysis on this type of reaction.
The kinetics of the CDNB�Mo reaction, which is
known not to present base catalysis, was determined at
25°C in EAc� CHCl3 or CH2Cl2 in order to confirm
these results. Each reaction system was explored at
different solvent compositions. The experimental data are
reported in Table 7. In both solvent systems we observed
the same kinetic response model with the composition of
the mixtures: thekA values decrease as a non-linear
function of cosolvent mole fraction, without kinetic
synergism.


Figure 3. Application of the preferential solvation model to
FDNB�Mo reaction in EAc� CHCl3 solvent mixtures at
[Mo] = 0.002 M; ssr = sum of square of residuals; f2/1 and
f12/1 measure the tendency of the critical states of the
reaction to be solvated with CHCl3 and EAc±CHCl3 complex,
respectively, with reference to EAc


Table 7. Values of kA
Cl and kA


F/kA
Cl for the reactions of


FDNB and CDNB with Mo


Solvent Concentrationa kA
Cl kA


F/kA
Cl


EAc� CHCl3 0 0.0266 94.7
0.1 0.0236 89.8
0.3 0.0204 66.2
0.5 0.0161 54.0
0.7 0.00804 54.6
0.9 0.00415 50.6
1 0.00283 46.6


EAc� CH2Cl2 0.1 0.0242 77.7
0.3 0.0221 77.8
0.5 0.0175 82.8
0.7 0.0122 83.6
0.9 0.00824 77.7
1 0.00584 46.6


a The concentrations of the binary mixtures are in cosolvent mole
fraction.


Copyright  1999 John Wiley & Sons, Ltd. J. Phys. Org. Chem.12, 430–440 (1999)


436 P. M. E. MANCINIET AL.







Systems with moderate kinetic synergetic effects. We
considered that those reaction systems that presentkSEmax


<100% (with respect to the cosolvent) could be included
in this set: FDNB� PIP in EAc� CHCl3 and
AcN�CHCl3 or CH2Cl2. For the reaction in
EAc�CHCl3, thekA values in pure EAc are lower than
those in pure chloroform at the lower piperidine
concentrations, but are higher for the rest. On the other
hand, for the reaction in the mixtures of AcN with both
cosolvents, thekA values in pure CHCl3 are the smallest
over the whole range of amine concentration.


Despite this difference, the behavior is similar: at low
amine concentration ([PIP]� 0.0075M), the reaction rate
increases from pure EAc (base catalysis,k3/k2 = 520)
with increase in HBD solvent concentration up to a
maximum. kSEmax (EAc�CHCl3) = 28%, kSEmax


(AcN� CHCl3) = 39% and kSEmax (AcN� CH2Cl2) =
15%, referred tokA values in EAc and AcN, respectively.
Figure 4 presents the plots ofkA vs [PIP] for the binary
mixtures and the pure solvents for the reaction carried out
in AcN� CH2Cl2, taken here as a representative model
system. In order to understand the characteristics of this
reaction with the change in the composition of the
mixtures, the plots ofkA vs XCoSat constant nucleophile
concentrations are presented in Fig. 5 for the lowest
([PIP] = 0.000625M) and the highest ([PIP] = 0.010M)
amine concentrations. The shape of the curves reflects
kinetic response models similar to those described for
systems with high kinetic synergism, but the synergistic
behavior is minimized, probably owing to the greater
reactivity and smaller susceptibility to base catalysis of
PIP with respect to Mo.


Non-synergetic reaction systems. In contrast to the
reaction systems analyzed previously, FDNB�Mo in
AcN� CHCl3 or CH2Cl2 do not exhibit synergetic
effects on the reaction rates at any nucleophile concen-
tration. We selected the reaction in AcN� CHCl3
mixtures as a model to analyze the results. Figure 6
presents the plots ofkA vs [Mo] for the binary mixtures
and the pure solvents and Fig. 7 those ofkA vs XCoS for
the lowest ([Mo] = 0.002M) and the highest
([Mo] = 0.08M) amine concentrations. The shape of the
curves reflects a unique model of kinetic response:kA


values decrease with increase in the HBD solvent mole
fraction over the whole range of amine concentration. It
can be clearly seen that the increase inkA values with
increase in nucleophile concentration is markedly higher
for pure AcN and at low cosolvent mole fraction than for
the cosolvent-rich mixtures.


On the other hand, the reaction system FDNB� PIP in
EAc�CH2Cl2 exhibits a particular behavior. In this case
thekA values in CH2Cl2 (k3/k2 = 40) are higher than those
in EAc (k3/k2 = 520) and in the explored range of amine
concentrations they tend to approximate to higher
nucleophilic concentrations.


Correlation of kinetic data with ET(30) empirical
solvent parameter


The often linear correlation between empirical solvent
parameters and other dependent properties (e.g. loga-
rithms of rate and equilibrium constants, absorption
energies) can be considered as manifestations of general
linear free-energy relationships.18,19 In this sense it is


Figure 4. Plots of kA vs [PIP] for FDNB� PIP reaction in
AcN� CH2Cl2 solvent mixtures at different amine concen-
trations


Figure 5. Plots of kA vs XCoS for FDNB� PIP reaction in
AcN� CH2Cl2 solvent mixtures at [PIP] = 0.000625 and
0.010 M
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possible to interpret the solvent effects with the aid of a
model process yielding the same or similar effects.


We have recently4a analyzed the correspondence
betweenET(30) values and the logarithm of the rate
constants for the reaction CDNB� PIP in aprotic
solvent� toluene mixtures which have no synergetic
effects for the chemical probe. Moreover,4b we have
performed a similar correlation analysis for CDNB� PIP
or n-butylamine and FDNB� n-butylamine in PAHBA
solvent� CHCl3 mixtures which in some cases present
synergetic effects forET(30). In general, there are
satisfactory or relatively good correlations between
ET(30) values and the logarithms of the rate constants,
except for the reactions carried out in EAc� CHCl3
mixtures in which the correlations are very poor. This
behavior was related to the influence and extension of the


synergism for theET(30) polarity promoted by these
mixtures.


Here we extended the preceding correlation analysis to
the reaction systems explored in this work. The relation-
ships were calculated for all solvent mixtures including
the data corresponding to the pure solvents, at each amine
concentration. The correlations were assessed by the
evaluation of the correlation coefficient (r) and the
standard deviation (s). The results are given in Table 8.
For both reactions the correlations are satisfactory or
relatively good when the solvents are AcN� CHCl3 or
CH2Cl2. However, when the reactions are carried out in
EAc�CHCl3 or CH2Cl2 solvent mixtures the correla-
tions are poor or very poor. Therefore, the chemical probe
under consideration is not generally valid to interpret the
solvation effects produced by these kinds of solvent


Figure 6. Plots of kA vs [Mo] for FDNB�Mo reaction in
AcN� CHCl3 solvent mixtures at different amine concentra-
tions


Figure 7. Plots of kA vs XCoS for FDNB�Mo reaction in
AcN� CHCl3 solvent mixtures at [Mo] = 0.002 and 0.08 M


Table 8. Correlation coef®cients (r) standard deviations (s) and number of data points (n) of log kA vs ET(30) for SNAr reactions in
solvent mixtures, including the data in pure solventsa


Reaction Solvent mixture r s n


FDNB�Mo EAc� CHCl3 r �0.86 <0.331 7
0.91�r �0.995 0.0289–0.2202 6b


0.97�r �0.995 0.0289–0.0804 6c


AcN� CHCl3 0.99�r �0.994 0.0498–0.1096 7
AcN� CH2Cl2 0.99�r �0.994 0.0223–0.0529 7


FDNB� PIP EAc� CHCl3 r �0.768 0.0625–0.1985 7
EAc� CH2Cl2 0.49�r �0.949 0.0741–0.1123 7
AcN� CHCl3 0.945�r �0.988 0.0526–0.1162 7
AcN� CH2Cl2 0.94�r �0.989 0.0298–0.0685 7


a The statistical values indicate the maximum range for all [B].
b Kinetic data in pure EAc are excluded.
c Kinetic data for [B]�0.010M, excluding the values in pure EAc.
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mixtures on the reactions. The present situation could be
related to the mechanisms of the preferential solvation
observed. At first, the application of the Kamlet–Taft
multiparametric approach,20 dealt with in a forthcoming
paper, is consistent with a more optimistic point of view
in this sense.


CONCLUSIONS


For the reaction systems developed in the binary solvent
mixtures explored in this work, we observed a special
kinetic synergism which is not an exclusive consequence
of the enhanced polarity of the mixed solvent. It shows
differences with the known synergetic behavior promoted
by polar aprotic HBA solvent� HBD solvent mixtures
on solvatochromic indicators, which is assumed to be due
to the hydrogen-bonded complex that has a higher
polarity than the pure individual solvents.


We conclude that this kinetic synergism, which
depends on the amine concentration, is concerned with
a complex combination of factors related to the variation
of the influence of base catalysis (with changes with
solvent composition) and to specific solvent effects,
particularly hydrogen-bond interactions. The higher
kinetic synergetic effects are observed with the least
reactive and most susceptible to base catalysis of the
explored amines; they are also observed at low amine
concentrations and in mixtures of solvents (XCoS� 0.5)
which, individually, show large differences in the
influence of the base catalysis.


On the other hand, the results obtained in the
application of the preferential solvation model indicate
that the behavior in this direction is clearly different
between both solvent-dependent processes. It would
seem that in theSNAr reactions the critical states tend
to be preferentially influenced by the HBD solvent,
whereas theET(30) solvatochromic indicator is prefer-
entially solvated by the EAc–CHCl3 complex (the results
obtained in the fit of the solvent polarity parameter values
to the model aref12/1= 14 andf12/2= 1.56). This restricts
the convergence between the solvent effects on the
compared processes, which is improved only when the
synergetic effects are minimized.


EXPERIMENTAL


Reagents and solvents. 1-Chloro-2,4-dinitrobenzene, 1-
fluoro-2,4-dinitrobenzene, piperidine and morpholine
were purified as described previously.4b,c N-(2,4-Dini-
trophenyl)piperidine, andN-(2,4-dinitrophenyl)morpho-
line were prepared and purified by methods reported
previously.4c The solvents were purified as reported
previously8 and all of them were kept over 4 A˚ molecular
sieves and stored in special vessels which allowed
delivery without air contamination. All binary solvent


mixtures were prepared prior to use and stored under
anhydrous conditions.


Kinetic procedures. The kinetics of the reactions were
studied spectrophotometrically.4b A Perkin-Elmer Model
124 spectrophotometer was used, with a data-acquisition
system based on a microprocessor. This set-up has a 12-
bit analog-to-digital converter, which allows absorbance
measurements with an error of<0.1% at a maximum of
12 readings per second. The microprocessor controls data
acquisition and also measures time through a quartz
crystal-controller oscillator. Once data acquisition is
completed, data can be read in the system display and/or
transferred to a computer through an interface. In all
cases, pseudo-first-order kinetics were observed.


Standard solutions of 1-halo-2,4-dinitrobenzene and
the corresponding secondary amine were prepared in the
desired binary solvent mixture at room temperature. The
reactions were run by mixing known amounts of each
solution in the thermostated cells of the spectrophot-
ometer, recording the absorbances atca 400 nm. The
pseudo-first-order (k') and second-order (kA), rate
constants were obtained as described previously.4b In
all cases, the ‘infinity’ absorbance value,A?, was
experimentally determined for each run at the working
temperature. Within the experimental error, this value
agreed with the ‘theoretical’ value calculated from
application of Beer’s law to a corresponding solution of
N-(2,4-dinitrophenyl)amine in the working binary sol-
vent mixture. All the kinetic runs were carried out at least
in duplicate; the error inkA is�2–3% for all the solvent
mixtures examined.


Computational methods. The parameters of solvation
which minimize the square residuals of thekA and the
ET(30) values for the binary solvent systems were
computed by non-linear regression using the MATLAB
version 4.2 c.1 program (MathWorks).
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ABSTRACT: A series of esters derived fromsyn- andanti-2-methyl-2-azabicyclo[2.2.2]octan-6-ols were synthesized
and studied by NMR spectroscopy. The unambiguous assignment of all bicyclic proton and carbon resonances was
achieved by the combined analysis of the COSY,1H–13C correlation spectra and double resonance experiments (spin
decoupling). The crystal structure of 6-anti-(2-chlorobenzoyloxy)-2-methyl-2-azabicyclo[2.2.2]octane hydro-
chloride, was determined by x-ray diffraction, which confirmed the configurational assignment. Copyright 1999
John Wiley & Sons, Ltd.


KEYWORDS: 2-methyl-2-azabicyclo[2.2.2[octan-6-ol esters; synthesis; structures; NMR spectroscopy; x-ray
crystallography


INTRODUCTION


As part of a research program aimed at the development
of new antagonists for the 5-HT3 receptor,1–7 we are
currently involved in studies in which the 2-azabi-
cyclo[2.2.2]octane (isoquinuclidine) ring system is being
utilized as a conformationally restricted framework,
bearing in mind the importance of conformational
effects in the ligand–biological receptor interaction.


Thus, a series of new esters derived fromsyn- andanti-
2-methyl-2-azabicyclo[2.2.2]octan-6-ols have been
synthesized. Owing to the complexity of the isoquinu-
clidine system, its proton magnetic parameters have not
been reported, to our knowledge, in sufficient detail.8,9 In
this paper we report the configurational study of com-
pounds3a–g and 4a–g (Scheme 1) by NMR spectro-
scopy. The unambiguous assignment of all bicyclic
proton and carbon resonances was achieved by the
combined analysis of the1H–1H COSY and 1H–13C
correlation spectra of3a and 4a and homonuclear spin
decoupling experiments in all cases. The crystal structure
of 6-anti-(2-chlorobenzoyloxy)-2-methyl-2-azabicyclo
[2.2.2]octane hydrochloride,4b�HCl, was determined
by x-ray diffraction.


Scheme 1
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RESULTS AND DISCUSSION


Synthesis


Therequisitealcohols1 and2 (Scheme1) wereprepared
by reduction with lithium aluminum hydride in tetra-
hydrofuranof 2-carbethoxy-2-azabicyclo[2.2.2]octan-6-
one,which waspreparedby themethodof Krow et al.10


This method involves addition of benzeneselenyl
chloride to 2-carbethoxy-2-azabicyclo[2.2.2]oct-5-
ene,11 followed by dehydrohalogenation and hydrolysis
of thederivedvinyl selenideto give the2-carbethoxy-2-
azabicyclo[2.2.2]octan-6-one,regioselectively.The syn-
thesisof the new esters3a–gand4a–g (Scheme1) was
achievedby treatmentof theepimericmixtureof thesyn-
andanti-2-methyl-2-azabicyclo[2.2.2]octan-6-ols1 and2
with the appropriatecarboxylic acid in the presenceof
N,N'-carbonyldiimidazole. The carboxylic acid was
activatedas the imidazolide and then treatedwith the
lithium alkoxide,which wasgeneratedfrom the alcohol
andn-BuLi. Theresultingresiduewaschromatographed
on silica gel with the appropriatesolvent system to
separatetheepimericmixtureof thecorrespondingesters
3 and4.


X-ray crystal structure analysis of 4b�HCl


The ORTEP12 view of the molecule,togetherwith the
atomnumberingusedin the x-ray analysis,is shownin
Fig. 1. Bond lengthsandbondanglesaregiven in Table
1. The Cl atom in phenyl ring occupiesthe two ortho
positionswith occupancyfactorsof 0.55(1) and0.45(1);


thewholering is disorderedinto two positions,180° apart
aroundC-8— C-9,with poorgeometryandhigh thermal
parametersfor C-11,C-12andC-13atoms,ascanbeseen
in Fig. 1. The geometryof the six-memberedrings is
similar to that foundin similar compounds.13 Pharmaco-
logically interesting14 aretheintramoleculardistancesof
N-1 andO-2 to thecentroidof thephenylring, 7.198(4)
and3.674(6)Å respectively,andthedistanceO-2…N-1,
which is 4.787(8)Å . The Cl-1 atomsupportsthe whole
structure;thereis ahydrogenbondwith N-1 throughH-1
anda seriesof shortcontacts(rangeof distancesH…Cl
from 2.77to 3.23Å ) from theCl-1 atomto thehydrogen
of severalC atomsin different cells (seeTable1).


NMR study


1H NMR (500MHz) and 13C NMR (75 or 125MHz)
spectroscopywereusedto providetheinformationgiven
in Tables 2–4. The proton magneticparameterswere
deducedby analysisof thespectrameasuredat500MHz,
taking into accountthe couplingmodificationsobserved
in thedifferent irradiationexperiments.


Compounds 3a±g. All the syn esters show similar
featuresin their 1H NMR spectra.The signals corre-
sponding to the bicyclic system protons are well
differentiated.The respectivemultiplets are due to one
proton,exceptthoseassignedto H-7a and H-8a, which
overlap.The interpretationof thesespectrais basedon
the unambiguousassignmentof the most deshielded
signalin thealiphaticregion.Thus,for 3a, basedon the
deshielding effect of the nitrogen atom and on the
observedcoupling interactions,the signalsat 2.80,3.04
and2.51ppmarerespectivelyassignedto H-1 andto the
geminatedH-3 protons.The analysisof the COSY map
(Fig. 2) shows correlations between H-6 and H-1,
betweenH-6 andthegeminatedprotonsH-5 andbetween
H-1 andthegeminatedprotonsH-7. The last signalsare
assignedto thegeminatedprotonsH-8.Thestereospecific
assignmentsof geminatedprotons is basedon long-
range4J coupling interactionsappearingin the COSY
map,namelybetweenH-3x, H-5a (2.51,2.20ppm) and
H-3n, H-8a (3.04,1.45ppm).15,16 Finally, H-7s is more
deshieldedthanH-7aowing to their respectivepositions
with respectto thenitrogenatom.17,18


Bearingin mind thesimilarity of the1H NMR spectra
for thesynesters3a–gandthesuccessivespindecoupling
experimentsperformedin all cases,a similar behavior
canbeassumed.This allowsthecompleteandunambig-
uousassignmentof theindividualprotonsfor thebicyclic
systemof synesters3a–g.


For the assignmentof the 13C NMR chemicalshifts,
the similarity of the spectrafor compounds3a–g, the
analysisof theDEPTexperimentsperformedin all cases
andtheHETCORspectrumof 3a (Fig. 3) weretakeninto
consideration. Moreover, the heteronuclear 1H–13C


Figure 1. ORTEP9 plot showing the molecular structure of
4b�HCl with the atom labeling. Displacement ellipsoids are
shown at the 30% probability level.
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correlatedspectrumconfirmsthepreviousprotonassign-
ments.


Compounds 4a±g. The 1H NMR spectraof anti esters
4a–gareverysimilar.Themultipletscorrespondingto H-
6,H-1,H-3n,H-3x andH-5sappearwell differentiatedin
all cases.Othersignals,exceptthoseof H-5aandH-7sfor
4a, appearpartially overlapped.Following a systematic
study analogousto that discussedabovefor 3a–g, the
assignmentof theindividualprotonandcarbonatomsfor
the anti esters4a–gwascarriedout with the aid of the


COSY andHETCORspectraof 4a and the useof spin
decouplingandDEPTexperimentsin all cases.Thus,in
thecaseof 4a,theanalysisof thecorrelationsobservedin
the COSY spectrumbetweenthe C-3 protons(2.61 and
2.76ppm) with the signalscenteredat 1.58ppm (H-5a)
and1.63ppm(H-8) showtheW long-rangecoupling,and
leadsto the assignmentof H-3x (2.61ppm) and H-3n
(2.76ppm).Theassignmentof theC-7 protons(1.79and
1.91ppm) and the C-8 protons (multiplet centeredat
1.63ppm) is confirmedon the basisof the decoupling
experiments.Hence the irradiation of the resonance


Table 1. Bond distances and bond angles with e.s.d. values in parentheses


Bonddistances(Å)


N1—C1 1.502(7) O1—C8 1.305(8)
N1—C5 1.515(7) C8—O2 1.201(9)
N1—C15 1.480(8) C8—C9 1.477(8)
C1—C2 1.522(8) C9—C10 1.397(11)
C1—C7 1.522(8) C9—C14 1.361(11)
C2—C3 1.527(9) C10—C11 1.427(22)
C2—O1 1.448(7) C10—C12B 1.417(11)
C3—C4 1.522(9) C11—C12 1.380(30)
C4—C5 1.512(8) C12—C13 1.202(34)
C4—C6 1.520(9) C13—C14 1.394(13)
C6—C7 1.540(8) C14—C12A 1.536(11)


Bondangles(°)


C5—N1—C15 111.6(5) C2—O1—C8 119.3(5)
C1—N1—C15 113.8(4) O1—C8—C9 113.9(5)
C1—N1—C5 109.7(4) O1—C8—O2 122.3(6)
N1—C1—C7 110.2(4) O2—C8—C9 123.6(6)
N1—C1—C2 105.3(4) C8—C9—C1 126.1(6)
C2—C1—C7 111.4(4) C8—C9—C10 118.4(6)
C1—C2—O1 105.4(4) C10—C9—C14 115.5(7)
C1—C2—C3 108.6(5) C9—C10—C12B 130.1(7)
C3—C2—O1 109.8(5) C9—C10—C11 119 (1)
C2—C3—C4 109.9(5) C11—C10—C12B 110 (1)
C3—C4—C6 108.6(5) C10—C11—C12 118 (2)
C3—C4—C5 109.9(5) C11—C12—C13 124 (2)
C5—C4—C6 108.4(5) C12—C13—C14 120 (1)
N1—C5—C4 108.3(4) C9—C14—C13 123.2(7)
C4—C6—C7 108.5(5) C13—C14—C12A 108.0(9)
C1—C7—C6 108.9(5) C9—C14—C12A 128.4(7)


Shortcontactsinvolving C-11atom


X—H…Y
a


X—H H…Y X…Y X—H…Y


N1—H…C1b 0.77(8) 2.23(8) 3.007(5) 177(7)
C2—H2…C1 0.87(9) 3.05(9) 3.608(5) 124(7)
C3—H32…C1 0.95(7) 3.10(7) 3.807(6) 132(6)
C5—H52…C1 0.88(8) 3.23(7) 3.650(7) 112(5)
C5—H51…C1 (i) 1.01(7) 3.17(7) 4.086(7) 151(4)
C7—H72…C1 (i) 0.90(10) 2.98(10) 3.696(6) 138(7)
C15—H151…C1 (i) 1.04(9) 2.83(9) 3.810(7) 157(6)
C1—H111…C1 (ii) 0.91(6) 2.78(6) 3.602(5) 150(4)
C4—H4…C1 (iii) 1.08(8) 2.92(8) 3.710(6) 130(5)
C12—H12…C1 (iv) 1.09(–) 2.77(–) 3.789(17) 156(–)c


a Symmetrycode:(i) ÿx� 1� 1/2, y� 1/2, z; (ii) ÿx� 1� 1/2,ÿy, z� 1/2; (iii) ÿx� 1� 1/2,ÿy, z; (iv) x� 1/2, y, ÿz� 1� 1/2.
b Hydrogenbonding.
c (—) No e.s.d.asH-12 waskept fixed in the refinement.


Copyright  1999JohnWiley & Sons,Ltd. J. Phys.Org. Chem.12, 69–77(1999)


STRUCTURESOF ESTERSOF AZABICYCLO[2.2.2]OCTAN-6-OLS 71







frequencyof H-6 showsa simplification of the signals
centeredat 2.80, 1.58, 1.82 and 1.91ppm, that corre-
spondto H-1, H-5sandH-5aandH-7s,respectively.The
simplification of the signalsof H-1 (J = 4.1Hz), H-5s
(J = 9.5Hz) andH-5a(J = 3.0Hz) is dueto thelossof the
correspondingvicinal couplings,while the modification
of the signal of H-7s showsthe lossof aW long-range
coupling (1.5Hz). This last coupling is the key to
distinguishthesynfrom theanti esters.


In conclusion,the completeandunambiguousassign-
ment of the individual protonsfor the isoquinuclidine
systemof syn- and anti-6-arylcarbonyloxy-2-methyl-2-
azabicyclo[2.2.2]octanes3a–gand4a–ghasbeencarried
out.Thex-ray analysisof 4b�HCl confirmsthestructure


andconfigurationof thesecompoundsdeducedby NMR
studies.Molecular modeling (MM) calculationswere
performedfor 4b�HCl. Selectedtorsion anglesfor the
AM1 optimized conformation are comparedwith the
correspondinganglesfrom x-ray analysisin Table5.


From the 1H and 13C NMR data (Tables 2–4) for
compounds3a–g and 4a–g it can be deducedthat all
compoundsof thesamefamily showthesameorientation
of thearylcarbonyloxygroup.Also, coplanaritybetween
carbonyl and aryl group in all compoundscan be
assumed.This coplanarityis alsoobservedin the x-ray
andAM1 results.Themaindifferencebetweenthex-ray
and MM dataconsistsin the valuesof dihedralangles
implicated in the rotation aroundC-2—O-1 bond; this


Table 2. 1H chemical shifts (�, ppm) for compounds 3a±g and 4a±g in CDCl3


Atom 3a 3b 3c 3d 3e 3f 3g 4a 4b 4c 4d 4e 4f 4g


H-1 (m) 2.80 2.82 2.83 2.83 2.82 2.83 2.91 (m) 2.80 2.82 2.81 2.81 2.81 2.82 2.88
H-3n (dt) 3.04 3.04 2.94 2.96 3.01 3.01 3.09 (m) 2.76 2.75 2.76 2.76 2.75 2.78 2.79
H-3x (dt) 2.51 2.48 2.66 2.64 2.59 2.58 2.51 (dt) 2.61 2.61 2.61 2.61 2.63 2.60 2.61
H-4 (m) 1.84 1.82 1.84 1.83 1.84 1.85 1.87 (m) 1.82 1.81 1.80 1.80 1.83 1.83 1.84
H-5a(m) 2.20 2.21 2.17 2.18 2.18 2.21 2.27 (m) 1.58 1.62 1.59 1.60 1.59 1.60 1.63
H-5s(m) 1.76 1.78 1.75 1.76 1.76 1.77 1.83 (m) 2.27 2.28 2.27 2.27 2.27 2.29 2.34
H-6a(ddd) 5.04 5.10 5.06 5.07 5.06 5.10 5.20
H-6s (m) 5.29 5.32 5.29 5.30 5.28 5.34 5.42
H-7a(m) 1.52 1.53 1.52 1.54 1.53 1.53 1.57 (m) 1.79 1.87 1.88 1.84 1.87 1.84 1.88
H-7s(m) 2.04 2.04 2.02 2.02 2.02 2.05 2.10 (m) 1.91 1.87 1.89 1.89 1.87 1.90 1.88
H-8a(m) 1.46 1.44 1.45 1.48 1.46 1.45 1.49 (m) 1.63 1.62 1.62 1.62 1.63 1.63 1.64
H-8s(m) 1.61 1.61 1.62 1.62 1.62 1.63 1.64 (m) 1.63 1.62 1.62 1.62 1.63 1.63 1.64
N-CH3(s) 2.44 2.42 2.48 2.48 2.47 2.46 2.45 (s) 2.46 2.46 2.46 2.46 2.47 2.46 2.48
CH3 (s) 3.82 3.85 2.35 3.83 3.85 2.36
H-2' 7.94 7.22 7.59 7.68 9.26 7.93 7.87 7.17 7.55 7.63 9.21 7.86
H-3' 7.42 9.00 7.44 9.01
H-4' 7.53 7.38 6.63 7.08 7.16 8.77 7.54 7.40 6.64 7.09 7.18 8.77
H-5' 7.30 7.33 7.38 8.78 7.31 7.34 7.39 8.78
H-6' 7.94 7.79 7.22 7.66 7.68 8.33 7.75 7.87 7.81 7.17 7.62 7.63 8.28 7.75
H-7' 7.64 7.64
H-8' 8.15 8.18


Table 3. 1H±1H coupling constants (J, Hz) for compounds 3a±g and 4a±g


J Atoms 3a 3b 3c 3d 3e 3f 3g 4a 4b 4c 4d 4e 4f 4g


2J H3n–H3x 9.5 9.5 9.5 9.5 9.5 9.5 9.5 9.7 9.5 9.5 9.6 9.5 9.5 9.5
H5a–H5s 13.7 13.9 13.5 13.5 13.7 14.2 13.9 13.9 14.1 13.5 14.3
H7a–H7s 12.7 13.2 13.2 13.9 13.6


3J H1–H6a 2.0 2.2 2.2 2.2 2.2 2.2 2.2
H1–H6s 4.1 4.0 4.0 4.1 4.0 4.0 4.0
H1–H7a 2.0 2.7
H1–H7s 3.4 3.4
H3n–H4 3.3 2.7 2.6 2.7 2.7 2.7 3.0 2.9 2.9 2.9 2.9 3.3 2.9
H3x–H4 2.2 2.2 2.6 2.4 2.4 2.4 2.3 2.2 2.0 2.2 2.2 2.2 2.2 2.2
H4–H5a 3.8 3.4 3.7 3.7 3.7 3.0 2.9 2.9 3.1 2.9 2.9
H4–H5s 2.6 2.6 2.7 2.4 2.6 2.5 2.8 2.9 2.6
H5a–H6a 9.8 9.5 9.8 9.5 9.5 9.5 9.8
H5a–H6s 3.0 2.9 2.9 3.1 2.9 2.9 2.9
H5s–H6a 4.9 4.8 4.4 4.4 4.8 4.8 4.6
H5s–H6s 9.5 9.5 9.5 9.2 9.2 9.5


4J H3x–H5a 2.2 2.2 2.6 2.4 2.4 2.3 2.2 2.0 2.2 2.1 2.2 2.2 2.2
H6s–H7s 1.5 1.3 1.5 1.5 1.5
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couldbeexplainedasfollows: in thecrystalstructure,the
packingforcesaredeterminantin theconformationof the
benzoyloxygroup,but in theMM results,a promediated
distancebetweenthe carbonyloxygenatom and H-111
andH-2 (seeFig. 1 for numbering)is preferred.


EXPERIMENTAL


General. Melting points are uncorrected.The mass
spectrawere obtainedwith a Hewlett-PackardModel
5988 spectrometer(EI, 70eV). The IR spectrawere
measuredasKBr pelletson a Perkin-ElmerModel 883
spectrophotometer. Results obtained in the elemental
analysis(C, H, N) of compoundswerewithin �0.4%of
theoreticalvalues.All NMR spectrawere recordedat
298K using solutionsof about10mg of compoundin
0.5ml of CDCl3 and referencedto the corresponding
solventsignal (�1H 7.26ppm and �13C 77.0ppm). The
13C spectrawere obtained on a Varian UNITY-300
spectrometeroperatingat 75.437MHz. DEPT experi-
mentswere performedwith standardpulse sequences.
The 1H spectra and double resonanceexperiments
(homonuclearspin decoupling) were registeredon a
Varian UNITY-500 Plus spectrometeroperating at
499.81MHz. The COSY and HETCOR spectrawere
obtainedon a VarianUNITY-500 Plusspectrometer.


Molecular modeling was carried out with Quanta/
CHARMm19 software running on a Silicon Graphics
workstation.Thestartingmolecularstructureof 4b�HCl
wasobtainedfrom thex-ray crystallographicstudy.The
structure was optimized by semiempirical molecular
orbital calculationsusing the AM120 Hamiltonian as
implementedin MOPAC 7.21


Synthesis of syn- and anti-2-methyl-2-azabicyclo-
[2.2.2]octan-6-ols 1 and 2. To a stirred suspensionof
1.28g (34mmol) of lithium aluminum hydride in dry
THF (20ml), underargonat 0°C, wasaddeddropwisea
solution of 6.68g (34mmol) of 2-carbethoxy-2-azabi-
cyclo[2.2.2]octan-6-one10 in 10ml of dry THF. The
mixture wasstirredunderreflux for 5 h, thencooledto
near0°C andquenchedby successiveadditionof (1.3ml)
of waterand1.3ml of 15% aqueoussodiumhydroxide,
and stirring was continued at room temperaturefor
30min. Filtration and concentration under reduced
pressureyielded a mixture of alcohols1 and 2 (4.42g,
93%combinedyield). 1H NMR indicateda40:60ratioof
1:2. IR (NaCl, film), 3356cmÿ1; MS, m/z 141 (M�,
14%),97(29),96(57),94(38),82(100),70(40),68(42),
57(66),56(25),55(49),54(28),53(26).1: 1H NMR (�),
1.29(1H,m,H-7a),1.39(1H,m,H5s),1.50(2H,m,H-8),
1.63 (1H, m, H-4), 1.95 (1H, m, H-5a), 1.99 (1H, m,
H-7s), 2.14 (1H, dt, J = 9.6, 2.1Hz, H-3x), 2.31 (3H, s,
Me), 2.39 (1H, m, H-1), 3.06 (1H, ddd, J = 9.6, 3.8Hz,
2.7, H-3n), 3.67 (1H, m, H-6a); 13C NMR (�), 17.80
(C-7),24.74(C-8),26.53(C-4),36.79(C-5),42.67(Me),
56.94(C-3), 57.67(C-1), 68.69(C-6). 2: 1H NMR (�),
1.31(1H,m,H-5a),1.50(2H,m,H-8),1.67(1H,m,H-4),
1.75 (1H, m, H-7s), 1.80 (1H, m, H-7a), 2.04 (1H, m,
H5s),2.37(3H, s, Me), 2.43(1H, m, H-1), 2.44(1H, dt,
J = 9.6Hz, 2.1, H-3x), 2.65 (1H, dt, J = 9.6, 2.7Hz,
H-3n), 4.10 (1H, m, H-6a); 13C NMR (�), 16.22(C-7),
24.74(C-8),26.53(C-4),36.01(C-5),42.55(Me), 55.99
(C-3), 56.35(C-1), 66.62(C-6).


Synthesis of syn- and anti-6-arylcarbonyloxy-2-methyl-
2-azabicyclo[2.2.2]octanes/General procedure. A solu-
tion of n-BuLi (1.6M solution in hexane, 0.88ml,


Table 4. 13C chemical shifts (�, ppm) for compounds 3a±g and 4a±g in CDCl3


Atom 3a 3b 3c 3d 3e 3f 3g 4a 4b 4c 4d 4e 4f 4g


C-1 54.94 54.96 55.56 55.41 54.88 55.29 55.00 53.13 53.20 55.54 55.39 52.98 53.23 53.18
C-3 56.92 56.98 56.99 57.04 57.06 56.65 56.87 55.95 56.12 56.09 56.03 55.80 55.97 55.97
C-4 26.30 26.48 26.35 26.39 26.44 25.67 26.37 26.25 26.35 26.40 26.28 26.05 26.27 26.30
C-5 32.73 32.92 33.27 33.27 33.15 32.59 32.88 33.24 33.36 33.42 33.36 33.07 33.36 33.41
C-6 75.80 75.46 75.20 75.13 74.79 73.72 75.59 71.17 71.03 70.27 70.13 69.52 70.73 71.32
C-7 20.10 20.25 21.51 21.34 21.03 20.25 19.94 17.65 17.77 17.71 17.65 17.53 17.56 17.65
C-8 23.76 23.92 23.48 23.60 23.70 22.90 23.84 24.50 24.50 24.58 24.52 24.21 24.55 24.55
N-CH3 43.25 43.25 43.76 43.71 45.56 43.32 43.13 42.40 42.47 42.43 42.42 42.13 42.40 42.42
CH3 54.64 54.73 21.13 53.33 53.24 20.83
C=O 164.40 165.92 166.36 166.51 166.99 165.05 166.21 163.71 165.34 165.82 165.93 166.04 164.73 165.63
C-1' 133.31 131.17 132.44 131.88 130.40 125.95 135.50 133.43 131.39 132.65 131.92 130.18 126.46 135.23
C-2' 128.15 133.43 107.43 114.30 127.41 150.99 122.14 127.87 133.60 107.33 114.17 126.80 150.82 121.95
C-3' 135.09 130.77 160.53 159.44 137.78 149.70 135.23 130.59 160.72 159.50 137.58 149.73
C-4' 132.63 132.12 105.43 119.15 134.38 153.39 132.66 132.34 105.33 119.08 134.09 153.34
C-4'a 149.00 149.14
C-5' 135.09 126.43 160.53 129.26 137.78 123.23 129.91 135.23 126.54 160.72 129.34 137.58 123.26 129.64
C-6' 128.15 130.97 107.43 122.17 127.41 137.37 129.55 127.87 131.05 107.33 121.82 126.80 126.46 130.03
C-7' 127.92 128.07
C-8' 125.61 125.52
C-8'a 125.10 125.13
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1.42mmol) was addeddropwise to a solution of the
epimeric mixture of alcohols 1 and 2 (200mg,
1.42mmol) in dry THF (5 ml) at 0°C underargon.The
mixture wasstirredat the sametemperaturefor 30min.
To the reactionmixture wasaddeddropwisea solution
containingthe appropriateimidazolidepreparedby the
following method: N,N'-carbonyldiimidazole (CDI)
(229mg, 1.42mmol) was added to a solution of the
correspondingcarboxylic acid (1.42mmol) in dry THF
(5 ml); themixturewasstirredat roomtemperatureunder
argonfor 2 h. Thewholewasstirredat roomtemperature
underargonfor 48h. Then100ml of methylenechloride
were added,and the mixture was washedsuccessively
with asaturatedaqueoussolutionof NaHCO3 (25ml) and
brine (3� 25ml), dried over MgSO4, filtered and the
filtrate concentratedunder reducedpressureto give a
mixtureof thecorrespondingepimericesters3 and4.The
resultingresiduewasthenchromatographedon silica gel
with the appropriatesolvent system to separatethe
epimeric mixture of the desiredesters3a–g and 4a–g.


After this separation,eachepimerwasconvertedinto its
hydrochloridesalt andcrystallized.


syn- and anti-6-(3,5-dichlorobenzoyloxy)-2-methyl-2-
azabicyclo[2.2.2]octanes (3a, 4a). Colorlessoil; yield
54%. The crude mixture of epimers was chromato-
graphedby eluting with hexane–acetone–triethylamine
(9.3:0.2:0.5),affording first the synepimer3a, MS, m/z
315 (M�, 5%), 173 (11), 147 (13), 145 (20), 140 (100),
124 (16), 110 (11), 109 (17), 97 (30), 96 (42), 94 (19);
convertedinto its hydrochlorideand crystallized from
acetone,m.p. 232–233°C; IR (KBr), 1728cmÿ1; and
secondthe anti epimer4a, MS, m/z315 (M�, 6%), 173
(13), 147 (16), 145 (26), 140 (100), 124 (22), 110 (11),
108(26),98(24),96(36),94(18),82(32);convertedinto
its hydrochloride and crystallized from acetone,m.p.
223–224°C (decomp.);IR (KBr), 1727cmÿ1.


syn- and anti-6-(2-chlorobenzoyloxy)-2-methyl-2-aza-
bicyclo[2.2.2]octanes (3b, 4b). Colorlessoil; yield 48%.


Figure 2. 1H±1H COSY spectrum of 3a (aliphatic region)
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The crudemixture of epimerswaschromatographedby
elutingwith hexane–acetone–triethylamine(9.6:0.2:0.2),
affordingfirst thesynepimer3b, MS, m/z280(M�, 2%),
141(24),140(82),139(53),113(23),111(72),96 (31),
94 (27), 82 (100), 75 (59), 70 (20); convertedinto its
hydrochlorideandcrystallizedfrom acetone,m.p. 191–
192°C; IR (KBr), 1724cmÿ1; andsecondtheanti epimer
4b,MS,m/z280(M�, 2%),140(100),139(24),101(29),
97 (21),96 (30),82 (25),59 (87),58 (37); convertedinto
its hydrochloride and crystallized from acetone,m.p.
211–212°C (decomp.);IR (KBr), 1725cmÿ1.


syn- and anti-6-(3,5-dimethoxybenzoyloxy)-2-methyl-
2-azabicyclo[2.2.2]octanes (3c, 4c). Colorlessoil; yield
56%. The crude mixture of epimers was chromato-
graphedby eluting with hexane–acetone–triethylamine
(7:2:1), affording first the syn epimer3c, MS, m/z305
(M�, 27%),165(57),140(100),137(29),124(19),122


(30),97(28),96(39),94(25),82(29),70(17);converted
into its hydrochloride and crystallized from ethanol–
diethyl ether,m.p.161–63°C; IR (KBr), 1708cmÿ1; and
secondtheanti epimer4c, MS, m/z305(M�, 29%),165
(50),140(100),137(31),124(18),122(30),97 (37),94
(21), 82 (20), 70 (19); convertedinto its hydrochloride
and crystallizedfrom acetone–diethylether,m.p. 214–
16°C; IR (KBr), 1720cmÿ1.


syn- and anti-6-(3-methoxybenzoyloxy)-2-methyl-2-
azabicyclo[2.2.2]octanes (3d, 4d). Colorlessoil; yield
51%. The crude mixture of epimers was chromato-
graphed by eluting with diethyl ether–triethylamine
(9.9:0.1),affordingfirst thesynepimer3d, MS, m/z275
(M�, 20%),140(100),124(27),97(28),96(38),94(23),
82(29),77(25),70(20);convertedinto its hydrochloride
and crystallized from hexane–ethylacetate,m.p. 104–
10°C (decomp.);IR (film), 1714cmÿ1; and secondthe


Figure 3. Expansion of 1H±13C HETCOR spectrum of 3a
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anti epimer4d, MS, m/z275(M�, 17%),140(100),124
(23), 97 (31), 96 (45), 94 (24), 82 (44), 77 (32), 70 (22);
convertedinto its hydrochlorideand crystallized from
hexane–ethyl acetate, m.p. 132–135°C; IR (KBr),
1720cmÿ1.


syn- and anti-6-(3,5-dimethylbenzoyloxy)-2-methyl-2-
azabicyclo[2.2.2]octanes (3e, 4e). Colorlessoil; yield
43%. The crude mixture of epimers was chromato-
graphedby eluting with hexane–acetone–triethylamine
(9:0.5:0.5),affordingfirst thesynepimer3e,MS,m/z273
(M�, 18%),140(100),97 (28),96 (39),94 (26),82 (27),
79(25),77(24),70(24);convertedinto its hydrochloride
andcrystallizedfrom hexane–acetone,m.p.176–180°C;
IR (KBr), 1720cmÿ1; andsecondtheanti epimer4e,MS,
m/z273(M�, 29%),140(100),105(25),97(32),96(41),
94 (25),82 (37),79 (34),77 (31),70 (25); convertedinto
its hydrochlorideandcrystallizedfrom hexane–acetone,
m.p.206–209°C; IR (KBr), 1720cmÿ1.


syn- and anti-6-(3-piyridincarbonyloxy)-2-methyl-2-
azabicyclo[2.2.2]octanes (3f, 4f). Colorlessoil; yield
47%. The crude mixture of epimers was chromato-
graphedby eluting with ethyl acetate–ethanol–triethyla-
mine(9.6:0.2:0.2),affordingfirst theanti epimer4f, MS,
m/z246(M�, 18%),140(100),124(29),97(28),96(49),
94 (25), 82 (82), 78 (48), 70 (24); convertedinto its
hydrochlorideand crystallizedfrom acetone–propan-2-
ol, m.p. 176–177°C; IR (KBr), 1710cmÿ1; and second
the synepimer3f, MS, m/z246 (M�, 18%), 140 (100),
124 (21), 97 (29), 96 (43), 94 (23), 82 (42), 78 (44), 70
(27); convertedinto its hydrochlorideand crystallized
from acetone–propan-2-ol,m.p. 181–186°C; IR (KBr),
1730cmÿ1.


syn- and anti-6-(4-quinolincarbonyloxy)-2-methyl-2-
azabicyclo[2.2.2]octanes (3g, 4g). Colorlessoil; yield
60%. The crude mixture of epimers was chromato-
graphedby eluting with ethyl acetate–acetone–triethyl-
amine(8.5:1:0.5),affordingfirst theanti epimer4g,MS,
m/z296(M�, 19%),141(9),140(100),128(18),125(7),
101(12),97 (10),96 (15),82 (8), 70 (24); convertedinto


its hydrochlorideandcrystallizedfrom acetone–ethanol,
m.p. 140–143°C (decomp.);IR (KBr), 1720cmÿ1; and
secondthesynepimer3g, MS, m/z296(M�, 10%),140
(100), 128 (67), 101 (55), 96 (32), 94 (24), 82 (70), 75
(33), 70 (24); converted into its hydrochloride and
crystallizedfrom acetone–ethanol,m.p. 171–173°C; IR
(KBr), 1719cmÿ1.


Crystal data for 4b�HCl. A plate,colorlesscrystal was
used to collect the experimentaldata on a four-circle
Philips PW1100automaticdiffractometerwith Cu Ka
(� = 1.5418Å) radiationanda graphiteorientedmono-
chromator.Formula, C15H18NO2Cl�HCl; Mr, 316.219;
crystal size,0.40� 0.27� 0.10mm. Lattice parameters
were refined using 82 reflections,12< 2 � < 88°. The
crystal is orthorhombic, space group Pbca, with
a = 24.418(2), b = 13.283(1), c = 9.661(1)Å, Z = 8;
2668 reflections were measured in the range
2< � < 65°; two standardreflections,measuredevery
90min, showed no intensity variation; 2055 were
consideredobservedwith the I > 2s(I) criterion.Lorentz
and polarizationcorrectionswere applied.All calcula-
tions were performedon a VAX 6410 computer.The
structurewas solved by direct methodsusing SIR9222


and Fourier synthesis;subsequentscalculations used
XRAY8023 with full-matrix least-squaresrefinementon
F magnitudes. All the non-H atoms were refined
anisotropically.All H atoms,exceptH-32, H-153 and
thoseof the phenylring, werelocatedfrom a difference
synthesisandrefinedisotropically.After severalcyclesof
refinement, H-11, H-12 and H-13 and the thermal
parameterof C-12 weremaintainedfixed. An empirical
weighting schemewas applied as to give no trendsin
< wD2F> vs< jFoj> and< sin �/� >, PESOS;24 ratio
of maximum shift/s = 0.039; 245 parametersrefined.
Maximum andminimum peakheightsin the difference
Fouriermapwere0.72 andÿ0.84 eÅ ÿ3, respectively;
S= 2.767. Final R factors were R = 0.087, Rw = 0.107.
All geometricalcalculationswere performedby using
PARST.25 Atomic scatteringfactorsweretakenfrom the
InternationalTablesfor X-RayCrystallography.26


Table 5. Selected torsion angles (°) for 4b�HCl


Dihedralangle X-ray MM Dihedralangle X-ray MM


C1—C2—O1—C8 ÿ125.5 ÿ79.9 C3—C2—O1—C8 117.7 162.4
C2—O1—C8—O2 3.8 8.6 C2—O1—C8—C9 179.1 ÿ172.4
O1—C8—C9—C14 7.1 ÿ0.3 O2—C8—C9—C10 2.6 ÿ2.1
C1—N1—C5—C4 ÿ20.0 ÿ11.9 C1—C2—C3—C4 ÿ10.3 ÿ7.3
C4—C6—C7—C1 ÿ15.3 ÿ10.1 C2—C3—C4—C5 64.5 62.8
C5—N1—C1—C7 ÿ46.4 ÿ51.5 C5—N1—C1—C2 73.8 67.8
C2—C3—C4—C6 ÿ54.0 ÿ56.1 C3—C4—C5—N1 ÿ46.7 ÿ52.7
N1—C1—C2—C3 ÿ54.8 ÿ56.9 N1—C1—C7—C6 66.9 65.2
N1—C1—C2—O1 ÿ172.4 ÿ173.5 C7—C1—C2—O1 ÿ53.0 ÿ53.3
C15—N1—C5—C4 ÿ147.1 ÿ137.0 C15—N1—C1—C2 ÿ160.3 ÿ167.1
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Application of correlation interaction coef®cients.
Part 1. Structure±reactivity relationship of phenylethyl
arenesulfonates under high pressure
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ABSTRACT: The rates for the reaction of (Z)-phenylethyl (X)-benzenesulfonates with (Y)-pyridines under pressure
in acetonitrile at 60°C were measured by an electrical conductivity method. From the values ofrX, rY andrZ, it was
concluded that bond formation between the nucleophile and reaction center is more advanced in the transition state
(TS). The magnitude of the correlation interaction term,rij , was used to determine the structure of the transition state
for theSN reaction. As the pressure increases, the Hammett reaction constantsrX andrY decrease, but the correlation
interaction coefficients,rXZ and rYZ, increase. The results indicate that the reaction of (Z)-phenylethyl (X)-
benzenesulfonates with (Y)-pyridines probably proceeds via a dissociativeSN2 reaction and with increasing pressure
the TS moves to an early position. This result agrees with the MOFJ diagram interpretation and shows that the
correlation interaction term,rij , can be a useful tool for determining the structure of the TS. Copyright 1999 John
Wiley & Sons, Ltd.


KEYWORDS: correlation interaction coefficients; phenylethyl arenesulfonates; structure–reactivity.


INTRODUCTION


There has been considerable interest in determining the
transition-state (TS) structure forSN reactions using
multiple Hammett plots.1 Previous works2 showed that
the magnitude of the correlation interaction coefficient
(CIC), rij , between substituentsi and j is expressed by


log�kij=k00� � pi�i � �j�j � �ij�i�j


and thereforerXZ (rZX) andrYZ (rZY) are represented by
the following equations:


log�kXZ=k00� � �X�X � �Z�Z � �XZ�X�Z �1�
log�kYZ=k00� � �Y�Y � �Z�Z � �YZ�Y�Z �2�


where X, Y and Z are the substituents of the leaving
group (L), nucleophile (Nu) and substrate (S), respec-
tively. rij (rXZ or rYZ) depends on the change in the
distance between the reaction centers, which can express
the sensitivity ofri tosj (orrj tosi). That is,rXZ andrYZ


influence the degree of Ca—L bond fission and that of
Nu—Ca bond formation, respectively. For benzylic
derivatives,2b the TS structure of the nucleophilic
substitution reaction is predicted both by the sign ofrZ


and by comparing the relative values ofrXZ and jrYZj.
The effects of pressure on Menschutkin reactions,


which are typicalSN2 reactions of alkyl halides with
tertiary amines to form quaternary ammonium salts, have
been widely studied.3,4We have reported5 that the kinetic
study of the Menschutkin-type reaction of benzyl
benzenesulfonate with pyridine in acetone was carried
out by an electric conductivity method at pressures from
1 to 2000 bar. The enthalpy, entropy and volume of
activation indicated that this reaction proceeds via the
SN2 mechanism in which the rate of the reaction is
determined by Ca—Nu bond formation in the TS. Under
atmospheric pressure, the substituent effect of the
phenylethyl system was not as significant as expected,
but the electron-donating substituents still showed a
slight acceleration to give a small negativer value and
the Hammett plot curved slightly towards the activating
substituents. This result represents a more favorable
bond-breaking in the TS by the electron-donating
substituents. However, the effect is not as great as that
of the benzyl system.6


In this paper, we report the results of kinetic
investigations of the nucleophilic substitution reactions
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of phenylethyl arenesulfonates with pyridines in acetoni-
trile under various pressures, building on previous
successful applications of substitution effects.7 The TS
for the SN reaction can be represented by three
components: the leaving moiety (L) with substituent X.
the nucleophile (Nu) with Y and the substrate (S) with Z.
These are attached to each reaction center, as shown in
Scheme 1, wheredN (or dL) is the distance between Nu
(or L) and C.


We discuss the changes in the TS structures with
increasing pressure for the reaction of phenylethyl
arenesulfonates with pyridines in acetonitrile.


RESULTS AND DISCUSSION


The kinetic reaction for the nucleophilic displacement
that yields the salts of phenylethyl derivatives is depicted
in Scheme 2. The reaction rates were determined by
monitoring the changes in the electrical conductance
resulting from the formation of the salt in the reaction
of phenylethyl benzenesulfonate with pyridine in aceto-
nitrile at 60°C.


The second-order rate constants,k2, are summarized in
Tables 1 and 2 for this reaction at various pressures.


The reaction rate was increased by electron-donating
substituents in pyridine, which acts as a nucleophile. The
rate increased with both increasing electron-donating


ability of the substrate and leaving ability of the leaving
moiety. However, the change in the rate constants is less
sensitive to the nature of the substituents with the
phenylethyl substrate than with a benzyl substrate,
because of the additional CH2 group. The Hammett plots
(with Hammett substituent constants taken from Ref. 8)
generally show good linear correlations (correlation
coefficients�0.997) and therX, rY and rZ values are
listed in Tables 3–6.


Scheme 1


Scheme 2


Table 1. Second-order rate constants, 104 k2 (l molÿ1 sÿ1),
for the reactions of (Z)-phenylethyl brosylates with (Y)-
pyridines in acetonitrile at 60°C at different pressures


Pressure, Y


Z (bar) 3,4-(CH3)2 3-CH3 H 3-Cl


4-CH3 1 2.931 1.541 0.9112 0.1883
1000 3.921 2.219 1.345 0.2739
2000 6.221 3.721 2.454 0.5011


H 1 2.793 1.462 0.8512 0.1708
1000 3.809 2.130 1.273 0.2510
2000 6.071 3.630 2.353 0.4671


4-Cl 1 2.641 1.355 0.7901 0.1521
1000 3.633 1.998 1.191 0.2255
2000 5.916 3.466 2.234 0.4209


Table 2. Second-order rate constants, 104 k2 (l molÿ1 sÿ1),
for the reactions of (Z)-phenylethyl (X)-benzenesulfonates
with pyridine in acetonitrile at 60°C at different pressures


X


Z Pressure, (bar) H 4-Br 3-NO2


4-CH3 1 0.4093 0.9112 4.604
1000 0.5978 1.345 6.135
2000 0.9908 2.454 9.184


H 1 0.3819 0.8512 4.361
1000 0.5568 1.273 5.890
2000 0.9331 2.353 8.934


4-Cl 1 0.3531 0.7901 4.105
1000 0.5168 1.191 5.582
2000 0.8738 2.234 8.656


Table 3. Reaction constants (rY) and correlation interaction
coef®cients (rYZ) for the reactions of (Z)-phenylethyl brosy-
lates with (Y)-pyridines in acetonitrile at 60°C at different
pressures


rY


Z 1 bar 1000 bar 2000 bar


4-CH3 ÿ1.94 ÿ1.89 ÿ1.80
H ÿ1.98 ÿ1.93 ÿ1.83
4-Cl ÿ2.02 ÿ1.98 ÿ1.89
rYZ (ra) ÿ0.21 (0.998) ÿ0.22 (0.999) ÿ0.24 (0.997)


a Multiple correlation coefficient.


Copyright  1999 John Wiley & Sons, Ltd. J. Phys. Org. Chem.12, 319–324 (1999)


320 S.-D. YOHET AL.







Effect of substituent


In Table 3, the value ofrY increases when there is an
electron-withdrawing substituent in the substrate (Z =
4-Cl), which indicates that charge transfer from the
nucleophile is increased. In other words, bond formation
is increased. This trend is reasonable, because an
electron-withdrawing substituent facilitates the charge
transfer from the nucleophile to the reaction center, Ca,
enhancing the positive charge on the N atom of pyridine
and increasing Nu—Ca bond formation. The value ofrX


is positive and increases with increasing electron-with-
drawing ability of the substituents on the substrate (Table
4). However, the effect of changing the substituent from


Z = 4-CH3 to 4-Cl is greater onrY than onrX. This
indicates that the variation in bond formation between the
nucleophile and the substrate reaction center is larger
than that of bond cleavage between the leaving moiety
and the reaction center. In Tables 5 and 6, the sign ofrZ is
negative, which indicates that the reaction center of the
substrate (Ca) develops a positive charge, and also means
that the degree of bond breaking is greater than that of
bond formation in the TS for the reaction series. Since the
change in the magnitude ofrY is larger than that ofrX


with various substituents, the change in bond formation is
greater than that in bond breaking. These results will
affect the rij values. The magnitudes ofrij imply
advanced bond formation (in the case ofrYZ) or
imminent departure of the leaving moiety (in the case
of rXZ). The magnitudes ofrYZ and rXZ indicate the
degree of Nu—Ca bond formation and Ca—L bond
fission, respectively. The magnitude ofrYZ obtained
from the plot ofrY againstsZ (rZ with sY) is larger than
that of rXZ. When the substituent (Z) is 4-CH3, the
Ca—L bond in the TS is as long as, or slightly longer
than, the Nu—Ca bond, because the sign ofrZ is
negative, which means that the reaction center of the
substrate develops a positive charge. When the sub-
stituent (Z) is changed from 4-CH3 to 4-Cl, the Nu—Ca
bond formation is greatly increased, but Ca—L bond
fission is slightly increased. The magnitudes ofrY are
comparable to those found for the reactions of benzyl
benzenesulfonates with pyridines in acetone2b (rYZ =
ÿ0.52,rXZ = 0.15). The values ofrZ for the reactions of
a phenylethyl substrate are smaller than that for the
benzyl substrate because the phenylethyl system has an
extra CH2 group between the substituent Z and the
reaction center of theb-carbon atom. An extra CH2 group
will increase the distance between Z and reaction center,
hence it is expected to decrease thejrYZj value in
comparison with that of the benzyl system. However, the
ratio of jrYZj to rXZ is larger than that for the benzyl
system. WhenrXZ is smaller thanjrYZj for a different
substituent, it indicates that the leaving moiety is already
at a distance from the substrate reaction center, so there is
less variation in the distance from the reaction center, but
more variation inrYZ. Since we expect both benzyl and
phenylethyl systems to react by a dissociativeSN2
mechanism, from the sign ofrZ and the comparison of
rij (jrYZj >rXZ), the reactions suggest a dissociativeSN2
mechanism.7b


Effect of Pressure


In Tables 3 and 4, the magnitudes ofjrYj andrX decrease
when the pressure increases, which suggests that the
degrees of bond formation and breaking are decreased. A
change of pressure from 1 to 2000 bar seems to cause a
smaller decrease injrYj than in rX, because the
magnitude ofrZ decreases with increasing pressure,


Table 4. Reaction constants (rX) and correlation interaction
coef®cients (rXZ) for the reactions of (Z)-phenylethyl (X)-
benzenesulfonates with pyridine in acetonitrile at 60°C at
different pressures


rX


Z 1 bar 1000 bar 2000 bar


4-CH3 1.48 1.42 1.34
H 1.49 1.43 1.36
4-Cl 1.50 1.45 1.38
rXZ (ra) 0.04 (0.980) 0.07 (0.988) 0.09 (0.986)


a Multiple correlation coefficient.


Table 5. Reaction constants (rZ) and correlation interaction
coef®cients (rZY) for the reactions of (Z)-phenylethyl brosy-
lates with (Y)-pyridines in acetonitrile at 60°C at different
pressures


rZ


Y 1 bar 1000 bar 2000 bars


3,4-(CH3)2 ÿ0.112 ÿ0.083 ÿ0.054
3-CH3 ÿ0.134 ÿ0.114 ÿ0.078
H ÿ0.154 ÿ0.132 ÿ0.102
3-Cl ÿ0.231 ÿ0.207 ÿ0.188
rZY (ra) ÿ0.21 (0.989) ÿ0.23 (0.996) ÿ0.24 (0.999)


a Multiple correlation coefficient.


Table 6. Reaction constants (rZ) and correlation interaction
coef®cients (rZX) for the reactions of (Z)-phenylethyl (X)-
benzenesulfonates with pyridine in acetonitrile at 60°C at
different pressures


rZ


X 1 bar 1000 bar 2000 bar


H ÿ0.173 ÿ0.159 ÿ0.138
4-Br ÿ0.154 ÿ0.132 ÿ0.102
3-NO2 ÿ0.140 ÿ0.108 ÿ0.070
rZX (ra) ÿ0.05 (0.989) ÿ0.08 (0.999) 0.10 (0.989)


a Multiple correlation coefficient.
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which indicates that the degree of bond breaking is more
advanced than that of bond formation in the TS for this
reaction series. Therefore, in this reaction, the pressure
leads to the formation of the TS in an earlier position,
which is more similar to a concertedSN2-type reaction
pathway. From comparison of the activation volume
(DV‡) for benzyl and phenylethyl systems, theDV‡ of
benzyl benzenesulfonate with pyridine at 40°C in
acetone wasÿ12.97 cm3 molÿ1 and that of the
phenylethyl system was 12.30 cm3 molÿ1. These two
DV‡ values are very similar, suggesting that the reaction
mechanisms resemble each other under high pressure.


These results accord with the comparison ofrij ; the
magnitude ofrYZ is larger than that ofrXZ under low
pressure, since the degree of Ca—L bond cleavage is
enhanced and the Nu—Ca bond is poorly formed in the
TS. As the pressure is increased, the formation of the
Nu—Ca bond is decreased less than the breaking of the
Ca—L bond in the TS, because with an increase in
pressure the degree of variation ofrXZ is greater than that
of jrYZj. This indicates that the leaving moiety is closer to
the substrate reaction center, so the degree of variation in
the distance from the reaction center becomes large, but
bond formation with the nucleophile decreases slightly.
Hence the TS moves from a dissociativeSN2 to more
concerted SN2 type with increase in pressure. This result
accords with the sign and the variation ofjrZj values,
where jrZj decreases with increasing pressure. In
Menschutkin-type reactions, the concertedSN2 reaction
has a smaller negativerZ value than the dissociativeSN2
reaction.


The sign of the productrXZ rYZ can also predict the
movement of TS.2b In other words, if the sign of the
productrXZ rYZ is positive, the TS movement agrees
with the Thornton effect, but if it is negative, the TS
movement obeys the Hammond effect. In this reaction
series, a negative sign ofrXZ rYZ means that the TS
works in harmony with the Hammond effect. This is in
good accord with the prediction of the More O’Ferrall–
Jencks (MOFJ) diagram in Fig. 1. The MOFJ diagram can
predict the changes that occur in the structure of the TS
when the substituent in the substrate, nucleophile or
leaving group is changed. The energies of the reactants,
products and the two possible intermediates (the
carbonium ion and the pentavalent complex) are
represented at the corner of the energy surface. Thex
andy axes represent changes in the length of the Nu—Ca
and Ca—L bonds, respectively. The energy contour
shows the lowest energy pathway, the reaction coordi-
nate, through the energy surface. The BrønstedbNu and
blg are summarized in Tables 7 and 8. When the
substituent (Z) is changed from 4-CH3 to 4-Cl, the values
of bNu are smaller than those ofblg. Thus, Nu—Ca bond
formation proceeds poorly compared with Ca—L bond
cleavage. By comparingbNu and blg with increase in
pressure, the TS movement on the MOFJ diagram can be
monitored. At atmospheric pressure, the TS predicted by


thebNu andblg values is designated with an asterisk (*).
With increasing pressure, both of the absoluteb values
decrease, indicating that the formation of the Nu—Ca
bond and the breaking of the Ca—L bond were decreased


Figure 1. MOFJ diagram based on structure±reactivity
coef®cient for the reaction of (Z)-phenylethyl (X)-arenesulfo-
nates with (Y)-pyridines. The energy contours are not shown.
With higher pressure, the transition state* moves towards*',
lowering the energy of the intermediate


Table 7. Brùnsted bNu values for the reactions of (Z)-
phenylethyl brosylates with pKas


a of pyridines in acetonitrile
at 60°C at different pressures


bNu


Z 1 bar 1000 bar 2000 bar


4-CH3 0.268 0.262 0.250
H 0.273 0.268 0.254
4-Cl 0.279 0.274 0.262


a pKas were evaluated from 1.199pKa (water)� 5.630 (r = 0.986) in
acetonitrile; see Ref. 9a, correlation coefficient�0.996).


Table 8. Brùnsted blg
a values for the reactions of (Z)-


phenylethyl (X)-arenesulfonates with pyridine in acetonitrile
at 60°C under at different pressures


blg


Z 1 bar 1000 bar 2000 bar


4-CH3 ÿ0.476 ÿ0.457 ÿ0.430
H ÿ0.480 ÿ0.462 ÿ0.437
4-Cl ÿ0.483 ÿ0.466 ÿ0.443


a pKas were taken from Ref. 9b, correlation coefficient�0.996.
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in the TS. Therefore, the TS moves to a more reactant-
like (* → * ') pathway. This result means that the change
in the TS agrees with Hammond’s effect, as was also
shown by the negative sign for the productrXZ rYZ.


In conclusion, the Hammettr values of the nucleo-
phile, leaving group and substrate can be used to estimate
the structure of the TS. The magnitude ofrij is a useful
tool for determining the structure of the TS. In particular,
the comparison ofrXZ with rYZ and the sign ofrZ can
indicate the type ofSN reaction. Under low pressure,jrZj
is slightly larger than that at high pressure and the fact
that jrYZj is greater thanrXZ at low pressure indicates
that this reaction series proceeds via a dissociativeSN2
process. However, with increasing pressure,jrYZj value
is slightly larger thanrXZ, while the magnitude ofrZ is
smaller than that at low pressure, which indicates that the
TS of this reaction moves from a dissociativeSN2 to a
somewhat concerted and more early-typeSN2 process.
This result is in good accord with the MOFJ model. A
negative sign ofrXZ rYZ means that the TS works in
harmony with the Hammond effect.


EXPERIMENTAL


Instruments. The conductivity meter was a TOA 60-V
equipped with a Fisher 9010 circulator. The conductivity
cell has two parts, a glass cylinder with a volume of
5 cm3, in which two Pt circular plate electrodes are
sealed, and a one-branch Teflon tube 8 cm long and 1 cm
in diameter. The former part is the conducting cell and
the latter serves as the pressure conductor. This cell was
placed in the pressure vessel.


Materials. All materials were purchased from Wako
(Osaka, Japan) or Merck (Darmstadt, Germany). Aceto-
nitrile was purified by distillation, after adding anhydrous
potassium carbonate and letting it stand for 3 days at
room temperature. Commercial pyridine was purified by
several distillations through potassium hydroxide. Other
liquid pyridines were used without further purification,
but solids recrystallized before use. All the purified
pyridines were stored in brown ampoules under a
nitrogen atmosphere.


The preparation of the substrate and the product
analysis were as described previously.10 Phenylethyl
brosylate was prepared by Tipson’s procedure as follows:
Phenylethyl alcohol (2.73 g, 0.022 mol) was dissolved in
pure pyridine (ca 40 cm3) and subsequentlyp-bromo-
benzenesulfonyl chloride (5.71 g, 0.022 mol) was gradu-
ally added with stirring at 0°C. After 3 h at 0°C, the
mixture was poured into ice–water and crystals were
collected, yield 63%, m.p. 57°C (recrystallized fromn-
hexane) (lit.10 58–59°C).


To prepare N-phenylethylpyridinium 4-bromo-
benzenesulfonate, pyridine (0.554 g, 0.007 mol) was
added to a solution of phenylethyl 4-bromobenzene-


sulfonate (2.387 g, 0.007 mol) in anhydrous acetonitrile
(80 cm3). The mixture was heated under reflux for 4 h and
then left overnight at room temperature. The product was
separated from the solvent and washed with anhydrous
diethyl ether, crystalline (45%), m.p. 156 –157°C
(recrystallized from propan-2-ol). Found: C, 54.3; H,
4.80; N, 3.45. Calc. for C19H18BrNO3: C, 54.3; H, 4.30;
N, 3.30%.1H NMR (300 MHz, DMSO):� 3.2 (2 H, t,b-
H), 4.7 (2 H, t,a-H), 8.7 (2 H, d,a-H of pyridine), 8.2 (2
H, t, b-H of pyridine), 7.5 (9 H, m, phenyl).


Kinetics. The reaction of phenylethyl brosylate with
pyridine at different pressures was followed by a
conductometric method. As the reaction proceeds, the
electrical conductance increases because of the formation
of the salt. The conductivity cell was suspended in a high-
pressure vessel with an electrode lead and the vessel was
placed in a thermostat (�0.01°C). Solvolysis related to
nucleophilic addition was always negligible.


Kinetic runs were carried out under pseudo-first-order
conditions with pyridine in which the amine concentra-
tion is over 100 times larger than that of substrate.
Guggenheim plots were used for determining the pseudo-
first-order rate constant, from which the second-order rate
constants were calculated. Rate constants were reprodu-
cible to�5% at 1–2000 bar. The rate constants,kobs, are
linearly correlated with the nucleophile concentration,
which indicates that the reaction is second order. The
following rate law expresses the pseudo-first-order
relationship with respect to each reagent:


kobs� k2�Nu�
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ABSTRACT: The molecular geometries and electronic structures of phenanthrene and anthracene in the gas phase
were studied by using anab initio molecular orbital method at the HF and MP2 levels with the 6–31G* basis set.
Normal-mode vibrational analyses were performed at the HF/6–31G* level. The standard thermodynamic functions
were calculated using the frequencies scaled by a factor 0.899, and were in good agreement with the experimental
results. The equilibrium mole fractions of the title compounds in an equilibrium mixture were derived from the
thermodynamic functions. It is shown that, compared with those of anthracene, the molecular total energy of
phenanthrene is lower, the conjugation effect in phenanthrene is stronger and the equilibrium mole fraction of
phenanthrene is larger, all showing that phenanthrene is more stable than anthracene. The mole fraction of
phenanthrene calculated at room temperature is 0.686, and it decreases slightly as the temperature rises. Copyright
1999 John Wiley & Sons, Ltd.


KEYWORDS: Phenanthrene; anthracene;ab initio method; geometry; thermodynamic function


INTRODUCTION


Polycyclic aromatic compounds (PACs), the largest class
of chemical carcinogens known today, occurring mainly
in air as pollutants, are formed and released mainly by the
incomplete combustion of organic materials. The known
health hazards associated with the increasing emission of
PACs into the environment dictate the need for further
structural identification and more accurate measurement
of these substances.


Phenanthrene and anthracene are the simplest tricyclic
aromatic hydrocarbons. Their structures and spectra, etc,
have already been studied experimentally.1–5 However,
no complete experimental spectra and structural para-
meters in the gas phase are available so far. Therefore,
numerous theoretical studies6–8 have been performed by
using ab initio molecular orbital (MO) methods. How-
ever, these calculations were performed at the Hartree–
Fock (HF) level9 for the restriction of molecular size. As
already known, the electron correlation effect plays an
important role in compounds withp-conjugation such as
phenanthrene and anthracene, and calculations per-
formed at the HF level cannot lead to reliable results.10,11


To obtain the accurate geometry and properties of these
compounds, electron correlation must be included in MO
calculations and basis sets involving polarization effects
for at least heavy atoms should be used.11


In this work, we carried outab initio MO calculations
using the second-order Møller–Plesset (MP2) perturba-
tion theory12 and the 6–31G*13 basis set. The fully
optimized geometries and other related properties such as
molecular total energies were obtained. The standard
thermodynamic functions were computed based on
vibrational analyses. The equilibrium mole fractions of
phenanthrene and anthracene were derived.


COMPUTATIONAL DETAILS


The geometries of phenanthrene and anthracene obtained
in a previous molecular mechanical study14 were used as
the initial inputs, and were subsequently fully optimized
under the constrainedC2v and D2h symmetries, respec-
tively. Geometry optimizations were carried out at the HF
and MP2 levels with the 6–31G* basis set using the
Berny gradient optimization method15 employing the
Gaussian 92/DFT program package.16 All default thresh-
olds given in the program were used throughout.


The IR frequencies were computed on the basis of
geometry optimizations at the HF/6–31G* level. The
frequencies obtained were subsequently scaled by a
factor 0.89911 to reduce the systematic overestimation of
HF calculation and were then used to calculate the
standard thermodynamic functions (enthalpyH°, entropy
S° and heat capacityCp°) based on the statistical
mechanical method of Herzberg17 employing a self-
compiled program. The changes in the standard thermo-
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dynamic functions (DS°, DH° and DG°) for the
isomerization reaction (1) from anthracene to phenan-
threne were also calculated. Here,DS° and DH° were
obtained from the differences between the corresponding
thermodynamic functions of phenanthrene and anthra-
cene, andDG° was obtained from the basic equation
DG° = DH°ÿ TDS°.


anthracene�
Kp
�


phenanthrene �1�


Because the change in the total number of moles in
reaction (1) is zero, the equilibrium constantKp° is thus
equal to the mole-fraction equilibrium constantKx° at
constant pressure. Based on the equationDG° =
RT ln Kp°, we haveKx


� � Kp
� � exp�ÿ�G�=RT�. Since


Kx° = gP/gA and gP� gA = 1 (wheregP and gA are the
equilibrium mole fractions of phenanthrene and anthra-
cene, respectively), therefore


P � exp�ÿ�G�=RT�=�1� exp�ÿ�G�=RT�� �2�
A � 1ÿ P � 1=�1� exp�ÿ�G�=RT�� �3�


From Eqns (2) and (3), the equilibrium mole fractions of
phenanthrene (gP) and anthracene (gA) can be obtained.


All calculations were performed on a Pentium personal
computer in our laboratory.


RESULTS AND DISCUSSION


Molecular geometry


Figure 1 shows the optimized geometries of the title
compounds obtained from the HF/6–31G* (a) and the
MP2/6–31G* (b) calculations. One can find easily from
Fig. 1 that the bond lengths of the two molecules obtained
by the HF/6–31G* and MP2/6–31G* methods differ. The
HF/6–31G* results are generally smaller than the MP2/
6–31G* results and the differences vary from 0.012 to
0.026 Å, the largest difference being 0.025 A˚ for
phenanthrene and 0.026 A˚ for anthracene, showing a
considerable influence of the electron correlation effect
on the calculated bond lengths. According to the MP2/6–
31G* calculations, the lengths of C—C bonds range from
1.364 to 1.453 A˚ in phenanthrene and from 1.374 to
1.443 Å in anthracene. The average lengths of C—C
bonds are 1.409 A˚ for the both compounds. The available
experimental results1,2 are 1.350–1.465 and 1.370–
1.440 Å for the C—C bonds in phenanthrene and
anthracene, respectively.


As was found previously, the MP2 results are
comparable to the experimental data again, and are
better than the DFT results obtained at the B3LYP/cc-
pvDZ level.18 Because the complete geometric para-
meters of phenanthrene and anthracene in the gas phase
are not available, the geometries obtained here may be
useful, for example, for the optimization of the


Figure 1. Atomic numbering and optimized geometries of phenanthrene and anthracene (H atoms are omitted; bond lengths
are in AÊ and angles in degrees). (a) HF/6±31G* results; (b) MP2/6±31G* results
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molecular mechanical force field of conjugated com-
pounds.


The mean absolute deviation of the C—C bond lengths
from the average value (1.409 A˚ for both compounds) is
calculated to be 0.019 A˚ for phenanthrene and 0.021 A˚


for anthracene. The smaller deviation for phenanthrene
implies that the bond lengths of all C—C bonds in this
compound are closer to each other or in other words, the
degree of equalization of the bond lengths is higher in
phenanthrene than in anthracene, implying that thep-
conjugation effect in phenanthrene is stronger, and
therefore it is more stable and its aromaticity will be
stronger.


Examination of the calculated results for bond angles
shows that they are little influenced by the electron
correlation effect. Bond angles obtained at the HF and
MP2 levels are almost identical, with the largest
difference being less than 0.2° for both compounds.


Electronic structure


Theab initiocalculations alsoproduced themolecular total
energies, the energies of HOMO and LUMO, the Mulliken
charges on atoms and the dipole moments of the title
compounds. The results are collected in Table 1. It is not
difficult to find that the total energies obtained at the MP2/
6–31G* level are lower than the HF/6–31G* energies by
more than 1.7 hartree, implying that electron correlation
plays an important role in these compounds and should be
accounted for toobtainaccurate energies.Furthermore, the
total energy of phenanthrene is lower than that of
anthracene by 28.85 kJ molÿ1 (HF/6–31G*) and 26.44 kJ


molÿ1(MP2/6–31G*), showing again that phenanthrene is
comparatively more stable than its isomer anthracene,
consistent with the conclusion that the delocalization ofp-
electrons in phenanthrene is stronger.


The computed energy of HOMO (EHOMO) is lower for
phenanthrene than for anthracene, while the energy of
LUMO (ELUMO) of the former is higher. Hence the
energy difference between theEHOMO andELUMO (DE)
of phenanthrene is larger than that of anthracene. From
theDE the approximate wavelengths� of ther-band for
the absorption of UV radiation (arising from the
transition of an electron from thep-bonding HOMO to
p*-antibonding LUMO) were calculated, and the ob-
tained results are 123.26 and 146.05 nm for phenanthrene
and anthracene, respectively. Though the computed
values are not very much in line with the experimental
values, the order�(phenanthrene)< �(anthracene), is
consistent with that obtained from the experiment.3


Owing to the higher symmetryD2h, the calculated
dipole moment (m) of anthracene is zero and it is a non-
polar compound. Phenanthrene with a comparatively
lower C2v symmetry has a very small dipole moment
(0.018 and 0.048 D from the HF/6–31G* and the MP2/6–
31G* calculations, respectively).


The atomic charges on carbons connected only with
other carbons in both compounds are close to zero from
both the HF/6–31G* and MP2/6–31G* calculations, but
those on carbons connected with both carbon and
hydrogen atoms are negative (ÿ0.181 toÿ0.234e from
HF calculations andÿ0.172 to ÿ0.233e from MP2
calculations). The charges on hydrogens are all positive
(0.203 to 0.210e from HF calculations and 0.173 to
0.178e from MP2 calculations).


Table 1. Selected results obtained from the ab initio calculationsa


Phenanthrene Anthracene


Parameter HF/6–31G* MP2/6–31G* Parameter HF/6–31G* MP2/6–31G*


Etot ÿ536.0098 ÿ537.7756 Etot ÿ535.9988 ÿ537.7656
EHOMO ÿ7.663 ÿ7.521 EHOMO ÿ7.011 ÿ6.811
ELUMO 2.730 2.538 ELUMO 1.926 1.678
DE 10.393 10.059 DE 8.937 8.489
m 0.018 0.048 m 0.000 0.000
qC-1 ÿ0.015 0.004 qC-1 ÿ0.181 ÿ0.181
qC-3 ÿ0.194 ÿ0.181 qC-2 ÿ0.215 ÿ0.182
qC-5 ÿ0.211 ÿ0.182 qC-6 ÿ0.000 ÿ0.044
qC-7 ÿ0.203 ÿ0.172 qC-7 ÿ0.234 ÿ0.233
qC-9 ÿ0.211 ÿ0.202 qH-1 0.205 0.174
qC-11 ÿ0.000 0.050 qH-2 0.203 0.174
qC-13 ÿ0.195 ÿ0.190 qH-7 0.210 0.175
qH-3 0.210 0.178
qH-5 0.203 0.173
qH-7 0.204 0.174
qH-9 0.205 0.174
qH-13 0.208 0.175


a The total energy (Etot) is in hartree; the energies of HOMO (EHOMO) and LUMO (ELUMO) and the energy difference (DE) between them are in eV;
the dipole moment (m) is in debye; the net charges on atoms (q) are in e. The atomic numbering of H is the same as that of the attached C.
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Table 2. HF/6±31G* frequencies (cmÿ1) of phenanthrene and anthracenea


Phenanthrene (C2v) Anthracene (D2h)


� �' I � �' I


a1 264.4 237.7 0.4 ag 421.5 379.0 0.0
a1 437.1 393.0 0.5 ag 683.7 614.7 0.0
a1 591.6 531.9 0.5 ag 823.1 740.1 0.0
a1 775.4 697.2 0.1 ag 1085.6 976.1 0.0
a1 899.0 808.3 0.5 ag 1290.2 1160.1 0.0
a1 1108.1 996.4 0.6 ag 1371.7 1233.4 0.0
a1 1188.0 1068.2 0.0 ag 1566.1 1408.2 0.0
a1 1210.4 1088.3 0.4 ag 1643.5 1477.8 0.0
a1 1287.6 1157.8 0.0 ag 1766.5 1588.4 0.0
a1 1306.1 1174.4 1.2 ag 3354.0 3015.9 0.0
a1 1369.4 1231.3 6.6 ag 3362.7 3023.7 0.0
a1 1407.0 1265.1 4.8 ag 3387.4 3045.9 0.0
a1 1464.0 1316.4 0.9 au 135.1 121.4 0.0
a1 1587.7 1427.6 4.2 au 544.7 489.7 0.0
a1 1606.7 1444.7 3.5 au 822.5 739.5 0.0
a1 1708.1 1535.9 2.1 au 957.1 860.6 0.0
a1 1808.0 1625.7 5.1 au 1120.6 1007.6 0.0
a1 1840.6 1655.0 0.3 b1g 254.0 228.3 0.0
a1 3354.0 3015.9 2.1 b1g 531.3 477.7 0.0
a1 3365.8 3026.5 26.7 b1g 853.8 767.7 0.0
a1 3376.5 3036.1 48.2 b1g 1094.9 984.5 0.0
a1 3384.6 3043.4 1.7 b1u 250.4 225.1 1.8
a1 3418.4 3073.8 29.6 b1u 699.5 628.9 3.4
a2 104.3 93.7 0.0 b1u 988.3 888.6 4.7
a2 265.1 238.3 0.0 b1u 1275.3 1146.7 5.4
a2 437.6 393.4 0.0 b1u 1390.3 1250.1 5.9
a2 598.3 537.9 0.0 b1u 1453.4 1306.8 3.1
a2 649.1 583.6 0.0 b1u 1612.0 1449.5 0.4
a2 850.1 764.4 0.0 b1u 1845.8 1659.7 11.8
a2 880.8 792.0 0.0 b1u 3351.1 3013.3 1.5
a2 977.0 878.5 0.0 b1u 3356.9 3018.5 13.4
a2 1072.7 964.5 0.0 b1u 3374.8 3034.6 96.3
a2 1105.8 994.3 0.0 b2g 292.3 262.8 0.0
a2 1119.1 1006.2 0.0 b2g 635.1 571.0 0.0
b1 109.6 98.5 0.7 b2g 850.7 764.9 0.0
b1 252.3 226.8 3.5 b2g 937.8 843.2 0.0
b1 479.8 431.4 6.4 b2g 1022.4 919.3 0.0
b1 550.8 495.2 4.7 b2g 1121.6 1008.5 0.0
b1 788.5 709.0 3.2 b2u 651.4 585.7 10.3
b1 832.5 748.5 80.8 b2u 858.7 772.1 0.2
b1 918.2 825.6 69.2 b2u 1062.7 955.5 1.7
b1 982.2 883.1 10.6 b2u 1155.9 1039.3 2.5
b1 1083.6 974.3 4.2 b2u 1287.2 1157.4 0.5
b1 1118.4 1005.6 0.0 b2u 1417.7 1274.7 5.6
b2 474.9 427.0 2.3 b2u 1546.0 1390.1 0.0
b2 538.7 484.3 0.8 b2u 1613.1 1450.5 1.9
b2 676.3 608.1 5.8 b2u 1732.6 1557.9 8.4
b2 772.8 694.9 4.4 b2u 3359.2 3020.5 0.9
b2 955.6 859.2 2.2 b2u 3386.6 3045.2 94.0
b2 1088.0 978.3 1.8 b3g 423.7 380.9 0.0
b2 1141.1 1026.0 2.1 b3g 571.0 513.4 0.0
b2 1262.5 1135.2 1.9 b3g 994.7 894.4 0.0
b2 1272.0 1143.7 0.4 b3g 1211.7 1089.5 0.0
b2 1323.7 1190.2 0.0 b3g 1309.4 1177.4 0.0
b2 1401.9 1260.5 0.1 b3g 1409.4 1267.3 0.0
b2 1419.0 1275.9 0.0 b3g 1538.3 1383.2 0.0
b2 1571.7 1413.2 0.5 b3g 1786.3 1606.2 0.0
b2 1625.6 1461.7 15.3 b3g 1851.5 1664.8 0.0
b2 1672.3 1503.7 9.7 b3g 3353.2 3015.1 0.0
b2 1774.8 1595.9 0.1 b3g 3374.1 3033.9 0.0
b2 1820.1 1636.6 1.1 b3u 99.6 89.5 1.1
b2 3351.3 3013.4 0.3 b3u 421.5 379.0 0.3
b2 3356.0 3017.7 2.0 b3u 525.6 472.6 21.2
b2 3365.0 3025.8 0.0 b3u 823.7 740.6 89.1
b2 3381.7 3040.8 79.9 b3u 1008.2 906.5 72.0
b2 3394.5 3052.3 11.6 b3u 1099.1 988.3 6.0


a � is the frequency calculated at the HF/6–31G* level,�' is the HF/6–31G* frequency scaled by 0.899 andI is the intensity of the vibrational band.
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Vibrational spectrum and standard
thermodynamic functions


Based on the geometry optimizations at the HF/6–31G*
level, normal-mode vibrational analyses were performed.
The results in Table 2 show that both compounds have 66
fundamental modes, of which 45 are in-plane
(23a1� 22b2 for phenanthrene and 12ag� 11b1u�
11b2u� 11b3g for anthracene) and the others are out-of-
plane(11a2� 10b1 for phenanthrene and 5au� 4b1g�
6b2g� 6b3u for anthracene). Thea2 fundamentals of
phenanthrene andag, au, b2g and b3g of anthracene are
infrared inactive. According to the computational results,
most vibrational bands of the title compounds have weak
intensities. Hence it is not easy to make assignments of
their IR spectra by experiment. So far, no complete
spectra and assignments are available.


Because the frequencies obtained at the HF level are
generally systematically larger than the experimental
data by about 10–11%,11,19a factor of 0.89911 was used
to scale the computed frequencies. The scaled frequen-
cies are also listed in Table 2 (column�').


Using the scaled frequencies, the standard thermo-
dynamic functions of heat capacity (Cp°), entropy (S°)
and enthalpy (H°) were calculated and are collected in


Table 3. Comparing the computed results with the
corresponding experimental data20 at 298.15 K (The
experimentalS° andCp° at 298.15 K are 394.5 and 186.8
J molÿ1Kÿ1 for phenanthrene and 392.6 and 185.0 J
molÿ1Kÿ1 for anthracene, respectively), good agreement
is observed. The differences between the computed and
experimental values ofS° are 2.1 andÿ2.3 J molÿ1Kÿ1


for phenanthrene and anthracene, respectively, and those
of Cp° areÿ3.5 andÿ0.8 J molÿ1Kÿ1, respectively.


From Table 3 one also sees that the entropies of
phenanthrene at various temperatures are systematically
larger than those of anthracene by 6.65–5.62 J molÿ1Kÿ1,
but the heat capacities and enthalpies of the former are
slightly smaller than those of the latter (the differences
are less than 1 J molÿ1Kÿ1). Hence the standard entropy
changes for reaction (1) at various temperatures are
positive (DS°> 0 in Table 4), and the enthalpy changes
are negative [DH°< 0, i.e. (1) is an exothermic reaction].
The changes in standard Gibbs free energy derived from
DG° = DH°ÿ TDS° are also negative at all temperatures
considered, which means that reaction (1) is an
autoreaction from left to right. The mole fractions of
phenanthrene (gP� 0.68) obtained from Eqn (2) are
systematically larger than those of anthracene
(gA = 1ÿgP� 0.32) in the range of temperatures con-


Table 3. Standard thermodynamic functions calculated with the scaled frequenciesa,b


Phenanthrene Anthracene


T H° S° Cp° H° S° Cp°


298.15 28.00 396.62 183.27 28.06 390.31 184.23
400 50.08 459.85 248.72 50.23 453.80 249.53
500 77.72 521.31 302.22 77.94 515.42 302.83
600 110.16 580.33 344.93 110.43 574.54 345.39
700 146.42 636.16 379.04 146.74 630.43 379.41
800 185.75 688.64 406.68 186.10 682.96 406.99
900 227.59 737.89 429.41 227.97 732.24 429.69


1000 271.51 784.14 448.33 271.91 778.52 448.59


a The units of enthalpy (H°), entropy (S°) and heat capacity (Cp°) are K, kJ molÿ1 J molÿ1Kÿ1 and J molÿ1Kÿ1, respectively.
b The rotational constants (A, B andC) obtained at the HF/6–31G* level and used in calculating the standard thermodynamic functions are 1.6358,
0.5562 and 0.4151 GHz for phenanthrene and 2.1714, 0.4565 and 0.3772 GHz for anthracene, respectively.


Table 4. Changes in standard thermodynamic functions for reaction (1) and the equilibrium mole fractions of phenanthrene and
anthracenea


T(K) DS° DH° DG° gP gA


298.15 6.31 ÿ0.06 ÿ1.94 0.686 0.314
400 6.04 ÿ0.15 ÿ2.56 0.684 0.316
500 5.88 ÿ0.22 ÿ3.16 0.682 0.318
600 5.79 ÿ0.27 ÿ3.74 0.679 0.321
700 5.72 ÿ0.32 ÿ4.32 0.678 0.322
800 5.68 ÿ0.35 ÿ4.89 0.676 0.324
900 5.64 ÿ0.38 ÿ5.46 0.675 0.325


1000 5.61 ÿ0.40 ÿ6.02 0.674 0.326


a DS°, DH° andDG° are the entropy change (in J molÿ1Kÿ1), enthalpy change in (in KJ molÿ1) and change in Gibbs free energy (in KJ molÿ1) for
reaction (1) under standard conditions;gP andgA are the mole fractions of phenanthrene and anthracene obtained from Eqns (2) and (3), respectively.
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sidered (298.15–1000 K), implying that phenanthrene is
more stable than anthracene. The result reported here is
consistent with that obtained by Albery and Relf21 using
the Benson method.


Furthermore, the equilibrium mole fraction of phenan-
threne (gP) decreases slightly with increase in tempera-
ture. Correspondingly, the mole fraction of anthracene
(gA) increases. For example, at 298.15 K,gP andgA are
0.686 and 0.314, whereas at 500 K, they are 0.682 and
0.318, respectively. This can be explained according to
the van’t hoff equation, d lnKp°/dT = DH°/RT2. From this
equation, we have dKp°/dT = Kp°DH°/RT2. For reaction
(1), when the temperatureT is increased by dT at constant
pressure, becauseKp° and RT2 are positive andDH° is
negative, dKp° is then negative, i.e.Kp° decreases, and
the equilibrium shifts to the left. Hence the mole fraction
of phenanthrenegP decreases as the temperature rises.


CONCLUSIONS


According to the ab initio calculation results, the
following conclusions can be drawn. (1) Electron
correlation has a strong effect on the bond lengths in
phenanthrene and anthracene, but has little influence on
the bond angles. The MP2/6–31G* geometries of the title
compounds are comparable to the available experimental
results. (2) The calculated standard thermodynamic
functions of phenanthrene and anthracene at room
temperature using the scaled HF/6–31G* frequencies
are in good agreement with the corresponding experi-
mental data. (3) The mole fraction of phenanthrene in the
equilibrium mixture of phenanthrene and anthracene
decreases with increase in temperature. (4) The calcu-
lated molecular total energy of phenanthrene is lower
than that of anthracene by 26.44kJ molÿ1 (MP2/6–31G*
results), the conjugation effect is stronger and the
equilibrium mole fraction is larger for the former than
for the latter, all showing that phenanthrene is more
stable than anthracene.
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ABSTRACT: Diperiodatoargentate(III) oxidizes nitrilotriacetic acid in a mildly basic medium to produce
formaldehyde and ammonia. This reaction follows a complex kinetic behaviour. The axial binding of NTA to
silver(III) complex takes place on the millisecond time-scale with a second-order rate constant of (4.8� 0.5)� 103


dm3 molÿ1 sÿ1. Two electrons are transferred from bound NTA to the silver(III) centre sequentially. At low [NTA]
(<1� 10ÿ3 mol dmÿ3), the rate law follows first-order kinetics with respect to NTA but at high [NTA] it becomes
independent of its concentration. The first electron is transferred to the silver(III) centre with a second-order rate
constant of (7.2� 0.5) dm3 molÿ1 sÿ1. The second electron is transferred subsequently in the fast step from NTA
radical to the silver(II) species. The latter stages of reaction consists of a composite process involving the oxidation of
NTA and its products in parallel reactions. Kinetic experiments suggest that [AgIII (H3IO6)(H2O)2]


� is the reactive
silver(III) species involved. Copyright 1999 John Wiley & Sons, Ltd.


KEYWORDS: nitrilotriacetic acid oxidation kinetics; silver(III) oxidation; diperiodatoargentate(III) oxidation;
reaction mechanism


INTRODUCTION


The chemistry of the unusual oxidation state species of
silver has attracted considerable attention in the recent
past because of their high redox potentials and their
involvement in Ag�-catalysed redox reactions.1–7 Reac-
tions of silver(III) species have generated further interest
mechanistically, being a two-electron oxidant. The
reduction of Ag(III) to Ag(I) may occur either by
simultaneous two-electron transfer in a single step or in
two successive one-electron steps. Various oxidants
containing a silver(III) centre,5–8 e.g. [Ag(OH)4]


ÿ5,6


and [ethylenebis(biguanide)]silver(III),7 have been em-
ployed. Reactions of [Ag(OH)4]


ÿ are in general fairly
fast and have to be monitored using the stopped-flow
technique. In contrast, reactions of other silver(III)
complexes are fairly slow.7,8 [Ag(OH)4]


ÿ is stable in
highly alkaline medium5,6 whereas [ethylenebis(bigua-
nide)]silver(III) cation is stable in highly acidic solu-
tions.7 Moreover, in the investigations cited, mechanistic
observations of the interaction of redox species and the
mode of electron transfer were at variance. Hence further
extensive studies of these reactions are required to
establish a general conclusion. In the present work, we


examined the reaction of nitrilotriacetic acid (NTA) with
the diperiodatoargentate(III) (DPA) complex in a mod-
erately basic medium. DPA is known to be a relatively
strong oxidant.1 These investigations demonstrate step-
wise electron transfer from axial bound NTA to the
silver(III) centre.


EXPERIMENTAL


Reagents. NTA (Aldrich), KOH, AgNO3, sodium
metabisulphite (BDH), 35% HCHO solution, K2S2O8


(Merck), KClO4 (Reidel de Hae¨n), KIO4 (Qualigen),
acrylonitrile (SRL) and chromotropic acid (CDH) were
of analytical grade. All chemicals except acrylonitrile
and K2S2O8 were used as received. Acrylonitrile and
K2S2O8 were purified by distillation and recrystallization
to remove any traces of impurities. K2S2O8 is known to
decompose thermally and photochemically into
SO4


2ÿ.9,10


Equipment. The electronic spectra and slow kinetics
were recorded on Shimadzu UV-2100/s and Beckman
DU-6 spectrophotometers. Fast kinetic experiments were
performed on an Applied Photophysics Model 1705
stopped-flow apparatus equipped with a DL-905 datalab
transient digitizer.
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Synthesis. Sodium diperiodatoargentate(III) complex
was prepared by following the reported method11 by
oxidation of Ag(I) with S2O8


2ÿ in the presence of KIO4.
Its sodium salt was precipitated by the addition of NaOH,
which produced a thick, reddish orange, crystalline
product which was recovered by filtration through a G-
3 frit and washed with cold water. The crystals thus
obtained were recrystallized from water and recovered
after washing with cold water. The product was stored in
a dark bottle under vacuum. The formation of DPA was
confirmed by its characteristic electronic spectrum,
having three peaks at 213, 255 and 362 nm and a molar
absorptivity of 1.4� 104 dm3 molÿ1 cmÿ1 at 362 nm, in
agreement with the earlier reports.11 This complex had a
magnetic moment value of 0.4 BM, which suggests it to
be diamagnetic. Its oxidizing power was checked by
liberating I2 from KI.


Schiff’s12 and Nessler’s13 reagents were prepared by
following the literature methods.


Methodology. Chromotropic acid (10%) was used as a
specific reagent for the detection of formaldehyde.14 It
produces a violet colour which exhibits�max at 570 nm.
The amount of formaldehyde in unknown samples was
estimated spectrophotometrically by preparing a calibra-
tion graph with an authentic sample at 570 nm. Nessler’s
reagent was used to test the formation of ammonia, which
produces an orange–brown colour with this reagent. Its
concentration in an unknown sample was measured
spectrophotometrically at 415 nm13 by plotting a calibra-
tion graph with known concentrations of ammonia
solutions.


The kinetics of the reaction were monitored by
following the disappearance of absorption due to
silver(III) species at 360 nm, where NTA has no
absorption. Most of the kinetic experiments were
designed under pseudo-kinetic conditions with NTA
about 50 times in excess over DPA. Reactions were
followed up to about 70% of their completion. The
stoichiometry of the reaction was determined by
measuring the amount of unreacted DPA spectrophoto-
metrically at 360 nm.


RESULTS AND DISCUSSION


Product analysis


Upon mixing DPA (4� 10ÿ4 mol dmÿ3) with NTA
(5� 10ÿ3 mol dmÿ3) at pH 10.5, the yellow colour of
DPA disappeared within a few minutes. The product of
this reaction was identified to be an aldehyde with
Schiff’s reagent. The production of a violet colour with
chromotropic acid confirmed it to be formaldehyde.14


The amount of HCHO formed was estimated as a
function of [NTA] (Fig. 1). In the low concentration
range of NTA (< 4� 10ÿ3 mol dmÿ3), the amount of


HCHO increased with increase in [NTA] but it attained a
limiting value at high [NTA]. This suggested that at high
[NTA], the HCHO formed undergoes further oxidation
which restricts its amount. This could be verified by
performing the oxidation of HCHO by DPA, which
occurs efficiently under the experimental conditions
used. HCHO formation does not take place in the
reaction of NTA with periodate and NTA does not
interfere with this test. The formation of free Ag� during
the reaction course was tested by adding KCl, which
produced a white precipitate of AgCl. The formation of
ammonia was detected with Nessler’s reagent, which
produced an orange–brown colour with the above
reaction mixture. For typical concentrations of DPA
(1.5� 10ÿ5 mol dmÿ3) and NTA (3.0� 10ÿ4 mol
dmÿ3), the concentration of NH3 was estimated to be
0.25� 10ÿ5 mol dmÿ3 Hence the reaction involved may
be


N(CH2COOH)3 � 3�AgIII �H3IO6�2�ÿ � 3H2O
! 3HCHO� 3CO2� 3Ag� � 6H3IO6


2ÿ


� NH3� 6H� �1�


Stoichiometry


The reaction mixture containing NTA (1� 10ÿ4 mol
dmÿ3) and DPA (1.1� 10ÿ3 mol dmÿ3) was left
overnight for completion of the reaction. By estimating
the amount of unreacted DPA at 360 nm, the stoichio-
metry of the reaction was determined to be about 1:5.7
(NTA:DPA). In view of reaction (1), the reaction
obviously involves partial oxidation of products of
oxidation also by silver(III) species. Had silver(III) alone
participated in the oxidation process, the stoichiometry of
the reaction would have been 1:6 (NTA:DPA). Appar-
ently, the free periodate ion released in the solution by the
decomposition of DPA might be contributing to a small
extent to the oxidation of reactant and product. In blank


Figure 1. Amount of formaldehyde formed as a function of
[NTA]
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experiments, reactions of periodate (1� 10ÿ4 mol dmÿ3)
were carried out with NTA (2� 10ÿ3 mol dmÿ3) and
HCHO (2.5� 10ÿ3 mol dmÿ3) separately by monitoring
periodate at 275 nm. Periodate reacted slowly with both
of these substrates. In about 6 h, only 40% and 15% of
periodate was consumed with NTA and HCHO, respec-
tively.


Kinetic Studies


Complexation. To analyse the nature of the interaction
between DPA and NTA, electronic spectra of the
reactants and their reaction mixture were recorded. The
absorption spectrum of the reaction mixture did not show
any additional peak other than those of the reactants,
except that a slight red shift was noted in the 362 nm peak
of DPA. This is possibly due to complexation of NTA
with DPA. The resulting absorption then simply decayed
with time over the entire recorded wavelength range
(280–500 nm) without producing any new peak. On the
basis of the observed magnetic moment of 0.4 BM and
comparison with other silver(III) systems,1,5,6,15 the
geometry of DPA has been considered to be square
planar, analogous to the diperiodatocuprate(III) com-
plex.16 Hence only an axial position is available for
nucleophilic attack by NTA which might be occurring in
the fast step. A typical kinetic trace recorded in a
stopped-flow experiment at 360 nm is shown in Fig. 2.
Mixing of the two reactants exhibited a fast decay of
DPA absorption in the millisecond time range, which
recovered slightly to the seconds range. The recovery of
absorption is possibly due to the rearrangement of the
NTA-bound silver(III) complex before electron transfer


takes place. The initial decrease in absorption showed a
dependence on [NTA] (Fig. 2, inset) from which a
second-order rate constant (ka) of (4.8� 0.5)� 103 dm3


molÿ1 sÿ1 is calculated for the uptake of NTA by DPA.


Effect of [NTA] on redox kinetics. Under pseudo-
kinetic conditions, the decrease in absorbance of
silver(III) species followed a complex kinetic behaviour.
For the reaction mixtures containing DPA (5� 10ÿ5 mol
dmÿ3) and various [NTA] (5� 10ÿ4 to 3� 10ÿ3 mol
dmÿ3), the occurrence of two consecutive processes was
recorded. Both processes followed pseudo-first-order
kinetics. The pseudo-first-order rate constants for these
processes are given in Table 1. A representative first-
order plot is depicted in Fig. 3(a). The data in Table 1
[Inset: Fig. 3(a)] reveal that an increase in [NTA] up to
1.0� 10ÿ3 mol dmÿ3 enhanced the rate of reaction
linearly but it became independent of [NTA] at higher
concentrations. At low [NTA], the plot of logk1 vs
log[NTA] gives a straight line with a slope of unity,
which suggested that the order with respect to NTA is
unity in this concentration range but becomes zero at high
[NTA]. A plot of 1/k1 vs 1/[NTA] is, however, linear with
an intercept [Fig. 3(b)]. This manifests kinetically the
formation of an intermediate complex between DPA and


Table 1. Pseudo-®rst-order rate constantsa at different [NTA]
and [OHÿ] for two-stage reactionb


[OHÿ] � 103


(mol dmÿ3)
[NTA] � 103


(mol dmÿ3)
k1� 103


(sÿ1)
k2� 103


(sÿ1)


0.32 0.50 3.8 5.5
0.32 0.75 5.3 8.9
0.32 1.00 6.7 10.3
0.32 1.50 9.0 10.7
0.32 2.00 9.4 11.0
0.32 2.50 10.3 11.4
0.32 3.00 10.6 14.0
0.57 2.50 8.1 10.0
0.82 2.50 7.3 9.0
1.07 2.50 6.4 7.7
1.32 2.50 5.5 6.7
1.57 2.50 4.6 5.7


a k1 andk2 are pseudo-first-order rate constants for the initial and latter
stages of reaction respectively.k2 denotes the composite rate constant
comprisingk1, k' andk@ (k' andk@ are depicted in Scheme 1).
b I = 1.57� 10ÿ3 mol dmÿ3 (KClO4); [DPA] = 5� 10ÿ5 mol dmÿ3.


Table 2. Effect of [KlO4] on pseudo-®rst-order rate
constantsa


[KIO4] � 104


(mol dmÿ3)
k1� 103


(sÿ1)
k2� 103


(sÿ1)


0.0 10.3 11.4
0.2 8.5 11.1
0.4 7.1 10.8
0.6 5.1 10.0
0.8 4.7 8.8
1.0 4.0 7.2


a[DPA] = 5� 10ÿ5 mol dmÿ3; [NTA] = 2.5� 10ÿ3 mol dmÿ3;
[OHÿ] = 0.32� 10ÿ3 mol dmÿ3; I = 1� 10ÿ3 mol dmÿ3 (KClO4).


Figure 2. Kinetic trace for the uptake of NTA by DPA. Inset:
dependence of the pseudo-®rst-order rate constant (k) on
[NTA]. [DPA] = 5� 10ÿ5 mol dmÿ3; [NTA] = 2� 10ÿ3 mol
dmÿ3
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NTA. From the slope and intercept of this plot, the rate
constants ka' and kb (see below, Scheme 1) were
calculated to be 10.06 and 0.02 sÿ1, respectively.


The higher values of k2 in Table 1 suggest that the
second process might involve a composite reaction
comprising simultaneous oxidation of NTA and its
oxidation products. This was checked in an independent
experiment by performing the oxidation of one of the
products, HCHO, under identical pseudo-kinetic condi-
tions with DPA. This reaction occurred efficiently with a
second-order rate constant of 0.5 dm3 molÿ1 sÿ1.


Effect of ionic strength. An increase in the ionic
strength of the medium by adding a solution of neutral
salt, KClO4, up to 0.01 mol dmÿ3, did not result in any
change in the rate of reaction. This suggests that one of
the reactive species in the reaction is neutral. It is
therefore likely that uncharged NTA participates in the
reaction.


Effect of [Periodate] and [OHÿ]. In view of the
periodate being the ligand in DPA, it was necessary to
investigate the effect of [periodate] on the reaction


kinetics. At pH< 8.0, the predominant periodate species
in solution will be H4IO6


ÿ.17 Hence at low pH, DPA in
solution can be represented as [AgIII (H4IO6)2]


�. Since
the second pK of the periodate monoanion in water is
8.36, in the basic medium used the important ligands
species will be H3IO6


2ÿ. The protonated and deproto-
nated DPA can be represented by the following
equilibrium:


�AgIII �H4IO6�2�� � 2OHÿ � �AgIII �H3IO6�2�ÿ � 2H2O


�2�
An increase in [periodate] reduced the rate of the DPA–
NTA reaction drastically, as shown by the data in Table
2. The inverse rate dependence on [periodate] indicates a
dissociation pre-equilibrium in which [AgIII (H3IO6)2]


ÿ


loses a periodate ligand:


�AgIII �H3IO6�2�ÿ � 2H2O
� �AgIII �H3IO6��H2O�2�� � H3IO6


2ÿ �3�
The above equilibrium clearly suggests that the


monoperiodatosilver(III) complex is the reactive species
in the reaction since an increase in [periodate] will shift


Figure 3. (a) Pseudo-®rst-order kinetic plots with [DPA] = 5� 10ÿ5 mol dmÿ3, [NTA] = 1.0� 10ÿ3 mol dmÿ3 and
[OHÿ] = 3.2� 10ÿ4 mol dmÿ3. Inset: dependence of pseudo-®rst-order rate constant (k1) on [NTA]. (b) Plot of 1/k1 vs 1/[NTA]
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Figure 4. Electronic spectra of DPA (1.1� 10ÿ4 mol dmÿ3) at pH (±�±�±) 9.5, (Ð) 10.7 and (� � �) 11.3. Dashed line (± ± ±),
absorption spectrum of periodate (5� 10ÿ5 mol dmÿ3) at pH 11.3


Scheme 1
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the equilibrium to the left to produce a diperiodato
complex, which in turn reduces the rate of reaction.


A change in pH modifies the electronic spectrum of
DPA. The absorption spectra of DPA in the pH range
9.5–11.3 are depicted in Fig. 4. The results show that an
initial increase in pH causes a decrease in absorption at
362 nm with a slight blue shift along with a simultaneous
increase in absorption around 210 nm. These changes
exhibit an isosbestic point at 325 nm. Periodate shows
absorption in 200–300 nm range (Fig. 4; dashed curve).
This is exactly the wavelength range in which the
increase in absorption is observed in Fig. 4 upon addition
of OHÿ to DPA solution. Obviously, more of periodate is
produced by adding OHÿ to the DPA solution:


�AgIII �H3IO6�2�H2O�2�ÿ � 2OHÿ


� �AgIII �H3IO6��OH�2�ÿ � H3IO6
2ÿ �4�


The hydroxylation of silver(III)18 and Cu(III)19 species
has also been proposed earlier.


The rate of the DPA–NTA reaction decreases with
increase in [OHÿ] (Table 1). In terms of the equilibrium
shown in Eqn 4, the observed decrease in rate can be
understood as being due to the formation of hydroxylated
silver(III) species and free periodate ion. Apparently, the
hydroxylated silver(III) species should be less reactive
than the aquated silver(III) species and the periodate ions
cause an inhibitory effect (see above).


Effect of [acrylonitrile]. The nature of the reaction was
examined by following the reaction in the presence of a
radical scavenger, acrylonitrile. The addition of acrylo-
nitrile retarded the rate of reaction (Table 3). In the
presence of 2� 10ÿ2 mol dmÿ3 of acrylonitrile, the yield
of ammonia was reduced by 40%. In a blank experiment
it was observed that DPA did not react with acrylonitrile
in the concentration range studied. These observations
suggest the operation of a free radical mechanism.


In the light of the above results, the sequence of
reaction steps can be outlined as shown in Scheme 1.


The observed kinetic features are consistent with the
proposed Scheme 1. In the NTA–DPA reaction, mono-


periodatosilver(III) is the reactive species. NTA binds to
this species axially in a bimolecular step to produce an
intermediate complex. Initial electron transfer from NTA
to the silver(III) centre occurs in the slow step to produce
NTA radical, which is then oxidized by silver(II) in the
fast step to yield HCHO and Ag�. Silver(II) is known to
oxidize NTA with a rate constant of (2� 0.5)� 103


sÿ1.4a The observed stoichiometry is in accordance with
the involvement of silver(III) species in the oxidation of
HCHO as shown in reaction (vi). It is also indicated by
the higher value of rate constant (k2) (Table 1) for the
second stage of the reaction. Acrylonitrile possibly binds
the NTA radical formed within the silver complex which
inhibits its decomposition. It thus retards the rate of the
reaction and eventually reduces the yield of products. The
proposed reaction scheme parallels the Michaelis–
Menten type of mechanism observed in enzyme-cata-
lysed reactions.


The important outcomes of this work are that the
reduction of silver(III) species occurs stepwise through
sequential electron transfer from NTA and this reaction
could be performed in a moderately basic medium.
Although different silver(III) species are known to form
in different pH conditions,18 their reactions could not be
investigated owing to the strong reactivity of their
precursors, Ag(II) intermediates, with the substrates4 in
the pH range 4–10.


Acknowledgements


We are indebted to CSIR, New Delhi, for financial
assistance to undertake this work. Our thanks are due to
Dr P. Ramamurthy, University of Madras, for providing
the facilities and help with kinetic measurements on the
stopped-flow apparatus.


REFERENCES


1. W. Levason and M. D. Spicer,Coord. Chem. Rev.76, 45 (1987).
2. J. A. McMillan, Chem. Rev.62, 65 (1962).
3. C. Walling and D. M. Camaioni,J. Org. Chem.43, 3266 (1978).
4. (a) A. Kumar and P. Neta,J. Am. Chem. Soc.102, 7284 (1980); (b)


A. Kumar,J. Am. Chem. Soc.103, 5179 (1981); (c) A. Kumar,J.
Phys. Chem.86, 1674 (1982).


5. (a) E. T. Borish and L. J. Kirschenbaum,Inorg. Chem.23, 2355
(1984); (b) J. D. Rush and L. J. Kirschenbaum,Inorg. Chem.24,
744 (1985); (c) E. T. Borish, L. J. Kirschenbaum and E. Mentasti,
J. Chem. Soc., Dalton Trans.1789 (1987); (d) Y. Sun, L. J.
Kirschenbaum and I. Kouadio,J. Chem. Soc., Dalton Trans.2311
(1991).


6. (a) A. Kumar and A. Panwar,Bull. Chem. Soc. Jpn.67, 1207
(1994); (b) A. Kumar and A. Panwar,Oxid. Commun.20, 258
(1997).


7. (a) R. Banerjee, K. Das, A. Das and S. Dasgupta,Inorg. Chem.28,
585 (1989); (b) R. Banerjee, A. Das and S. Dasgupta,J. Chem.
Soc., Dalton Trans.2271 (1990); (c) R. Banerjee, R. Das and S.
Mukhopadhyay,J. Chem. Soc., Dalton Trans.1317 (1992).


8. P. J. P. Rao, B. Sethuram and T. N. Rao,J. Indian Chem. Soc.67,
101 (1990).


9. W. K. Wilmarth and A. Haim,Mechanism of Oxidation of


Table 3. Effect of [acrylonitrile] on pseudo-®rst-order rate
constantsa


[Acrylonitrile] � 103


(mol dmÿ3) k1� 103 (sÿ1)
k2� 103


(sÿ1)


0.0 10.3 11.4
1.5 9.6 11.0
3.0 9.0 10.7
5.0 8.8 10.4
7.5 8.4 9.8


10.0 8.3 9.7
15.0 8.2 9.6


a[DPA] = 5� 10ÿ5 mol dmÿ3; [NTA] = 2.5� 10ÿ3 mol dmÿ3;
[OHÿ] = 0.32� 10ÿ3 mol dmÿ3.


Copyright  1999 John Wiley & Sons, Ltd. J. Phys. Org. Chem.12, 79–85 (1999)


84 A. KUMAR AND P. KUMAR







Peroxydisulphate in Peroxide Reaction Mechanism, p. 175. Wiley,
New York (1961).


10. I. M. Kolthoff and I. K. Miller,J. Am. Chem. Soc.73, 3055 (1951).
11. (a) G. L. Cohen and G. Atkinson,Inorg. Chem.3, 741 (1964); (b)


G. L. Cohen and G. Atkinson,J. Electrochem. Soc.115, 1236
(1968).


12. B. S. Furniss, A. J. Hannaford, P. W. G. Smith and A. R. Tatchell,
Vogel’s Textbook of Practical Organic Chemistry, 5th ed., p. 1219.
Longman, Harlow (1991).


13. G. H. Jeffery, J. Bassett, J. Mendham and R. C. Denney,Vogel’s
Textbook of Quantitative Chemical Analysis, 5th ed., pp. 57 and
679. Longman, Harlow (1989).


14. J. Mitchell Jr, I. M. Kolthoff, E. S. Proskauer and A. Weissberger,
Organic Analysis, Vol. 1, p. 286. Interscience, New York (1961).


15. L. J. Kirschenbaum, J. H. Ambrus and G. Atkinson,Inorg. Chem.
12, 2832 (1973).


16. G. W. Movius,Inorg. Chem.12, 31 (1973).
17. K. B. Wiberg,Oxidation in Organic Chemistry, Part A, pp. 370–


371. Academic Press, New York (1965).
18. (a) V. J. Pukies, W. Roebke and A. Henglein,Ber. Bunsenges.


Phys. Chem.842, (1968); (b) K. D. Asmus, M. Bonifacic, P.
Toffel, P. O’Neill, D. Schulte-Frohlinde and S. Steenken,J. Chem.
Soc., Faraday Trans.1, 1820 (1978); (c) A. Kumar and P. Neta,J.
Phys. Chem.83, 3091 (1979).


19. J. Lati and D. Meyerstein,J. Chem. Soc., Dalton Trans.1105
(1978).


Copyright  1999 John Wiley & Sons, Ltd. J. Phys. Org. Chem.12, 79–85 (1999)


KINETICS OF NITRILOTRIACETIC ACID OXIDATION 85








Kinetics of the pH-independent hydrolysis of 4-nitrophenyl
chloroformate in aqueous micellar solutions: effects of the
charge and structure of the surfactant


Shirley Possidonio, FaÂbio Siviero and Omar A. El Seoud*


Instituto de QuõÂmica, Universidade de SaÄ o Paulo, C.P. 26077, 05599-970 SaÄ o Paulo, S.P., Brazil


Received 6 July 1998; revised 25 September 1998; accepted 28 September 1998


ABSTRACT: The pH-independent hydrolysis of 4-nitrophenyl chloroformate in the presence of aqueous micelles of
sodium dodecyl sulfate, sodium dodecylbenzene sulfonate, alkyltrimethylammonium chlorides, alkyldimethylben-
zylammonium chlorides (alkyl group = cetyl and dodecyl) and polyoxyethylene (9) nonylphenyl ether was studied
spectrophotometrically. The observed rate constants,kobs, decrease in the following order: cationic micelles> bulk
water> non-ionic micelles> anionic micelles. Surfactant–substrate association constants,Ks, were determined from
the dependence ofkobson surfactant concentration, and were found to be only slightly dependent on the charge of the
surfactant and, for similarly charged micelles, on the length of their hydrophobic tail. A1H NMR study of the
solubilization of a model compound, 4-nitrophenyl chloroacetate, showed that all surfactant segments are affected by
the solubilizate and the effect is more pronounced toward the middle of the hydrocarbon chain. The average
solubilization site of the acetate ester does not depend on the charge of the micelle or the length of the surfactant
hydrophobic tail. Micellar effects on observed rate constants are analyzed in terms of a ‘medium’ effect and an
‘electrostatic’ effect. The lower microscopic polarity at the reaction site retards the reaction, whereas electrostatic
interactions of the polar transition state with the charged interface result in a rate decrease by anionic micelles and a
rate enhancement by cationic micelles. Copyright 1999 John Wiley & Sons, Ltd.


KEYWORDS: 4-nitrophenyl chloroformate; hydrolysis; aqueous miceller solutions; surfactants; kinetics


INTRODUCTION


Organized assemblies affect the rates of chemical and
photochemical reactions and the position of chemical
equilibria.1–5 There are several reasons for interest in
studying effects of aqueous micelles on water-catalyzed
reactions, e.g. their mechanisms are simple and have been
studied in water and aqueous solvents in sufficient detail,
micellar effects on observed rate constants can be
quantitatively accounted for in terms of distribution of
the substrate between water and micelle and the first-
order rate constant in each pseudo-phase and these
hydrolytic reactions can be used to probe the properties of
interfacial water.


The pH-independent hydrolysis of several acid anhy-
drides, aromatic carbonates, acyl halides, 4-nitrophenyl
chloroformate and alkylaryl halides have been studied in
the presence of micelles of cetyltrimethylammonium
salts, CMe3AX, where X = Br, Cl, mesylate and sulfate,
and sodium dodecyl sulfate (SDS). All these reactions


have been studied at a single temperature, 25°C [50°C
for bis(4-nitrophenyl) carbonate]; aqueous micelles
decrease the observed rate constants, except for 4-
nitrophenyl chloroformate, whose rate of hydrolysis
increases in the presence of cationic micelles. The results
obtained were rationalized in terms of solubilization site
of the substrate in the micellar pseudo-phase and
interactions between the surfactant headgroup and the
polar transition state.6,7


As a part of our interest in studying the dependence of
properties of interfacial water on the charge and structure
of the surfactant headgroup,8 in this work we studied the
kinetics of the pH-independent hydrolysis of 4-nitrophe-
nyl chloroformate (hereafter referred to as ‘formate
ester’) in micellar solutions of the following surfactants:


Anionic:
Sodium dodecyl sulfate (SDS):


sodium dodecylbenzene sulfonate (SDBS):
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Cationic:
cetyltrimethylammonium chloride (CMe3ACl):


cetyldimethylbenzylammonium chloride (CMe2B-
zACl):


dodecyltrimethylammonium chloride (DMe3ACl):


dodecylbenzydimethylammonium chloride (DMe2


BzACl):


Non-ionic:
polyoxyethylene (9) nonylphenyl ether (Arkopal


N-090):


We found that the reaction rate is enhanced by cationic
micelles and retarded by anionic and non-ionic micelles.
For ionic surfactants, the micellar effect is clearly
dependent on the structure of the headgroup. These
results are rationalized in terms of the low polarity at the
reaction site and electrostatic interactions between the
polar transition state and the surfactant headgroup.


EXPERIMENTAL


Materials. The reagents were obtained from Aldrich,
Fluka, Merck and Hoechst (SDBS and Arkopal N-090)
and were purified by standard procedures.9 The formate
ester was purified by several sublimations under reduced
pressure. The impurity, 4-nitrophenol, sublimes, leaving
a pale yellow pure formate ester which gave a satisfactory
microanalysis (Perkin-Elmer CHN-2000 apparatus, Mi-
croanalysis Laboratory, Instituto de Quı´mica, Universi-
dadede Sa˜o Paulo). The surfactants were purified as
follows: SDS, extraction with absolute ethanol; SDBS
(aqueous slurry, 50% surfactant), drying under reduced
pressure, followed by extraction with absolute ethanol;
CMe3ACl (aqueous solution, 25% surfactant), drying


under reduced pressure and recrystallization from
acetone–methanol; DMe3ACl, recrystallization from
acetone–methanol; Arkopal N-090 was used as received.
All-glass, doubly distilled water was used throughout;
D2O was used as received.


The ester 4-nitrophenyl chloroacetate (hereafter re-
ferred to as ‘acetate ester’) was prepared as follows:
chloroacetyl chloride was prepared by reacting 4.73 g of
chloroacetic acid (50 mmol) with 7.2 ml of thionyl
chloride (0.1 mol) under reflux for 4 h. Excess thionyl
chloride was distilled off and the crude acid chloride was
dissolved in 30 ml of dichloromethane. The organic
solution was vigorously stirred for 30 min with an equal
volume of a 0.1M aqueous NaOH solution containing
0.86 g of tetra-n-butylammonium hydrogensulfate
(2.5 mmol) and 10.4 g of 4-nitrophenol (75 mmol). The
organic layer was separated, washed with water, dried
and the solvent evaporated. The solid acetate ester was
recrystallized from acetone–hexane and dried; m.p. 96–
97°C (lit.10 m.p. 97–98°C); calculated for C8H6CINO4,
C 44.57, H 2.81, N 6.50; found, C 44.58, H 2.81, N
6.27%.


CMe2BzACl and DMe2BzACl were prepared by
reacting N,N-dimethylalkylamine (alkyl group-cetyl or
dodecyl) with benzyl chloride in tetrahydrofuran under
reflux for 4 h. The solvent was evaporated under reduced
pressure and the remaining solid extracted with diethyl
ether, then recrystallized from acetone–methanol.


Purified surfactants were dried under reduced pressure
over P2O5 to a constant weight. SDS (as barium salt) and
the cationic surfactants (as perchlorate salts) gave
satisfactory microanalyses. Their critical micelle con-
centrations (cmc) were determined at 25°C by surface
tension measurement (Lauda TE 1C digital ring tensi-
ometer) and were in agreement with literature values.11


Cmc values were also determined at 30°C in the presence
of 0.01M HCl. The aqueous dioxane which was used to
mimic the medium effect (see below) was 50% (w/v), i.e.
50.0 g of dioxane in 100 ml of aqueous binary mixture.


Kinetic measurements. Kinetic runs were carried out
with an Applied Photophysics SX-18 MV stopped-flow
spectrophotometer, interfaced to a microcomputer and
equipped with a thermostated cell holder whose tem-
perature was kept constant to within�0.05°C. All runs
were carried out in triplicate, under pseudo-first-order
conditions, in the presence of 0.01M HCl and 4% (v/v)
acetonitrile. The surfactant aqueous solution and the
formate ester stock solution in dry acetonitrile were
introduced into the mixing chamber of the stopped-flow
spectrophotometer with the aid of Accudil syringes
(Hamilton Microsyringe, Reno, NV, USA) of unequal
volumes (0.1 and 2.5 ml, respectively). Preliminary
experiments showed that the observed rate constant,kobs,
is independent of [formate ester] in the range (2–
8)� 10ÿ5 M. In subsequent kinetic runs the final [formate
ester] was 4� 10ÿ5 M. The reaction was followed by
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monitoring the liberation of 4-nitrophenol at 320 nm as a
function of time. Values ofkobs were calculated from
log(absorbance) versus time plots; these were rigorously
linear over more than five half-lives. The relative
standard deviation inkobs, i.e. (standard deviation/
kobs)� 100, was�0.2% and that betweenkobs of a
triplicate was�2%.


1H NMR Spectra. A Labquake tube agitator (VWR
Scientific, Chicago, IL, USA) was used to solubilize the
acetate ester in the surfactants solutions in D2O; ca
60 min were sufficient to obtain clear solutions. Proton
NMR spectra were obtained with a Bruker DPX-300
instrument operating at 300.13 MHz for proton, at a
digital resolution of 0.05 Hz per data point. Chemical
shifts were measured relative to internal dioxane
(5� 10ÿ3 M) and then transformed into the TMS scale.


RESULTS AND DISCUSSION


Choice of surfactants


We are interested in investigating the effects of anionic,
cationic and non-ionic surfactants on a pH-independent
reaction; the relevant structural features include micellar
charge and, for surfactants with the same charge, length
of the hydrophobic tail and structure of the headgroup.
Regarding micellar charge, it has been shown that
alkyltrimethylammonium bromides form micelles that
are ‘drier’ than those of SDS, and a switch from
—OSO3


ÿ to —NMe3
� headgroup influences the hydra-


tion of the attached hydrophobic tail.12 These differences
in hydration may affect a water-catalyzed reaction, e.g.
because of differences in solvation of the reactant state
and/or transition state. Regarding headgroup structure, it
is interesting that very little work has been done on the
effects of SDBS and CMe2BzACl on the rates and
equilibria of chemical reactions.1–4 The former is
extensively used in household products, whereas the
latter is a major component of ‘benzalkonium chloride,’ a
product which is widely used as an antiseptic in
pharmaceutical preparations.13 In view of the practical
importance of the known interaction between aromatic
compounds and micellar interfaces,14 it was deemed
important to include SDBS and CMe2BzACl in the
present study in order to investigate how a change in the
structure of surfactant headgroup, e.g. from trimethyl-
ammonium of CMe3ACl to benzyldimethylammonium


of CMe2BzACl, may affect the results. Additionally,1H
NMR data indicated that whereas the benzenesulfonate
headgroup of SDBS is perpendicular to the micellar
interface,8 the benzyl headgroup of CMe2BzACl lies
more or less parallel to it;15 this difference in the
(average) conformation of the aromatic ring at the
interface may affect interactions of reactant state and/or
transition state with the surfactant headgroup. Finally,
substrate–micelle association constants usually increase
as afunction of increasing chain length of the surfac-
tant,1–3 a factor whose importance can be determined by
varying the length of the surfactant hydrophobic group,
e.g. CMe2BzACl and DMe2BzACl.


Micellar effects on the reaction rate constant


The reaction under investigated is shown in Scheme 1.
Our results indicate that the micellar reaction is


independent of pH becausekobs is independent of [HCl]
in the range 0.001–0.1M. Hydrolysis of the formate ester
gives one equivalent of 4-nitrophenol and the reaction
shows a sharp isosbestic point at� = 285 nm. Addition-
ally, we always observed rigorous pseudo-first-order
kinetics; identical rate constants were obtained in the
presence or absence of 4� 10ÿ5 M 4-nitrophenol; an
initial rapid release of 4-nitrophenol was not observed.
That is, the intermediate of the first step, the monoester of
carbonic acid [Eqn. (1)], does not accumulate, and the
first step is rate limiting, in agreement with the
conclusions of other studies in bulk aqueous phase.7,16


Additionally, we obtained similar solvent kinetic isotope
effects (kH2


O/kD2
O) for the reaction occurring in bulk


water, 1.6, and in micellar solutions of SDS, 1.9,
CMe3ACl, 1.9, and Arkopal N-090, 1.7.


In the presence of the micelle, the reaction is
represented as shown in Scheme 2, where E refers to
formate ester andkw and km refer to pseudo-first-order
rate constants in bulk water and in the micelle,
respectively. The binding constant,Ks, is written in
terms of the molarity of micellized surfactant, i.e.


Scheme 1.


Scheme 2.
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(CDÿ cmc), whereCD is the analytical concentration of
surfactant.Ks could equally be written in terms of the
molarity of the micelle, i.e. (CDÿ cmc)/N, whereN is the
micelle aggregation number. The latter expression ofKs


is less convenient, however, because it requires a
knowledge ofN under reaction conditions. Equation (3)
was derived from Scheme 2:3a, 17


kobs���kw�m�Ks�CDÿcmc�=�1�s �CDÿcmc�� �3�


Figures 1 and 2 show the dependence ofkobs on
[surfactant]. The points are experimental and the curves
were calculated from Eqn. (3) by iteration, by using the
experimentally determinedkw and cmc. The goodness of
fit of Eqn. (3) to our data can be judged visually and from
the small values of the statistical parameterw2, e.g. 10ÿ6


for CMe2BzACl and DMe2BzACl. The results of this
non-linear regression are given in Table 1.


In principle, Eqn. (3) can be used to calculate values of
km, Ks and cmc; this was done and the results are also


included in Table 1. Interestingly, there is good
agreement betweenkm calculated by the two methods
(differences betweenkm range fromÿ2.5 to 15%),
although theKs values differ by a much wider range,
namely fromÿ38% for CMe3ACl to 56% for DMe3ACl.
The results in Table 1 show, however, that this equation
is unsuitable to obtain even a rough estimate of cmc, and
consequently reliableKs values cannot be obtained from
Eqn. (3) by using cmc as an adjustable parameter.


The most important information from Table 1 is the
effect of micellar charge and structure on the observed
rate constants. Relative to the reaction in water, anionic
and non-ionic micelles retard the reaction, whereas
cationic micelles enhance it [km(DMe2BzACl)/
km(SDS) = 19.7]. The effect of headgroup structure is,
however, more important than that of the length of the
hydrophobic tail. Thuskm/kw is almost the same for
CMe2BzACl and DMe2BzACl and increases by 8% on
going from CMe3ACl to DMe3ACl. The corresponding
figures for CMe3ACl and CMe2BzACl, for DMe3ACl


Figure 1. Dependence of observed rate constants, kobs, on [surfactant] for anionic and non-ionic micelles at 30°C. The points
are experimental and the curves were calculated using Eqn. (3)


Figure 2. Dependence of observed rate constants, kobs, on [surfactant] for cationic micelles at 30°C. The points are experimental
and the curves were calculated using Eqn. (3)
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and DMe2BzACl and for SDS and SDBS are 58, 46, and
64%, respectively.


We discuss our results in terms of (i) the strength of the
substrate–micelle interactions, (ii) average solubilization/
reaction site of the substrate in the micellar pseudo-phase
and (iii) interactions of the reactant state and/or transition
state with the ionic interface. Regarding the first point, it
is clear from Ks that all micelles bind the substrate
reasonably efficiently (Table 1). Although the formate
ester–micelle association constant increases as a function
of increasing chain length of the hydrophobic tail, there is
no clear correlation betweenKs andkm, i.e. the observed
micellar effects on the reaction rate do not appear to be
due to differences in the strength of their binding of the
substrate.


1H NMR spectroscopy is an appropriate technique to
investigate point (ii), i.e. the average solubilization site of
the formate ester in the micellar pseudophase. The
problem, however, is that the hydrolysis reaction is too
fast to permit solution preparation and subsequent


spectrum acquisition [the reaction half-lives at 30°C
range from 2.4 to 34.8 s (Table 1)]. We employed 4-
nitrophenyl chloroacetate as a model compound because
although both esters differ widely in reactivity towards
pH-independent hydrolysis, their hydrophobic character
and molecular volumes do not differ much. Thus values
of log Poct


19 (the partition coefficient of a substance
betweenn-octanol and water, calculated by the ACB/
LogP program, ACD, Toronto, Canada) are 1.647 and
1.658, whereas the corresponding molecular volumes are
204 and 227 A˚ 3,20 for formate ester and acetate ester,
respectively. Based on these data, one expects similar
solubilization sites for both esters in the micelle. Figure 3
shows the dependence of1H NMR chemical shifts of the
discrete protons of SDS and DMe2BzACl on [acetate
ester]. For clarity, we plotted our data as chemical shift
differences,D� = �surfactantÿ �surfactant� acetate ester. All
plots are linear and the slopes, along with those for
CMe3ACl and DoMe3ACl, are given in Table 3.


Before addressing these results, we discuss the


Table 1. Results of the application of Eqn. (3) to rate constants for the hydrolysis of 4-nitrophenyl chloroformate in the presence
of ionic and non-ionic aqueous micellesa


Surfactant 104 cmcb (M) Ks
c (Mÿ1) km


c,d (sÿ1) km/kw
e 104 cmcf (M) Ks (Mÿ1) km (sÿ1)


SDS 31 57� 1 0.0146 0.13 37 59� 2 0.0149
SDBS 2.6 56� 2 0.0228 0.21 31 65� 3 0.0237
CMe3ACl 2.3 70� 3 0.1816 1.68 — 43� 4 0.1851
CMe2BzACl 0.024 68� 4 0.288 2.67 — 50� 4 0.2931
DMe3ACl 19.0 23� 1 0.197 1.82 180 36� 4 0.192
DMe2BzACl 28.7 35� 3 0.2872 2.66 — 28� 6 0.293
Arkopal N-090 0.62 93� 3 0.0677 0.63 32 111� 13 0.0682


a All experiments were carried out at 30°C.
b Experimental values, determined at 30°C, in the presence of 0.01M HCl by surface tension (see Experimental). Our cmc values agree with those
calculated from an equation which describes the effect of simple, i.e. non-aggregated, electrolytes on cmc.18


c Values calculated from Eqn. (3) by iteration, using experimental cmc.
d Relative standard deviations inkm are�1%.
e At 30°C, the rate constant in water is 0.1080 sÿ1.
f Calculated by iteration from Eqn. (3). In some cases, calculations gave physically meaningless negative cmc values and these are not reported.


Table 2. Observed rate constants, kobs (sÿ1) for the pH-independent hydrolysis of 4-nitrophenyl chloroformate in different
reaction mediaa,b,c


T (°C) Water SDS SDBS CMe3ACl CMe2BzACl DMe3ACl DMe2BzACl
Arkopal
N-090 CH3SO3Na (CH3)4NCl


10 0.051
15 0.0075 0.0287 0.0203 0.038
20 0.0089 0.099 0.0709 0.143
25 0.0728 0.0194 0.134 0.0515 0.050 0.074
30 0.108 0.0199 0.0277 0.177 0.285 0.184 0.266 0.0711 0.066 0.108
35 0.159 0.0399 0.427c 0.405c 0.094 0.095 0.145
40 0.227 0.0422 0.319 0.57d 0.337
45 0.0859 0.628 0.164 0.169 0.278
50 0.0843 0.86


a Average of three rate constants. The relative standard deviation inkobs is <0.2% and that betweenkobs of a triplicate is�2%.
b Concentrations used were 0.3M for SDS, SDBS and CMe2BzACl, 0.25M for DMe2BzACl and 0.15M for CMe3ACl and Arkopal N-090. The
concentration of the simple, i.e. non-aggregated, salts was 1.0M in aqueous dioxane (50%, w/v).
c This experiment was carried out at 37.1°C.
d This experiment was carried out at 41.9°C.
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problem of splitting of the peak of methylene protons
(D), which for most surfactants appears as a broad singlet
because of virtual coupling.22 Solubilization of a
substrate bearing an anisotropic group (e.g. an aromatic
ring) sometimes results in splitting of protons (D) singlet,
and this has been used to indicate the average solubiliza-
tion site in the micellar pseudo-phase.23 Surfactants
whose headgroup contains a benzyl moiety show,
however, a different behavior because protons (D) appear
as a doublet, in the absence of solubilizate. This splitting
has not been observed in spectra recorded at a low
spectrometer frequency (60 MHz),22 but was later
alluded to (100 MHz), although no information was
given with regard to the number of methylene groups in
each peak.24 We observed two peaks for the middle
methylene groups of DMe2BzACl and CMe2BzACl; the
high–field peak corresponds to five CH2 units. Diamag-
netic shielding of the outer (D) methylene groups is most
certainly due to the presence of the benzyl headgroup
more or less parallel to the micellar interface, as
discussed previously.15 It is interesting that solubilization
of the acetate ester did not result either in further splitting


of the two peaks of DMe2BzACl and CMe2BzACl or in
splitting of the (D) proton singlet of the other surfactants.
This may be due to the small [solubilizate]/[surfactant]
range which we used.


The results in Table 3 can be explained by considering
the average solubilization site of the acetate ester in the
micelle, and the consequent effect on chemical shifts of
the surfactant segments. The dynamic nature of the
micelle has to be borne in mind, i.e. the micellar
‘interface’ fluctuates because of movement of the
monomers, the discrete segments of the hydrophobic tail
have different mobilities and sample the aggregate
interface and the micellar conformation of the surfactant
hydrophobic tail is not a fully stretched,all-trans
form25,26.


The following can be deduced from our1H NMR
results: (a) solubilization of the acetate ester results in an
upfield shift (i.e. toward TMS) of all surfactant protons,
except those of the terminal methyl group (protons E) of
DMe2BzACl, whose peak is slightly shifted downfield;
(b) the slopes of plots of protons C and D are larger than
those of other protons. This shows that the acetate ester is


Figure 3. Dependence of chemical shift differences, D� = �surfactantÿ �surfactant � acetate ester for the surfactant discrete groups on
[acetate ester] for SDS and DMe2BzACl, at 300 MHz


Table 3. Dependence of chemical shift differences, D� = �surfactantÿ �surfactant � acetate ester of the surfactant discrete protons on
4-nitrophenyl chloroacetate concentrationa,b,c


Slope (Hz molÿ1 4-nitrophenyl chloroacetate)


Surfactant Me3N
� Me2N


� CH2 (A) CH2 (B) CH2 (C) (CH2)5 (D) (CH2)4 (D)' CH3 (E) CH2 benzyl


SDS 175� 13 466� 14 1104� 53 550� 23
CMe3ACl 264� 18 583� 18 440� 20 941� 24 670� 17 251� 17
DMe3ACl 93� 12 424� 31 553� 19 958� 17 822� 14 356� 12
DMe2BzACl 209� 11 214� 20 432� 21 880� 13 362� 22 ÿ90� 3 414� 12


a The slopes are from linear plots, e.g. Fig. 3. Measurements were made at 300.13 MHz, at room temperature. See Introduction for designation of the
discrete surfactant protons.
b Chemical shifts were measured from internal dioxane (5� 10ÿ3 M) and then transformed into the TMS scale by using�dioxane= 3.53 ppm.21


c The following values of� (ppm) were observed for the surfactant discrete protons in the absence of solubilizate: SDS (0.1M), 3.801, 1.459, 1.088,
0.661 for protons A, B, D and E respectively; CMe3ACl (0.1 M), 2.944, 3.15, 1.556, 1.157, 1.089, 0.671 for protons Me3N


�, A, B, C, D and E,
respectively; DMe3ACl (0.1 M), 2.919, 3.117, 1.551, 1.149, 1.080, 0.671 for protons Me3N


�, A, B, C, D and E, respectively; DMe2BzACl (0.1M),
2.820, 2.772, 1.531, 1.032, 1.064, 0.681 for protons Me2N


�, A, B, D, D and E, respectively.
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neither adsorbed at the micellar interface (as in the case
of polycyclic aromatic compounds)23b,e nor penetrates
deep within the micellar ‘core.’ It is predominantly
present in a region that covers protons C and D, as is
shown in Fig. 4. Our results also show that the average
solubilization site of the acetate ester is not critically
dependent on the micellar charge or the length of the
hydrophobic tail. Therefore, the dependence ofkm on the
surfactant charge and structure (Table 1 ) is not due to
very different micellar reaction sites, provided that
acetate and formate esters are solubilized in the same
region in the micelle, and that solubilization and reaction
sites are similar.


In analyzing point (iii), we note that the rate-limiting
step for the micelle-mediated reaction seems to be the
same as that for the reaction in water, i.e. attack by water
on the carbonyl group of the ester, leading to the
following transition state:


Transfer of this polar transition state from bulk water
to the micelle induces destabilization because of the
‘medium’ effect and stabilization/destabilization due to
electrostatic interactions with the charged interface. The
former effect results from the fact that the polarity and
dielectric constant at the site of the micelle-mediated
reaction are lower than those of bulk water.3–5 Both non-


ionic micelles and binary solvent mixtures have been
used to mimic the micellar medium effect;4,27–29there-
fore, we used aqueous dioxane (50%, w/v) as a model for
interfacial water of micellar Arkopal N-090 and a 1.0M


electrolyte solution in the same solvent mixture as a
model for interfacial water of ionic micelles.28


Although the ionic strength in the Stern layer is
probably higher than 1.0M,3,7 solubility constraints
precluded use of more concentrated electrolyte solutions.
At 30°C, the reaction rate constant is slightly retarded by
50% aqueous dioxane (kaq. dioxane/kw = 0.9), and by
sodium methanesulfonate (kobs CH3


SO3
ÿNa�/kw = 0.61),


and is unaffected by tetramethylammonium chloride
[kobs (CH3


)4N
�Clÿ /kw = 1]. Although these results show


that the medium effect is small, the following should be
borne in mind: probes which have been used to
investigate the medium effect, e.g. solvatochromic
probes and acid–base indicators, are usually localized at
the micelle interface,4,28 i.e. they report on a medium
whose polarity and dielectric constant are higher than
those at the average solubilization/reaction site of the
formate ester. Therefore, the medium effect, as mimicked
by the models which we used, is almost certainly
underestimated.


Electrostatic interactions between the negatively
charged carbonyl oxygen of the above shown transition
state and the surfactant headgroup are attractive (stabiliz-
ing) for cationic micelles and repulsive (destabilizing) for
anionic micelles. The degree of dissociation, and hence
the surface potential, of the former micelles increases on
going from alkyltrimethylammonium chlorides to alkyl-
dimethyl benzylammonium chlorides (alkyl group =
cetyl and tetradecyl).15,30This is one reason for expecting
a higher catalytic effect for surfactants bearing a benzyl
moiety in the headgroup. These electrostatic interactions
affect the activation parameters in a complex manner
(Table 4 ). Compare, for example, the effects of SDS and
SDBS on the activation enthalpy and entropy. Interaction


Figure 4. Schematic representation of the solubilization of
the acetate ester in aqueous micelles of DMe2BzAC and SDS.
For simplicity, we show the average solubilization site with
respect to a single monomer of each surfactant and do not
show the corresponding counterion


Table 4. Activation parameters for the pH-independent
hydrolysis of 4-nitrophenyl chloroformate in different reac-
tion mediaa


Reaction medium
DH≠ (kcal


molÿ1)
DS≠ (cal


Kÿ1 molÿ1)
DG≠ (kcal


molÿ1)


Water 13.5 ÿ18.4 19.0
SDS, 0.30M 13.5 ÿ21.7 20.0
SDBS, 0.30M 14.1 ÿ19.3 19.9
CMe3ACl, 0.15M 10.1 ÿ28.6 18.6
CMe2BzACl, 0.30M 10.2 ÿ27.4 18.4
DMe3ACl, 0.25M 10.6 ÿ27.0 18.7
DMe2BzACl, 0.25M 10.4 ÿ26.9 18.4
Arkopal N-090, 0.15M 10.0 ÿ30.8 19.2
CH3SO3Na–aq. dioxaneb 12.2 ÿ23.8 19.3
(CH3)4NCl–aq. dioxaneb 11.5 ÿ25.1 19.0


a The errors are�0.1 kcal molÿ1 (DH≠ and DG≠) and 0.5 cal Kÿ1


molÿ1 (DS≠).
b Salt concentration, 1.0M in aqueous dioxane (50%, w/v).
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of the formate ester with the phenyl ring of the latter
surfactant seems to stabilize the reactant state, leading to
DHSDBS


≠ ÿDHSDS
≠ = 600 cal mol;7 this difference is


more than compensated for by theTDS≠ term (TDSSDBS
≠


ÿTDSSDS
≠ = 715 cal mol)ÿ1 due to loss of degrees of


freedom of the reactants. In the case of cationic micelles,
electrostatic stabilization of the transition state seems to
be the dominant factor. Thus the reaction is faster than
that in water because of the favorable activation enthalpy
(e.g. DHwater


≠ ÿDHDMe2BzACI≠ = 3100 cal mol)ÿ1


which is caused by electrostatic stabilization of the
transition state, not fully compensated for by theTDS≠


term (TDSwater
≠ ÿTDSDMe2BzACI = 2534 cal mol)ÿ1 ow-


ing to loss of degrees of freedom in the transition state–
micelle complex.


CONCLUSIONS


The mechanism of the pH-independent hydrolysis of 4-
nitrophenyl chloroformate is the same in water and in
ionic and non-ionic micelles. Relative to the reaction in
water, the rate constant increases in the presence of
cationic micelles and decreases in the presence of anionic
and non-ionic micelles, and is more sensitive to the
structure of the headgroup than to the length of the
surfactant hydrophobic tail. These effects are not due
either to sizeable differences in the micelle–ester
association constants or to very different average
solubilization/reaction sites in the micellar pseudo-
phases. They arise mainly from the medium effect,
interaction of the reactant state with the phenyl group of
SDBS and electrostatic stabilization/destabilization of
the transition state by the charged interface.
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ABSTRACT: Quantum similarity measures were used to estimate dissociation constants for acid–base equilibria. It is
proposed that the dissociation constant of a carboxylic acid may be described by the electronic density function of the
COOH group and quantified by the self-similarity measure of this fragment. In addition, using a polarized continuum
model, the inclusion of surrounding medium effects on the electronic density function of the solute is easily taken into
account, and in this way the solvent effect on acid dissociation constants can be simply described. A successful
correlation was obtained between dissociation constants of a variety of acids in different solvents and quantum self-
similarity measures of the COOH fragment. Copyright 1999 John Wiley & Sons, Ltd.


KEYWORDS: acid dissociation constant; LFER; molecular quantum similarity measures; atomic shell approxima-
tion; promolecular densities


INTRODUCTION


There is probably no other concept that has contributed to
the development of chemistry so remarkably as the ill-
defined, qualitative concept of similarity and, in recent
years, the broad applicability of this concept has been
repeatedly reviewed.1–5 Not despite, but rather because
of, certain fuzziness, the applicability of this concept is
extremely broad and covers practically all areas of
chemistry. An example is the Mendeleev periodic law,
the disclosure of which was closely connected with
efforts to classify and systematize the similarities in the
properties of elements and their simple compounds. From
the intuitively understood meaning of similarity arises
also one of the most powerful chemical principles—the
principle of analogy—which in the early days of
chemistry served as the basis for the classification and
systematization of molecules and reactions. Examples of
the application of this principle are such fundamental
chemical concepts as the homologous series, functional
group, topicity, etc., which are the cornerstones of the
contemporary organic chemistry system. The same
principle underlies also the widely used idea that similar
structures have similar properties which, in turn, is the


basis for the existence of various empirical relationships
between the structure and activity known as LFER and
QSAR.


Because of the fundamental role which similarity plays
in so many different situations, it is not surprising that its
systematic investigation has become the focus of intense
scientific interest. The main attention in this respect has
been devoted to the design of new quantitative measures
of molecular similarity. The philosophy underlying the
development of quantitative similarity measures based on
quantum theory arises from the idea that properties of
molecules, whether chemical, physical or biological, are
predetermined by the molecular structure. Thus, the
quantities characterizing this electronic structure are
often used in the design of new theoretical molecular
descriptors.


The aim of this paper is to propose such a new
theoretical molecular descriptor replacing empiricals
constants, which in empirical LFER equations character-
ize the effect of systematic substitution on the rate or
equilibrium of chemical reactions. It will be shown that in
addition to describing correctly the substituent effect on
the acidities of a series of aliphatic carboxylic acids, the
new descriptor also correctly describes the effect of
solvent on the dissociation equilibrium.


THEORETICAL


As already said above, the rationalization of empirical
structure–activity relationships is to a considerable extent
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connected with recent efforts in the design of new
molecular descriptors based on quantum theory. The
simplest of such quantities is the electron density
function r(r ) and most of the theoretical molecular
descriptors are derived just from this quantity. Among
them, a privileged place belongs to the so-called
molecular quantum similarity measures (MQSM) intro-
duced by Carbo´ and co-workers.6 These measures are
generally based on the pairwise comparison of electron
density functions {rA(r ),rB(r )} of the corresponding
molecules, and the simplest form of MQSM, the so-called
overlap-like measure, is defined as


ZAB �
Z
�A�r ��B�r �dr �1�


When the similarity integral involves the same density
function (A = B), the corresponding quantity,ZAA, is
referred to as the molecular quantum self-similarity
measure (MQS-SM). As was shown in previous
studies,7,8 these self-similarity measures can be success-
fully used as the appropriate descriptors for a great
number of molecular properties.


From the theoretical point of view, numerical MQSM
may be obtained usingab initio molecular electronic
density functions constructed with the usual LCAO
approximation. However, such calculations are time
consuming because of the great number of four-center
integrals which have to be computed during the
calculation ofZAB. For that reason and in order to reduce
the necessary computation time, a simplifying procedure,
known as the atomic shell approximation (ASA), was
recently proposed.9,10Within this technique, the electron
density function is fitted as a linear combination of
spherical Gaussian functions. Further reduction of
computational costs can be obtained by using another
approach known as the promolecular ASA,10 where the
molecular density function is represented by a simple
sum of individual atomic densities:


�ASA
A �r � �


X
a2A


Pa�
ASA
a �r � �2�


where the coefficientsPa represent the total electron
densities on the atoma, and the atomic density functions
�ASA


a �r �are expressed as a linear combination of square
normalized 1S-type GTO:


�ASA
a �r � �


X
i2a


ci jSi�r ÿ Ra; �i�j2 �3�


The coefficientsci are restricted to be positive in order to
assure the physical meaning of the density. In the present
work, promolecular ASA density functions are charac-
terized by {ci} and {�i} parameters, which can be found
in a WWW site.11 The promolecular ASA density
functions are constructed from the three-dimensional


coordinates of a molecule, centering one function on H
atoms, three functions on C, N and O atoms, four
functions on Cl atoms and five functions on Br atoms. In
this way, an accurate and reliable representation of
molecular electron densities for the calculation of MQSM
can be obtained.


THE MICROSCOPIC BASIS OF QSAR


The basis of all relationships between structure and
activity is a simple model, according to which the
molecules are represented by vectors, whose components
are various molecular descriptors characterizing some
particular molecular property relevant for a given
process. These descriptors, such as the hydrophobicity
parameter logP or the substituent constantss, are usually
chosen empirically. One of the aims of the present study
is to show that the above-introduced MQSM provide the
appropriate theoretical background allowing us to
formulate the general theory of QSAR. Next the basic
ideas of this generalization will be briefly recalled.


Let M = {mI} be a set of n structurally related
molecules and let each of them be characterized by the
density functionrI forming the setP = {rI} in one-to-one
correspondence withM . Based on these densities one can
construct the (n� n) similarity matrix Z = {ZIJ}, whose
elements are the similarity measuresZIJ for all possible
pairs of molecules within a given set. If we adopt an
alternative view of the similarity matrix, as then-
dimensional vectorZ = {zI}, whose elements are the
columns of the matrixZ, then the set of the elementszI


can be interpreted as then-dimensional discrete repre-
sentation of the elements of the setP and hence ofM .
This result is very important since it demonstrates that a
close parallel can be found between the original QSAR
approach, in which the molecules are represented as
vectors, whose components are empirical molecular
descriptors, and rigorous theoretical model based on
MQSM. In order to make this comparison even more
explicit, one can use a well known result of quantum
theory, consisting in that the expectation valuepI of any
physico-chemical observable attached to moleculeI, and
represented by the operator
(r ), is given by


�I �
Z



�r ��I �r � dr �4�


This integral can be also interpreted as the scalar product:


�I � h
j�I i �5�


which in the case of discrete, rather than continuous,
representation of the setP = {rI} can be rewritten in the
form
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�I � wTzI �6�


where w is the n-dimensional vector representing the
operator
 in then-dimensional discrete space of MQSM
vectors. Generally, the form of the operator-vectorw is
unknown but if the pairs {pI,zI} are well defined, the
elements ofw can be obtained by least-squares fitting.
This procedure is the theoretical basis of QSAR, and Eqn
(6) represents the general theoretical form of QSAR.12 In
some cases, this general equation can be further
simplified. For instance, it is often useful to separate
the self-similarity termZII from the rest, obtaining the
expression


�I � wI ZII �
X
J 6�I


wJZIJ � wZII � � �7�


This separation is especially useful if the studied series
forms a compact set of structurally related molecules. In
this latter case it is plausible to accept that the� term is
more or less constant within a series, and a simple linear
relationship between the molecular property and the self-
similarity measureZII can be expected to hold. In a
previous study,7 it was shown that appropriately selected
self-similarity measures satisfy the above-mentioned
simplifying assumptions, so that they can be used as
theoretical molecular descriptors. The property studied
there7 was the dissociation constant within a series of
substituted benzoic and related heteroaromatic acids. The
appropriate theoretical descriptor used to characterize the
substituent effect in the acid dissociation constant was the
self-similarity measure:


ZCOOH
XX �


Z
�COOH


X �r��COOH
X �r� dr �8�


Integral (8) represents the resemblance of the reaction
center, in this case a COOH group, for each particular
substituentX. The function�COOH


X �r �denotes the frag-
ment of the total density matrix associated with the
COOH group.


The purpose of this study is to show that the same
similarity measure is able to act as the descriptor of
substituent effect also in a series of aliphatic carboxylic
acids. Moreover, it will also be shown that in addition to
describing the substituent effect, the same theoretical
descriptor is also able to characterize correctly the effect
of the solvent on the dissociation equilibrium of these
acids. In the following section the results of the present
calculations are reported.


RESULTS AND DISCUSSION


The previously proposed methodology was applied to the
description of the dissociation of aliphatic carboxylic


acids for which the pK values are available in water and
in several dipolar aprotic solvents.13–15Using these data,
the reliability of the similarity approach can be tested by
correlating the experimental pK values for each particular
solvent� with the corresponding self-similarity indices
ZCOOH


XX;� . Within this approach, the empirical Taft equation
used for the statistical treatment of data by Bartnickaet
al.,14


pKX;� � ���
�
X � pKH;� �9�


is to be replaced by its theoretical counterpart,


pKX ;� � w�ZCOOH
XX;� � � �10�


The solvent effect enters into the formalism via the
density functions�COOH


X �r� used for the calculation of the
descriptor ZCOOH


XX . Molecular density functions are
affected by placing the molecule in the solvent so that
the set of descriptorsZCOOH


XX;� can be calculated for each
particular solvent�. The density functions in terms of
which the self-similarity measures are defined were
computed using the Gaussian 94 program16 at the ab
initio Hartree–Fock level of theory in the 3–21G* basis
set. All molecules were considered in fully optimized
molecular geometries. The environmental effects of a
solvent were included in the molecular Hamiltonian
using a polarized continuum model (PCM).17,18 Within
this model the solute molecule is put in a cavity
surrounded by a homogeneous polarizable medium,
characterized by the dielectric constant�. This model
can be expected to describe correctly the situations where
the solvent effect is dominated by non-specific electro-
static solute–solvent interactions, but owing to ingenious
parametrization even solvents as complex as water can
surprisingly be described. The applicability of this model
for the calculation of pK in water has been tested several
times in recent years19–22and it was shown that even if
the model is too crude to obtain absolute pK values, the
relative acidities in a series of structurally related acids


Table 1. MQS-SM ZCOOH
XX and gas-phase acidities of


carboxylic acids XCOOHa


X ZCOOH
XX DH0


1 Cl2CH 210.496 12.0
2 ClCH2 211.365 19.0
3 CH3ClCH 211.182 21.2
4 CH3CH2ClCH 211.199 23.1
5 ClCH2CH2 211.890 25.7
6 CH3ClCHCH2 211.995 27.7
7 CH3CH2CH2 212.228 29.7
8 CH3CH2 212.177 30.6
9 ClCH2CH2CH2 211.984 31.0


10 CH3 212.357 31.8


a Values taken from Refs 23–25.
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are generally reproduced fairly well. However, this is just
what is sufficient for the formulation of successful QSAR
models and this is why the same approach based on the
self-similarity indices, which within our similarity model
are used as desriptors of substituent effect, was adopted.


Before starting the discussion of substituent and
solvent effect on pK, it is first instructive to analyze the
situation in the gas phase where the complicating solvent
effects are absent. The set of acids for which the
experimental gas phase acidities were available from
the literature23–25 is summarized in Table 1 and, in
keeping with the philosophy of the similarity approach,
these acidities were correlated with the corresponding
gas-phase similarity measures. The resulting dependence
is illustrated in Fig 1. The important feature of this
correlation, which will be referred to in future discus-
sions, is that a single correlation line involving both
‘polar’ and ‘non-polar’ alkyl-substituted acids is ob-
tained. This result is especially interesting for non-polar
alkyl-substituted acids where the existing correlation
implies an increase in acidity with increasing length of
the alkyl group. This is indeed observed in Table 1.
However, this general trend is exactly the opposite of
what is observed in water and the phenomenon was
referred to as the anomalous gas-phase alkyl-substituent
effect.23–25 The existence of a single correlation line,
which involves both ‘polar’ and ‘non-polar’ alkyl-
substituted carboxylic acids, suggests that the self-
similarity index ZCOOH


XX is inherently able to describe
the substituent effect on the dissociation constant for all


kinds of substituents. There is thus nothing unusual in the
behavior of alkyl groups and their specific position,
referred to as the anomalous alkyl-substituent effect, is
simply the consequence of the fact that the order of gas-
phase acidities is the opposite of the order of acidity in
water which was known earlier.


Having presented the dependence of acidities on the
self-similarity indices for the theoretically simplest case
of the gas phase, it is now possible to estimate the effect
of a transition from the gas phase to the solvent, and first
we will discuss the substituent effect on pK values of
carboxylic acids in water. The corresponding pK values
and MQS-SMZCOOH


XX;waterare summarized in Table 2 and the
resulting dependence on the calculated self-similarity
indices is given in Fig 2.


As can be seen, the situation here is more complex
since instead of a single correlation line observed in the
gas phase, there are in fact two separate relationships,
one, with a positive slope, for ‘polar’ alkyl-substituted
acids, and the other, with negative slope, for ‘non-polar’
alkyl-substituted acids. The explanation of this greater
complexity is simple and there is in fact nothing unusual
or surprising in it. The phenomenon which is responsible
for the splitting of the correlation line into two is clearly
the reversed order of acidity of alkyl-substituted acids in
water. In this connection it is interesting to stress that the
analogous Taft-like correlation of pK with empirical
substituent constants* is simpler and consists of only
one regression line common to both ‘polar’ and ‘non-
polar’ alkyl-substituted acids. This is due to the fact that


Figure 1. Dependence of calculated MQS-SM ZCOOH
XX for a series of carboxylic acids on gas-phase acidity. r2 = 0.915; n = 10
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the empirical scale of inductive constants was derived
just from experimental data in water, which for alkyl-
substituted acids reflect the�I effect of alkyl substitu-
ents. In another words, the substituent constantss* are by
definition chosen to be consistent with the concept of
inductive effect. However, this implies that the same


splitting into two separate regression lines would
analogously be observed if the substituent constants
were correlated with gas-phase acidity data for which the
order of acidity of alkyl-substituted acids is the opposite.
Consequently, it is of no importance what parameters,
whethers* or ZCOOH


XX;� , are used as the descriptors of the
substituent effect. The only difference is in what kind of
effects are inherently described by these descriptors.
Thus, whereas the classical substituent constants are
chosen to reflect the order of the inductive effect,
theoretically derived self-similarity indices apparently
describe intrinsic ‘structural’ effects in which the
inductive effect is only one of the components.


The present approach can be applied to other solvents
in a similar manner to that reported above for water. This
can easily be demonstrated by comparing the pK values
of various alkyl-substituted carboxylic acids in several
aprotic solvents, which again are consistent with the
classical idea of the�I effect. This implies that the same
general pattern of correlation, with two separate regres-
sion lines for ‘polar’ and ‘non-polar’ alkyl-substituted
acids can be expected. Representative series of such acids
have been studied.14,15 The experimental values of the
corresponding dissociation constants and self-similarity
indices are summarized in Tables 3 and 4, respectively.
Additionally, a representative example of the correlation
(10) corresponding to propylene carbonate is illustrated
in Fig. 3. As can be seen, the form of this correlation is
very reminiscent of what was found for water. There are
again two separate correlation lines, one with a positive


Table 2. MQS-SM ZCOOH
XX;water and pK values for carboxylic acids


XCOOH in watera


X ZCOOH
XX;water pK


1 Cl3C 212.404 0.70
2 Cl2CH 213.274 1.48
3 CNCH2 213.712 2.45
4 BrCH2 213.842 2.69
5 CH3ClCH 214.343 2.83
6 ClCH2 214.287 2.85
7 CH3CH2ClCH 214.401 2.86
8 OHCH2 214.745 3.83
9 ClCH2CH2 215.143 3.98


10 CH3ClCHCH2 215.132 4.05
11 CH2CH 215.613 4.25
12 PhCH2 215.606 4.28
13 ClCH2CH2CH2 215.543 4.52
14 CH3 215.502 4.76
15 CH3CH2CH2 215.546 4.83
16 CH3CH2 215.500 4.86
17 (CH3)2CH 215.304 4.88
18 (CH3)3C 214.758 5.03


a Values taken from Ref. 13.


Figure 2. Dependence of calculated MQS-SM ZCOOH
XX;water for a series of carboxylic acids on pK values in water
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Table 3. pK values for carboxylic acids XCOOH in different solvents


R Acetonitrilea
Propylene
carbonatea Acetonea N,N-Dimethylformamidea


Dimethyl
sulfoxidea Nitromethaneb


1 Cl3C 7.27
2 Cl2CH 18.02 15.58 12.02 8.07 5.94 8.88
3 CNCH2 10.68
4 ClCH2 19.45 17.87 14.90 10.39 8.85 11.62
5 PhCH2 20.73 20.03 17.17 12.93 11.69 13.80
6 CH3 21.57 20.43 18.33 13.63 12.48
7 CH3CH2 22.04 20.53 18.74 13.95 12.52
8 (CH3)2CH 22.20 20.75 18.90 14.05 12.79
9 (CH3)3C 22.28 20.88 19.00 14.27 12.92


a From Ref. 14.
b From Ref. 15.


Table 4. MQS-SM ZCOOH
XX;� for carboxylic acids XCOOH in different solvents


R Acetonitrile
Propylene
carbonate Acetone N,N-Dimethylformamide


Dimethyl
sulfoxide Nitromethane


1 Cl3C 212.312
2 Cl2CH 213.201 213.258 213.094 213.199 213.227 213.195
3 CNCH2 213.640
4 ClCH2 214.213 214.271 214.104 214.211 214.240 214.207
5 PhCH2 215.502 215.584 215.350 215.500 215.540 215.494
6 CH3 215.424 215.485 215.308 215.422 215.452
7 CH3CH2 215.409 215.481 215.276 215.407 215.442
8 (CH3)2CH 215.216 215.286 215.088 215.214 215.248
9 (CH3)3C 214.668 214.739 214.537 214.666 214.701


Figure 3. Dependence of calculated MQS-SM ZCOOH
XX;PC for a series of carboxylic acids on pK values in propylene carbonate (PC)
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slope for ‘polar’ alkyl-substituted acids and another with
a negative slope for ‘non-polar’ alkyl-substituted acids.


The parameters of the resulting regression lines are
summarized in Table 5. The most interesting information
that can be extracted from this table concerns the values
of the slopes, which characterize the sensitivity of the
dissociation constant to substitution for each particular


solvent. These values represent within the present
approach the theoretical counterpart of experimentalr
constants derived from Taft-like regression analysis14


and, therefore, it is interesting to compare both sets of
data. An example of such a correlation is shown in Fig. 4
and, as can be seen, there is a fairly good linear
relationship between experimental and ‘theoretical’r


Table 5. Calculated statistical parameters of the recti®ed linear relationships between MQS-SM ZCOOH
XX;� and pK values for the


series of carboxylic acids in different solvents


Solvent
Type of


alkyl-substituted acid Linear equation n r2


Water ‘Polar’ pK � 1:167ZCOOH
XX;� ÿ 247:121 13 0.968


Acetonitrile pK � 1:169ZCOOH
XX;� ÿ 231:227 3 0.990


Propylene carbonate pK � 1:900ZCOOH
XX;� ÿ 389:524 3 0.992


Acetone pK � 2:265ZCOOH
XX;� ÿ 470:448 3 0.984


N,N-Dimethylformamide pK � 2:106ZCOOH
XX;� ÿ 440:815 3 0.998


Dimethyl sulfoxide pK � 2:472ZCOOH
XX;� ÿ 521:016 3 0.994


Nitromethane pK � 2:093ZCOOH
XX;� ÿ 436:928 5 0.979


Water ‘Non-Polar’ pK � ÿ0:280ZCOOH
XX;� � 65:067 5 0.857


Acetonitrile pK � ÿ0:618ZCOOH
XX;� � 154:91 4 0.473


Propylene carbonate pK � ÿ0:521ZCOOH
XX;� � 132:84 4 0.802


Acetone pK � ÿ0:610ZCOOH
XX;� � 149:89 4 0.544


N,N-Dimethylformamide pK � ÿ0:635ZCOOH
XX;� � 150:53 4 0.712


Dimethyl sulfoxide pK � ÿ0:546ZCOOH
XX;� � 130:12 4 0.821


Figure 4. Correlation of calculated and experimental r constants from Eqns (9) and (10) for a series of `polar' alkyl-substituted
carboxylic acids in seven different solvents: (1) water; (2) acetonitrile; (3) propylene carbonate; (4) acetone; (5) N,N-
dimethylformamide; (6) dimethyl sulfoxide; (7) nitromethane
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constants, at least for ‘polar’ alkyl-substituted acids. The
correlation for ‘non-polar’ alkyl-substituted acids is
slightly poorer, but this can probably be attributed to
the lower reliability of the regression parameters due to
the lower correlation coefficients. This result is very
interesting for at least two reasons. The first is that it
provides a justification for the present use of the
polarizable continuum model for the description of
solvent effects. The other is of direct importance for the
applicability of the similarity approach, since the
reported correlations of pK with self-similarity measures
clearly suggest that in systems free of complicating steric
interactions, these self-similarity indices do indeed
represent an appropriate theoretical parameter, allowing
the description of both substituent and solvent effects
even in aliphatic systems.


CONCLUSIONS


Several recent advances in MQSM have provided
powerful tools for the understanding of physico-chemical
properties. In this work, a quantum mechanical descrip-
tion using self-similarity measures applied to the
prediction of substituent and solvent effects of aliphatic
carboxylic acids in pK values has been successfully
described. The QSPR found here are associated with the
COOH group QSM fragment density. In fact, this is
another application and indirect proof of the Mezey
holographic density theorem,26 which has been already
used to characterize molecular chirality27.
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Substituent-induced polarization of charge in phenalenyl
anions
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ABSTRACT: The effect of trimethylsilyl, alkynyl and cyano substituents on the charge distribution of the phenalenyl
anionic nucleus was examined using semiempirical calculations and NMR spectroscopy. With these techniques it was
demonstrated that the trimethylsilyl and cyano substituents are capable of attracting adjacent negative charge.
Examples of reactions from the literature confirm the charge-attracting capabilities of the trimethylsilyl substituent.
The alkynyl substituent was shown to perturb the charge distribution of the phenalenyl moiety to a much lesser degree
than the vinyl substituent in the 1-hydropyrenyl anion. Copyright 1999 John Wiley & Sons, Ltd.


KEYWORDS: charge polarization; charge distribution; substituent-induced polarization; phenalenyl ions


INTRODUCTION


The dissolving metal reduction of arenes with alkali
metals is an important method for the preparation of
dihydroaromatic compounds or reductively alkylated
products.1,2 Performed in liquid ammonia it is better
known as the Birch reduction, but reductions in the
absence of liquid ammonia are also possible.3 The
reaction generates various kinds of anionic intermediates,
which may react with proton donors or electrophiles. The
regioselectivity of the protonations and of many alkyla-
tions depends on the charge distribution of these anionic
intermediates.4–6 Reductions of arenes containing func-
tional groups are applied very often7,8 and are sometimes
performed to influence the regioselectivity of the
reaction.9 An example of this is the reduction of 1-
methylnaphthalene in the absence or presence of a 4-
trimethylsilyl (TMS) substituent.10


A useful way of studying the effect of a specific
substituent on the charge distribution of an anion is by
generating the anion in an NMR tube and measuring and
interpreting its1H and13C NMR spectra.4 This has been
done previously in order to study the effect of methyl,
methoxy and vinyl substituents on the charge distribution
of the phenalenyl anion. (Scheme 1).4,11


Many examples of stabilization of anions by silyl


substituents are known, although little is known about the
nature and mechanism of anion stabilization. NMR
spectroscopy on silyl-substituted anions may give more
insight into this effect.


Cyanoarenes have only recently been used for the first
time in Birch-like reactions12,13and little is known about
the effect of this substituent on the charge distribution
of delocalized anions. In order to compare the effect of a
CN triple bond with that of a CC triple bond, the
1-(3,3-dimethylbutynyl) derivative (Fig. 1) was also
examined.


In this study, the effects of the trimethylsilyl, 3,3-
dimethylbutynyl and cyano substituents on the charge
distribution of the phenalenyl anion are examined.
Anions 2ÿ, 3ÿ and4ÿ were generated in an NMR tube
and examined by means of1H and 13C NMR spectro-
scopy. The charge distribution and the HOMO coeffi-
cients of these anions were calculated by means of
semiempirical calculations. It should be kept in mind,
however, that the calculated data pertain to the anions in
the absence of counterions and solvent.


Scheme 1. Formation of phenalenyl anions. R = Me, vinyl,
OCH3; 1ÿ:R = H
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RESULTS


Preparation of anions


The easiest way to prepare 1-trimethylsilyl-1H-phena-
lene (2) is by reaction of the phenalenyl anion with
trimethylsilyl chloride. After work-up, this resulted in the
isolation of 71% of 1-trimethylsilyl-1H-phenalene (2)
together with a small amount of 1H-phenalene. The
structure of2 was proved by means of1H NMR spec-
troscopy.


In their approach to the preparation of 1-substituted
phenalenyl anions, Hempeniuset al.11 showed that 2,3-
dihydro-1H-phenalen-1-one (Scheme 2,5)11 is a very
useful starting compound. Addition of carbanions to the
carbonyl group of the molecule results in the formation of
1-substituted 2,3-dihydro-1-hydroxy-1H-phenalene deri-
vatives. Acid-catalyzed dehydration of these compounds
results in the formation of substituted phenalenes as
mixtures of isomers.


Addition of 5 to lithium tert-butylacetylide and work-
up resulted in the isolation of6 in 77% yield after column
chromatography. The structure of6 was proved by means
of 1H NMR spectroscopy and by comparison with the
known spectrum of 2,3-dihydro-1-hydroxy-1H-phena-
lene.14 Dehydration withp-toluenesulfonic acid resulted
in the formation of the unstable phenalene derivative3,
which was transformed into its anion as soon as possible.
Similarly, reaction of5 with diethylaluminum cyanide
and work-up resulted in the formation of7, which proved
to be a highly unstable compound and was therefore
transformed into its phenalenyl derivative4 and on to its
anion (4ÿ) as soon as possible.


Semiempirical calculations


Substitution of the phenalenyl anion at position 1, as in
2ÿ, 3ÿ and 4ÿ, results in a relatively large HOMO
coefficient at this position (Table 1). In general, the


Figure 1. Trimethylsilyl- (2ÿ), 3',3'-dimethylbutynyl- (3ÿ) and cyanophenalenyl (4ÿ) anions


Scheme 2. (i) TMSCl; (ii) 1-lithium-2-tert-butylacetylide; (iii) p-TsOH; (iv) Et2AlCN
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relative magnitudes of the HOMO coefficients are very
similar to the calculated charge distribution. The negative
charge in the phenalenyl moieties is still located at the
same six positions as in the phenalenyl anion, but of
course in a less symmetric way.


The effects of the cyano andtert-butylethynyl groups
on the charge distribution and HOMO coefficients of the
phenalenyl anion were compared with the effects of the
same substituents in naphthalene. The charge distribution
and HOMO coefficients of naphthalene, 1-cyanona-
phthalene and 1-(3,3-dimethyl-1-butynyl)naphthalene
were calculated (Table 2). The presence of these
substituents on the naphthalene skeleton results in a
positive charge at C-1. A lowering of the negative charge
on the other naphthalene carbon atoms is observed in the
case of 1-cyanonaphthalene. In the case of 1-(3,3-
dimethyl-1-butynyl)naphthalene, similar but less pro-
nounced effects are observed.


NMR spectroscopy


The anions2ÿ, 3ÿ and 4ÿ were generated in an NMR
tube under water- and oxygen-free conditions. The
300 MHz 1H NMR spectra (Fig. 2) were assigned with
the aid of H–H COSY and NOE difference experiments.
In addition, 75 MHz13C NMR spectra were recorded,
which were assigned with the aid of C–H HETCOR and
gated decoupling techniques.


In the 300 MHz1H NMR spectrum of2ÿ, two AMX
spectra, one AX spectrum and a singlet are observed.
Next to the signals of2ÿ, those of 14% of1ÿ are
present.11 The singlet at 0.01 ppm with a relative
intensity of 9H is assigned to the TMS group. Irradiation
of this singlet causes NOE effects on the doublet at
5.46 ppm and on the doublet at 6.08 ppm. The doublet is
part of the AX spin system and is therefore assigned to
H-2 and the doublet at 5.46 ppm is assigned to H-9. Using
the H–H COSY spectrum, H-3, H-7 and H-8 can easily be
found. The remaining triplet can be assigned to H-5. A
distinction between H-4 and H-6 could not be made.


Two AMX spectra, one AX spectrum and a singlet
with a relative intensity of 9H are observed in the
300 MHz 1H NMR spectrum of3ÿ. Irradiation of the
doublet at 5.34 ppm causes an NOE effect on the signal at
5.17 ppm, which is part of the AX spectrum. The former
signal is therefore assigned to H-4 and the latter to H-3.
H-2, H-5 and H-6 can subsequently be found using the
H–H COSY spectrum. In the remaining AMX spectrum
belonging to H-7, H-8 and H-9, the signal with twoortho
couplings can be assigned to H-8. The13C NMR signals
belonging to these positions can be found using the C–H
HETCOR spectrum. A distinction between the two
remaining tertiary13C signals, C-7 and C-9, could be
made by recording a 75 MHz gated decoupled13C NMR
spectrum (Fig. 3). In this spectrum C-7 appears as a
double double doublet, arising from the1J coupling with
H-7 and two3J couplings with H-6 and H-9. Carbon 9 has
one1J and one3J coupling and therefore it appears as a
double doublet. The signals of H-7 and H-9 in the1H
NMR spectrum can subsequently be found using the C–H
HETCOR spectrum. Because C-1 has two3J couplings,
with H-3 and H-9, the double doublet at 90.93 ppm can be
assigned to this atom. Similarly, the doublet at 83.20 ppm
is assigned to C-1' because of its3J coupling with H-2.
The signal of C-2' appears at 95.33 ppm as a multiplet
because of its3J couplings with the nine protons of the
tert-butyl group. The downfield quaternary signals
belong to C-3a, C-6a, C-9a and C-9b. The first three
appear as triplets and cannot be further distinguished. The
signal of C-9b can be recognized because it appears as a
multiplet, arising from its five3J couplings.


In the 300 MHz1H NMR spectrum of4ÿ, two AMX
spectra and one AX spectrum are observed. Assignment
of these signals is achieved using1J C–H, 3J C–H
HETCOR and gated decoupled13C NMR spectra. The
five tertiary carbon atoms of4ÿ bearing a pronounced


Table 1. Charge distribution and HOMO coef®cients of 2ÿ,
3ÿ and 4ÿ


Charge HOMO


Position 2ÿ 3ÿ 4ÿ 2ÿ 3ÿ 4ÿ


1 ÿ0.374 ÿ0.196 ÿ0.225 0.421 0.450 0.417
2 ÿ0.012 ÿ0.022 ÿ0.027 0.014 0.019 0.064
3 ÿ0.315 ÿ0.298 ÿ0.298 0.408 0.405 0.397
4 ÿ0.299 ÿ0.280 ÿ0.271 0.402 0.386 0.384
5 ÿ0.030 ÿ0.074 ÿ0.044 0.006 0.010 0.030
6 ÿ0.291 ÿ0.264 ÿ0.255 0.394 0.364 0.376
7 ÿ0.297 ÿ0.271 ÿ0.264 0.399 0.377 0.383
8 ÿ0.029 ÿ0.075 ÿ0.040 0.001 0.006 0.020
9 ÿ0.310 ÿ0.269 ÿ0.263 0.401 0.386 0.389
3a ÿ0.092 ÿ0.073 ÿ0.090 0.011 0.020 0.056
6a ÿ0.080 ÿ0.050 ÿ0.061 0.003 0.005 0.007
9a ÿ0.132 ÿ0.094 ÿ0.105 0.011 0.022 0.061
9b ÿ0.075 ÿ0.059 ÿ0.058 0.007 0.020 0.007
1' ÿ0.399 ÿ0.004 ÿ0.017 0.042 0.007 0.097
2' ÿ0.322 ÿ0.259 0.236 0.246


Table 2. Charge distribution and HOMO coef®cients of
naphthalene (N), 1-cyanonaphthalene (CN) and 1-(3,3-
dimethyl-1-butynyl)naphthalene (DBN)


Charge HOMO


Position N DBN CN N DBN CN


1 ÿ0.088 ÿ0.077 ÿ0.040 0.416 0.419 0.412
2 ÿ0.101 ÿ0.091 ÿ0.061 0.303 0.317 0.259
3 ÿ0.102 ÿ0.112 0.253 0.277
4 ÿ0.087 ÿ0.063 0.419 0.397
5 ÿ0.091 ÿ0.084 0.360 0.412
6 ÿ0.100 ÿ0.096 0.227 0.263
7 ÿ0.102 ÿ0.086 0.259 0.275
8 ÿ0.087 ÿ0.094 0.356 0.414
4a ÿ0.037 ÿ0.039 ÿ0.043 0.002 0.008 0.017
8a ÿ0.022 ÿ0.012 0.048 0.002
1' ÿ0.126 ÿ0.091 0.151 0.057
2' ÿ0.148 ÿ0.066 0.273 0.198
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negative charge appear in the range of 106–113 ppm.
Three of these signals appear as double double doublets
in the gated decoupled13C NMR spectrum. Because of
the absence of a proton at position 1, two of the signals
appear as double doublets and are therefore assigned to
C-3 and C-9. A distinction between these signals can be
made by inspecting the1J C–H HETCOR spectrum. From
this spectrum it can be seen that the signal at 107.08 ppm
is coupled to one of the signals of the AX spectrum and it


is therefore assigned to C-3. The carbon signal at
106.09 ppm is coupled to a proton of an AMX spectrum
and is therefore assigned to C-9. With the aid of the H–H
COSY spectrum, H-2, H-7 and H-8 can easily be found.
From the remaining AMX spectrum, the signal with two
ortho couplings is assigned to H-5. A distinction between
positions 4 and 6 could not be made. Carbon 1 could be
identified from its cross-correlation with H-3 in the
3J C–H HETCOR spectrum. In the gated decoupled


Figure 2. 300 MHz 1H NMR spectra of 2ÿ, 3ÿ and 4ÿ. * 1ÿ
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13C NMR spectrum, the cyano carbon appears as a
doublet with a3J coupling at 127.84 ppm. In the3J C–H
HETCOR spectrum, correlations between C-3a, H-5,
H-2; C-6a, H-5, H-8 and C-9a, H-8 are observed. C-9b is
observed at a chemical shift similar to C-9b in other
phenalenyl anions.


As indicated in Table 3, some of the assignments may
have to be interchanged. The given assignments of these


signals are based on the calculated charge densities and
therefore have to be interpreted with care.


DISCUSSION


Semiempirical calculations of the charge distribution of
2ÿ show the highest charge density to be located at


Figure 3. 75 MHz 13C NMR spectra of 2ÿ, 3ÿ and 4ÿ. * 1ÿ
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position 1.15 The second and third highest charge density
are located at positions 3 and 9.11


In the case of3ÿ, semiempirical calculations predict a
significant lowering of the charge density of position 1
compared with that of C-1 in the unsubstituted phen-
alenyl anion (ÿ0.304).14 The highest charge density of
the phenalenyl moiety is located at position 3. The charge
distribution at positions 3–9 of3ÿ is similar to that of the
1-vinylphenalenyl anion and the 1-hydropyrenyl anion.4


In the calculated charge distribution of the cyano-
phenalenyl anion (4ÿ), a lowering of the charge in the
phenalenyl moiety can be observed compared with the
unsubstituted phenalenyl anion. The highest charge
density in the phenalenyl moiety is located at position 3.


The relatively small upfield shift of 1 ppm (11 ppm in
the corresponding naphthalene compounds),16 observed
on going from C-1 of the phenalenyl anion11 to C-1 of the
1-(trimethylsilyl)phenalenyl anion (2ÿ), may be attribu-
ted to an accumulation of negative charge at position 1 of
2ÿ. Positions 3–9 are shifted slightly downfield compared
with the unsubstituted phenalenyl anion, confirming a
slight shift of negative charge from the rest of the
phenalenyl moiety to C-1. These findings are in
accordance with the relative charge distribution predicted
by semiempirical calculations.


An upfield shift of 12.4 ppm for C-1 is observed on
going from the phenalenyl anion to3ÿ, which is
significantly larger than the 6 ppm upfield shift observed
for the same substitution on neutral naphthalene.17,18


This suggests accumulation of more charge at C-1 of3ÿ


than on the same position in 1-(3,3-dimethyl-1-butynyl)-
naphthalene. The tertiary positions 3–9 of3ÿ are shifted
slightly downfield relative to the same positions in1ÿ,
which suggests a slight withdrawal of negative charge
from these positions. The chemical shift of theb-carbon


atom in 1-(3,3-dimethyl-1-butynyl)naphthalene is
103.4 ppm.18 Substituting the naphthyl for an anionic
phenalenyl substituent causes an upfield shift of 8.1 ppm
for this b-carbon atom, which suggests the accumulation
of a small amount of charge at this position. These facts
combined imply a shift of electron density from positions
3–9 to C-1 and C-2'. The exact distribution of the extra
charge on C-1 and C-2' cannot be ascertained on the basis
of the current data.


Carbon atoms with aperi acetylenic substituent are
shifted upfield by approximately 1.7 ppm.18 Therefore, a
lower actual charge density is assumed at C-9 of3ÿ than
is suggested by its chemical shift. The highest charge
density on the tertiary positions in3ÿ is therefore
assumed to be located at position 3.


On going from C-1 of the phenalenyl anion to C-1 of
4ÿ, an upfield shift of 28.65 ppm is observed, which is
significantly larger than the 17.1 ppm16 upfield shift
observed for the same substitution on C-1 of naphthalene.
The tertiary carbon atoms of4ÿ are also shifted downfield
compared to the tertiary positions of the phenalenyl anion
(1ÿ), indicating that charge has moved from these
positions to C-1, the nitrogen atom or, more likely, both
of these atoms. In this case, the average downfield shift of
C-3–C-9 and the upfield shift of C-1 are larger than in3ÿ.
This indicates that more charge has shifted from the
phenalenyl moiety to positions 1 and 2' of 4ÿ than to the
corresponding positions in3ÿ.


In the case of 1-cyanonaphthalene, the carbon atom
peri with respect to the cyano substituent is shifted
upfield by 2.4 ppm relative to unsubstituted naphthalene.
This suggests that, although C-9 in4ÿ is the tertiary
position at the highest field, position 3 bears slightly more
charge.


NMR spectroscopy and semiempirical calculations
show a shift of negative charge from positions 3–9 to C-1
in 2ÿ. Many examples of stabilization of negative charge
by silyl substituents have been reported.15,19 The nature
of this stabilization has been attributed to (p–d)p
bonding, although the inclusion of d-functions on silicon
had little effect on the proton affinity of the anions in
high-levelab initio calculations.15 A second rationaliza-
tion of the stabilization of negative charge by silicon
suggested by different kinds of calculations is a hyper-
conjugative interaction between anion and trimethylsilyl
group.19,20 As a consequence of this, higher electron
densities at the three methyl groups are expected.
However, the chemical shift of the methyl carbons in
tetramethylsilane, 1-(trimethylsilyl)naphthalene and2ÿ


do not differ very much, suggesting no significant extra
electron density at these atoms and thus that hyperconju-
gation only plays a minor role in the interaction of the
trimethylsilyl substituent with thep-electrons of2ÿ. If
conjugative interactions are indeed less important in this
effect, another rationalization of the observed polariza-
tion of the charge distribution may arise from the positive
charge on silicon. This charge is induced by the more


Table 3. 1H NMR and 13C NMR chemical shifts of 2ÿ, 3ÿ and
4ÿ


H 2ÿ 3ÿ 4ÿ C 2ÿ 3ÿ 4ÿ


1 102.13 90.93 74.65
2 6.08 6.04 6.10 2 135.53 131.14 131.96
3 5.18 5.17 5.26 3 104.65 103.05 107.08
4 5.21a 5.34 5.65a 4 104.47a 104.39 109.13a


5 5.95 6.05 6.34 5 127.99 126.28 127.97
6 5.36a 5.49 6.00a 6 106.35ab 106.16 113.50a


7 5.36 5.47 5.91 7 105.60b 105.05 110.38
8 6.00 6.15 6.40 8 127.65 126.87 127.98
9 5.46 5.68 5.88 9 106.45 103.12 106.09
R 0.01 1.20 3a 145.45c 141.80a 142.89


6a 144.25c 141.61a 140.77
9a 148.38c 142.94a 143.29
9b 138.77 136.24 135.79
1' ÿ2.64 83.20 127.84
2' 95.33
3' 31.69


a,b,cThese values may be interchanged.
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electronegative carbon atoms and results in an electro-
static perturbation of the adjacentp-electron cloud.16


The ability of the trimethylsilyl group to attract
negative charge to the adjacent carbon atom is illustrated
by the observation that in 1-methyl-4-(trimethylsilyl)-
naphthalene the substituted ring is reduced, whereas
reduction of 1-methylnaphthalene occurs in the unsub-
stituted ring.10 The TMS substituent in the 1-methyl-4-
(trimethylsilyl)naphthalene dianion, draws negative
charge to the substituted ring, causing protonation and
thus reduction to occur in this ring. A second illustration
of the attraction of charge by the trimethylsilyl group is
reaction of the trimethylsilylcyclopentadienyl anion with
dimethyldichlorosilane, which, despite of steric hin-
drance, only occurs at C-1.21


According to NMR spectroscopy, the acetylenic
substituent has little effect on the charge distribution in
the anion. The 8.1 ppm upfield shift of theb-acetylenic
carbon on going from 1-(3,3-dimethylbutynyl)naphtha-
lene to3ÿ is significantly less than the 23.3 ppm upfield
shift of the b-vinylic carbon on going from 1-
vinylnaphthalene22 to the 1-vinylphenalenyl anion.4 This
indicates that much less negative charge is located in the
triple bond of 3ÿ than in the double bond of the 1-
vinylphenalenyl anion. This is in accordance with the
slight perturbation of the charge distribution in the rest of
the phenalenyl moiety of3ÿ. These findings are not in
accordance with the results of the semiempirical
calculations, which predict a high negative charge at
theb-carbon atom of the triple bond. In the case of3ÿ, a
large HOMO coefficient is calculated at C-1. This may
suggest that thep-electrons compensate for a perturba-
tion of the underlyings-framework as observed with the
aid of NMR spectroscopy in the case of the substituted
naphthalenes. However, it is uncertain if the charge
density of C-1 of 3ÿ is correctly predicted by the
calculations. A more precise estimation of the charge
density at C-1 is not possible with the current data.


The cyano substituent clearly has a larger influence on
the charge distribution of the phenalenyl anion than the
acetylene substituent. With the aid of NMR spectroscopy,
a shift of negative charge is observed from the phenalenyl
moiety to C-1 and possibly to the nitrogen atom. Abbotto
et al.23 concluded on the basis of a13C NMR study of a
wide variety ofa-substituted acetonitrile and phenylace-
tonitrile anions that the cyano group has a mesomeric
electron demand about equal to that of the phenyl
substituent. This implies that only a small amount of
charge is drawn to the nitrogen atom and most of the
charge is localized at C-1. In contrast to what is predicted
by the calculations, the charge on C-1 of4ÿmay be equal
to or even higher than that on the tertiary positions in the
anion. The shift of charge will be mainly from the tertiary
positions 3–9 to C-1 and only slightly to the nitrogen
atom. The exact distribution of charge between C-1 and
the nitrogen atom could not be determined. The localiza-
tion of negative charge next to the cyano substituent may


be due to several factors. First, it may be due to an
electrostatic effect of the CN substituent, similar to that
observed in the case of the 1-(trimethylsilyl)phenalenyl
anion. Second, a compensation by thep-electrons for the
polarization in thes-electron skeleton is possible. Third,
stabilization of negative charge by a strongp-interaction
with the cyano carbon atom, resulting in a high double
bond character between C-1 and the CN group, as
suggested by Abbottoet al.,23 is possible. The exact
mechanism of the polarization of negative charge by the
cyano substituent is uncertain. Most likely it is a
combination of the factors mentioned above.


EXPERIMENTAL


1H-Phenalene (1) and 2,3-dihydro-1H-phenalen-1-one
(5) were prepared according to the procedure of
Hempeniuset al.11 n-Butyllithium (1.6M in hexane)
was purchased from Janssen Chimica (Beese, Belgium).
Trimethylsilyl chloride, tert-butylacetylene, diethylalu-
minum cyanide (1.0M in toluene) and methyllithium
(1.0M in diethyl ether) were obtained from Aldrich.
Tetrahydrofuran from Janssen Chimica was distilled
from LiAlH 4 directly before use. Tetrahydrofuran-d8 and
diglyme-d14 were purchased from Aldrich. Column
chromatography was performed on silica gel 60 (230–
400 mesh) obtained from Merck. The NMR samples
of the anions were prepared in a glove-bag under
an atmosphere of argon. The 300 MHz1H NMR,
75 MHz 13C NMR, H–H COSY, NOE difference and
13C–1H correlated spectra were recorded on a Bruker
WM-300 spectrometer. The 200 MHz1H NMR spectra
were recorded on a Jeol JNM-FX-200 spectrometer. All
chemical shifts (�) of the neutral compounds are given
in ppm relative to tetramethylsilane (TMS); the chemical
shifts of the1H NMR spectra of the anions are given
relative to the 1.07 ppm signal of diethyl ether and
the 13C NMR shifts relative to the 25.3 ppm signal of
THF; the coupling constants (J) are given in hertz.
Observed NOE effects from NOE difference experiments
are printed as NOE: irradiated proton (observed correla-
tion proton).


1-TMS-1H-phenalene (2). To a solution of1ÿ in THF,
prepared from 429 mg (2.36 mmol) of 2,3-dihydro-1-
hydroxy-1H-phenalene according to the method of
Hempeniuset al.,24 327ml (2.60 mmol) of trimethylsilyl
chloride were added atÿ15°C. The solution turned
yellow within 15 min. Addition of water and diethyl
ether, extraction, drying of the organic layer over
magnesium sulfate, filtration and concentration under
reduced pressure resulted in 454 mg (1.67 mmol, 70.7%)
of 1-trimethylsilyl-1H-phenalene (2) as a yellow oil.1H
NMR (200 MHz, CDCl3), � (ppm): ÿ0.02 (9H, s,
1-TMS), 3.64 (1H, dd,J = 1.6, 6.3 Hz, H-1), 6.10 (1H,
dd, J = 6.3, 9.4 Hz, H-2), 6.49 (1H, dd,J = 1.6, 9.4 Hz,
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H-3), 6.87 (1H, d, J = 7.0 Hz, 4-H), 6.93 (1H, d,
J = 7.0 Hz, 9-H), 7.17–7.32 (2H, m, H-5�H-8), 7.40–
7.47 (2H, m, H-6� H-7).


Preparation of the 1-TMS-phenalenyl anion (2ÿ) in an
NMR tube. In a glove-bag under an atmosphere of dry
argon, a solution of2 (54.8 mg, 0.23 mmol) in a 1:1
mixture of THF-d8 and diglyme-d14 (total volume 1 ml)
was transferred to an NMR tube. With a long needle, the
solution was purged with dry argon. After this, the
solution was cooled toÿ130°C in a hexane bath. A 1.0M
solution (generated by addition of 2.0 ml of n-butyl-
lithium to a solution of 418ml of diisopropylamine in
1.2 ml of THF) of lithium diisopropylamide (0.22 ml,
0.22 mmol) in dry diethyl ether was added by means of a
syringe. The NMR tube was connected to a vacuum line
in the glove-bag, submitted to three freeze–pump–thaw
cycles, sealed under vacuum and separated from the
vacuum line. In this way, a moisture- and oxygen-free
sample was prepared. The colour changed from yellow to
deep orange.1H NMR (300 MHz, THF-d8, diglyme-d14),
� (ppm): 0.01 (9H, s, 1-TMS), 5.18 (1H, d,J = 7.9 Hz, H-
3), 5.21 (1H, d,J = 7.7 Hz, H-4), 5.36 (2H, d,J = 7.7 Hz,
H-6� H-7), 5.46 (1H, d,J = 7.8 Hz, H-9), 5.95 (1H, t,
J = 7.7 Hz, H-5), 6.00 (1H, dd,J = 7.7, 7.8 Hz, H-8), 6.08
(1H, d,J = 7.9 Hz, H-2).


2,3-Dihydro-1-hydroxy-1-(3,3-dimethyl-1-butynyl)-1H-
phenalene (6). To a solution of 420 mg (4.12 mmol) of
tert-butylacetylene in 20 ml of THF, 2.19 ml (3.50 mmol)
of n-butyllithium were added atÿ50°C. After the
addition, the temperature was raised to 0°C and stirring
was continued for 15 min. Subsequently, 500 mg
(2.75 mmol) of 2,3-dihydro-1H-phenalen-1-one (5) in
8 ml of THF were added to the reaction mixture, resulting
in a black solution. The temperature was raised to room
temperature and the mixture was stirred for 1 h when
TLC (CH2Cl2) indicated completion of the reaction.
Addition of CH2Cl2 and water, washing the organic layer
with water until neutral, drying over magnesium sulfate
and column chromatography (50% CH2Cl2–hexanes)
resulted in the isolation of 590 mg (2.08 mmol, 77%) of
2,3-dihydro-1-hydroxy-1-(3,3-dimethyl-1-butynyl)-1H-
phenalene (6). 1H NMR (200 MHz, CDCl3), � (ppm):
1.24 (9H, s,tBu), 2.32 (2H, m, 2-CH2), 3.13 (1H, dt,
J = 5.2, 16.4 Hz, H-3a), 3.37 (1H, ddd,J = 5.1, 9.8,
16.4 Hz, H-3b), 7.28 (1H, d,J = 7.2 Hz, arom. H), 7.39
(1H, dd,J = 7.2, 8.2 Hz, arom. H), 7.48 (1H, dd,J = 6.7,
8.2 Hz, arom H), 7.68 (1H, d,J = 8.2 Hz, arom. H), 7.78
(1H, d, J = 8.2 Hz, arom. H), 7.94 (1H, d,J = 6.7 Hz,
arom. H).


Preparation of the 1-(3,3-dimethyl-1-butynyl)phenale-
nyl anion (3ÿ) in an NMR tube. A mixture of 190 mg
(0.72 mmol) of alcohol6 and a catalytic amount ofp-
toluenesulfonic acid in 15 ml of toluene were refluxed for
1 h when TLC indicated completion of the reaction.


Cooling and addition of hexanes caused the sulfonic acid
to crystallize. Filtration over Hyflo and column chroma-
tography resulted in the isolation of a fraction of pure3.
A 50 mg amount of3 was quickly converted into an anion
according to the method as described for2ÿ, this time
using a 1.0M solution of methyllithium as the base.1H
NMR (300 MHz, THF-d8, diglyme-d14), � (ppm): 1.20
(9H, s, tBu), 5.17 (H, d,J = 7.8 Hz, H-3), 5.34 (H, d,
J = 7.1 Hz, H-4), 5.47 (H, d,J = 7.7 Hz, H-7), 5.49 (H, d,
J = 8.0 Hz, H-6), 5.68 (H, d,J = 7.4 Hz, H-9), 6.04 (H, d,
J = 7.8 Hz, H-2), 6.05 (1H, dd,J = 7.1, 8.0 Hz, H-5), 6.15
(H, dd,J = 7.4, 7.7 Hz, H-8).


Preparation of the 1-cyanophenalenyl anion (4ÿ) in an
NMR tube. To a solution of 300 mg (1.65 mmol) of 2,3-
dihydro-1H-phenalen-1-one (5) in 30 ml of dry toluene,
1.65 ml (1.65 mmol) of a 1.0M solution of Et2AlCN in
toluene was added atÿ25°C. After stirring atÿ25°C for
4 h, the reaction mixture was added to a solution of 30 ml
of dry methanol and 20 ml of concentrated HCl at
ÿ70°C. After stirring for 1 h the reaction mixture was
poured into a mixture of ice–water and HCl. Extraction
with CH2Cl2 and washing with water until neutral
resulted in the crude product, which was purified by
means of column chromatography. Elution was started
with CH2Cl2. After all the phenalenone had been isolated,
elution was continued with 2% CH2Cl2–hexanes, which
resulted in the isolation of a small amount of highly
unstable cyanohydrin7, which was immediately trans-
formed into the phenalene derivative4 according to the
procedure described for the conversion of6 to 3. This
phenalene derivative was immediately transformed into
its anion (4ÿ) according to the procedure described
above. 1H NMR (300 MHz, THF-d8, diglyme-d14), �
(ppm): 5.26 (1H, d,J = 8.6 Hz, H-3), 5.65 (1H, d,
J = 7.6 Hz, H-4), 5.88 (1H, d,J = 7.6 Hz, H-9), 5.91
(1H, d, J = 7.6 Hz, H-7), 6.00 (1H, d,J = 8.1 Hz, H-6),
6.10 (1H, d, J = 8.6 Hz, H-2), 6.34 (1H, dd,J = 7.6,
8.1 Hz, H-5), 6.40 (1H, t,J = 7.6 Hz, H-8).
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spectrum of protonated proton sponge: the adduct of
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ABSTRACT: Low-temperature (120 K) studies of the structure of the DMAN�DCI adduct indicate that in
symmetrical [NHN]� hydrogen bridge of 2.571 (1) A˚ length (2.579(2) A˚ at room temperature) there is a disorder of
the H-atom occupying two positions at nitrogen atoms with a distance of 0.94(3) A˚ . The comparison with the situation
at room temperature seems to show a very low barrier for the proton transfer. The low-frequency vibrations with the
participation of the whole N(CH3)2 groups observed in Raman and inelastic incoherent neutron scattering (IINS)
spectra of about 100 cmÿ1 excited at room temperature cause the fundamental level of the protonic mode to penetrate
or exceed the barrier. The bending CNC vibrations of about 500 cmÿ1 are strongly coupled with the protonic mode
leading to Evans holes in the band ascribed to the 0�→ 0ÿ transition. This hypothesis is consistent with the literature
data relating to theoretical studies on H3NHNH3


�, which show that the barrier for the proton transfer disappears at the
hydrogen bond length of about 2.55 A˚ . Copyright 1999 John Wiley & Sons, Ltd.


KEYWORDS: protonated proton sponge; low-temperature structure; vibrational spectroscopy


INTRODUCTION


1,8-Bis(dimethylamino)naphthalene (proton sponge;
DMAN) and its protonated form in various crystalline
setting has evoked continuing interest since the first
publication by Alderet al.1 In a review by Bakshiet al.2,


32 structures containing the DMAN�H� cations in the
environement of various anions were described. Recently
a number of other structures have been reported.3–11The
N���N hydrogen bond length varies from 2.522(1) to
2.644(2) Å and the NHN angle from 141 to 170°.
Symmetrical bridges were found when the cations
possess a mirror plane perpendicular to the naphthalene
ring in ionic adducts containing Brÿ�H2O,12 tetra-
zolate�H2O,13 [OTeFe5]


ÿ (140 K),14 SCNÿ,8 4,5-di-
cyanoimidazolate5 and BF4


ÿ 15 counter-anions.
In contrast to DMAN itself, the DMAN�H� cations are


to a large extent flattened with the nitrogen atoms only
negligibly displaced from the naphthalene ring plane. An
unusually high proton affinity of DMAN and other
diamines was theoretically elucidated by Pera¨kylä.16


Of primary importance in the discussion of the


DMAN�H� cation structure seems to be the shape of
the potential for the motion of the bridge proton. The
question is whether a single or double minimum exists.
X-ray diffraction studies at room temperatures performed
so far indicate that the proton occupies one local
minimum shifted markedly towards the centre of a
bridge. In extreme cases it occupies exactly the central
position. Substantial progress in the understanding of the
properties of NHN bridges in the DMAN�H� cation
resulted from low-temperature studies carried out by
Kanters and co-workers.17–19 In three cases, namely
DMAN�H��nitrate,17 DMAN�H�[dihydrogen-hemimel-
litate]�hemihydrate18 and [DMAN�H�]2�[squarate]�
tetrahydrate,18 the difference electron density maps show
that at low temperatures there is a double minimum
potential. In the first two cases of asymmetric bridges, the
population ratios for the two minima are 70:30 and 66:34,
respectively, and the N(1)—H and N(2)—H bond lengths
corresponding to these minima are close to those usually
observed in amino acids.20 In the case of the squarate salt
there is a symmetrical proton distribution between two
positions with a distance of about 0.34 A˚ from the mirror
plane. As stated by Saleset al.:17 ‘The extremely long
N—H distance at room temperature may be interpreted as
the result of increased disordering at elevated tempera-
tures.’ The disordering of H-atoms in DMAN�H� cations
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was also evidenced by Lopezet al.10 in x-ray diffraction
and cross-polarization magic angle spinning NMR
studies of the DMAN�HPF6 and DMAN�picric acid
ionic adducts. An extended discussion of this problem,
based on collected experimental results and semiempi-
rical calculations, was published by Llamaz-Saizet al.,21


who speak in favour of a double minimum potential for
the proton motion. More advancedab initio calculations
by Plattset al.22 unequivocally show that protonation of a
free DMAN molecule proceeds preferably at one
nitrogen atom. The localization of the bridge proton in
protonated DMAN was recently analysed based on NMR
spectra.23


In this work, we studied the problem of the low-
temperature behaviour of [NHN]� bridges in the adduct
of DMAN with 4,5-dicyanoimidazole (DCI).5 In this
crystal there are at least dynamically symmetric
DMAN�H� cations as reflected both in its geometry
and in the symmetry of the potential exerted by the
crystalline lattice. This symmetrical system is attractive
because we have at our disposal information about
spectroscopic behaviour, and in particular about inelastic
incoherent neutron scattering and Raman spectra in the
region of low frequencies.24 It seemed that just the low-
frequency modes related to the motion of whole (CH3)2N
groups combined with deformation of the naphthalene
skeleton at about 100 cmÿ1 are a key factor ruling the
behaviour of the DMAN�H� cations.


EXPERIMENTAL


A single crystal of DMAN�DCI used for data collection
(approximate dimensions 0.35� 0.35� 0.35 mm) was
obtained from stoichiometric solution in acetonitrile by
slow evaporation of the solvent.


All x-ray intensities were collected using a KUMA
KM4 four-circle diffractometer with an Oxford Cryo-
sytem Cryostream Cooler and Mo Ka radiation with a
graphite monochromator. Cell parameters were obtained
from a least-squares fit of the setting angles of 50
reflections in the range 19< 2� < 27°. The diffraction
data were collected at 120 K with the! ÿ2� scan
technique up to 2� = 70°. The intensities of three standard
reflections monitored after each 100 reflections showed a
variation of �2%. A total 4129 of reflections were
collected, of which 2382� 2 �(I) were used for structure
determination. The intensities of the reflections were
corrected for Lorentz and polarization factors but not for
absorption.


The crystal structure was solved by direct methods
using the program SHELXS-8625 and refined by full-
matrix least-squares methods using SHELXL-9326 with
anisotropic thermal parameters for the non-hydrogen
atoms. At intermediate stages of the refinement, the
difference maps showed 10 H-atoms; they were included
with isotropic thermal parameters. At the end of the


refinement the position of the bridging proton was
identified from a difference Fourier map calculated with
the proton omitted from the final model. A double
maximum (ca 0.75 e Åÿ3) was found in this position.
Therefore, in the final refinement, the bridging proton
was treated as statistically disordered with an occupancy
factor of 0.5. At convergence, the discrepancy factors
R(F), !R(F2) andS(F2) were 0.0415, 0.1106 and 1.056,
respectively. The final difference Fourier map was
essentially featureless, with largest peak and hole of
0.48 andÿ0.18 e Åÿ3. Scattering factors were those
incorporated in SHELXL-93.


IR spectra were recorded on a Perkin-Elmer model 180
spectrophotometer for DMAN�DCI suspended in Nujol
using CsI plates at 80 and 300 K. The temperature
dependence of the IR spectra was measured using a low-
temperature vacuum attachment and a control system of
our own design.


RESULTS AND DISCUSSION


The molecular scheme of the DMAN�DCI adduct with
numbering of atoms is shown in Fig. 1 and the packing of
molecules in the unit cell is presented in Fig. 2. A
summary of crystal data for 293 and 120 K is given in
Table 1 and fractional atomic coordinates and equivalent
isotropic displacement parameters found at 120 K are
collected in Table 2.


Non-hydrogen atomic coordinates with anisotropic
displacement parameters, hydrogen atom coordinates
with isotropic displacement parameters and bond lengths


Figure 1. Structure of DMAN�DCI adduct with atom
numbering. Symmetry code: (') x; 0.25, z
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and angles have been deposited at the Cambridge
Crystallographic Data Centre (CCDC No. 101645).


Difference electron density maps within the [NHN]�


bridge calculated for 120 and 293 K are shown in Fig. 3,
and a comparison of the geometry of the [NHN]�


hydrogen bridge at 293 and 120 K is presented in
Table 3.


The analysis of the material gathered in this work enables
us to formulate the following conclusions with respect to
the influence of cooling on the structure of DMAN�DCI
adduct. First, the temperature does not affect either the
lattice symmetry or the symmetry of the DMAN�H�
cation. The [NHN]� hydrogen bond length shortens on
cooling to 120 K by about 0.01 A˚ and the bridge becomes
less bent. The length at 120 K of 2.571(1) A˚ belongs to
very short (but not shortest) [NHN]� bridges. The
temperature does not affect the mutual orientation of
planar cations and anions. They are oriented perpendi-
cular to each other, and the symmetry plane of the
DMAN�H� cation includes the planar anion. With
respect to the packing density, lowering of the tempera-
ture leads to remarkable shortening of contacts between
the N-atoms of the cyano groups and C—H bonds of the
methyl groups or of the naphthalene skeleton, associated
with participation of the imidazole ring nitrogen atoms.
Representative data are given in Table 4.


Figure 2. Section of the unit cell showing the molecular
packing of DMAN�DCI. Short CÐH¼N contacts indicated
by dashed lines. See Table 4 for geometric data


Figure 3. Difference electron density maps within the [NHN]� bridge calculated with proton omitted from the ®nal model.
The molecular fragments marked on the maps were used to de®ne sections for contouring the maps: (a) (120 K) the
contour is drawn with 0.1 e AÊ ÿ3 intervals; (b) (293 K) the same with 0.03 e AÊ ÿ3 intervals. Zero and negative lines dashed


Table 1. Summary of crystal data for the 1:1 DMAN.DCI
adduct at 293 and 120K


293K 120K


Crystal system monoclinic
Space group P21/m
Cell constants
a (Å) 7.999(3) 7.903(2)
b (Å) 11.566(2) 11.455(2)
c (Å) 10.706(4) 10.587(2)
b (°) 110.51(3) 110.14(2)
V (Å3) 927.8(5) 899.8(3)
Z 2 2
Dc (g cmÿ3) 1.119(1) 1.227(1)
m (mmÿ1) 0.59 0.077
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The most salient effect connected with cooling of
DMAN�DCI relates to the behaviour of the bridge proton
expressed in electron density maps at 293 and 120 K. At
120 K two equivalent positions of the proton are found at
a distance of 0.94(3) A˚ from the nitrogen atoms. This
result is similar to that obtained by Kanterset al.19 for
another salt of DMAN with a dynamically symmetrical
[NHN]� hydrogen bond with N���N distances of
2.574(3) and 2.594(3) A˚ at 100 K.


The shape of the potential for the proton motion in
H3NHNH3


� cations has been analysed theoretically.27–30


According to the calculations by Scheiner,29 using the 4–
31G basis set within the Hartree–Fock formalism, one
could expect the barrier to vanish at an N���N distance of
about 2.55 A˚ . Very similar conclusions can be drawn
from the results by Merletet al.28 and Delpuechet al.27


Although these results cannot be directly transferred to
the present work, it seems that in the DMAN�H� cation
there is a low barrier hydrogen bonding, and this barrier
may be close tokT. Hence at low temperatures the zero
point vibrational level is located below the barrier and
two peaks of the wavefunction should exist, whereas at


elevated temperatures this level can exceed the barrier
top.


The energetic levels for such bridges were analysed by
Merlet et al.28 From the analysis it follows that the four
lowest levels, denoted 0, 1, 2 and 3 (corresponding to
notation 0�, 0ÿ, 1� and 1ÿ) depend strongly on the bridge
length and barrier. In the case of a very low barrier the
0�→0ÿ transition is a few hundred cmÿ1 and the isotopic
ratio can reach anomalously high values. Bridges within
this range of length should be most sensitive to the
external conditions. The transition moments for [NHN]�


bridges were not analysed but there are data available for
[OHO]� bridges of corresponding geometry. Scheiner29


showed that [NHN]� bridges behave similarly to
[OHO]�, which are about 0.1 A˚ shorter. Janoscheket
al.31 showed that of two possible transitions, 0�→0ÿ, and
0�→1ÿ, the latter is characterized by a probability that is
the lower the higher is the barrier. If the distance between


Figure 4. IR absorption spectra of DMAN�DCI in Nujol at
293 K (solidline) and 120 K (dotted line) in the region below
1000 cmÿ1. The Evans holes are located at 440, 517 and
560 cm


Table 2. Fractional atomic coordinates and equivalent
isotropic displacement parameters for DMAN.DCI adduct
at 102 K


Atom x y z Ueq/Uiso


N(1) 0.68436(11) 0.13779(7) 0.36272(8) 0.0174(2)
N(21) 0.4469(2) 0.2500 ÿ0.4469(1) 0.0230(2)
N(23) 0.2090(2) 0.2500 ÿ0.3712(1) 0.0262(3)
N(24) 0.3762(2) 0.2500 ÿ0.0181(2) 0.0436(4)
N(25) 0.8510(2) 0.2500(2)ÿ0.1760(1) 0.0322(3)
C(1) 0.8013(1) 0.1397(1) 0.2816(1) 0.0170(2)
C(2) 0.8612(2) 0.0375(1) 0.2447(1) 0.0233(2)
C(3) 0.9758(2) 0.0390(1) 0.1677(1) 0.0274(2)
C(4) 1.0270(1) 0.1426(1) 0.1293(1) 0.0248(2)
C(9) 0.8526(2) 0.2500 0.2443(1) 0.0162(2)
C(10) 0.9685(2) 0.2500 0.1663(1) 0.0200(2)
C(11) 0.5072(2) 0.0839(1) 0.2908(1) 0.0261(2)
C(12) 0.7740(2) 0.0839(1) 0.4964(1) 0.0248(2)
C(22) 0.2674(2) 0.2500 ÿ0.4757(2) 0.0262(3)
C(24) 0.3653(2) 0.2500 ÿ0.2637(1) 0.0208(2)
C(25) 0.5104(2) 0.2500 ÿ0.3098(1) 0.0184(2)
C(26) 0.3703(2) 0.2500 ÿ0.1281(2) 0.0284(3)
C(27) 0.6985(2) 0.2500 ÿ0.2344(1) 0.0222(3)
H(1) 0.6716(37) 0.2176(25) 0.3765(29) 0.034(2)


Ueq� 1
3


X
i


X
j


Uij ai
�aj
�aiaj


Table 3. Comparison of the geometrical parameters of the [NHN]� hydrogen bridge in the DMAN.DCI adduct at 293 and 120 K


T(K) d(N1: : :N1
i� (Å) d(N1—H1� (Å) d(H1: : :N1


i� (Å) <N1H1N1
i ���


293 2.579(2) 1.321(8) 1.321(8) 155(3)
120 2.571(1) 0.94(3) 1.67(3) 160(3)


symmetry code (i�: x, 0.25,z
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the 0� and 0ÿ levels is considerable, then we do not
observe transitions from the 0ÿ levels. Hence in IR
spectra without an external electrical field we should
observe only one band 0�→0ÿ in the range 300–
650 cmÿ1. The low-frequency intense band observed in
various protonated sponges is located in this region.32


Figure 4 shows this section of the IR spectrum at 293 and
120 K for the DMAN�DCI adduct. We do not observe
any other absorption above 1000 cmÿ1 which could be
ascribed to vibrations of the bridge proton.


The behaviour of the band ascribed to the 0�→0ÿ
transition in DMAN�H� can be understood by analysing
the low-frequency vibrations related to the motion of the
(CH3)2N groups. Raman and particularly the IINS studies
of the DMAN�DCI adduct show frequencies in the range
30–150 cmÿ1, which, based on theoretical analysis,
should be ascribed to the (CH3)2N vibrations with
participation of deformations of the naphthalene ring.
One can distinguish frequencies of 34, 102, 120 and
156 cmÿ1. The coupling of the protonic mode with such


vibrations should lead, according to Marechal and co-
workers33,34and Shchepkin,35 to broadening and in some
cases to fine structure of the bands. In our case, owing to
additional coupling with lattice vibrations and to the
Zundel polarizability, we do not observe such a structure.
On the other hand, the Evans holes arising from the
coupling with bending NC3 modes are seen very well.
These modes are also observed in IINS spectra in the
range 300–700 cmÿ1. In the IR absorption spectrum of
the DMAN�DCI adduct (similar in other DMAN salts),
these windows are located at 440, 517 and 560 cmÿ1.


The coupling of protonic vibrations with low-fre-
quency modes of the (CH3)2N groups causes the
appearance of additional sub-levels corresponding to
these frequencies and their overtones (kT is of the order
of 200 cmÿ1 at room temperature). This is presented in
the energy diagram in Fig. 5. At room temperature there
are possible states exceeding the barrier, as shown by
electron density maps and the behaviour of the 0�→0ÿ
band, which confirm such a hypothesis. A reduction in
temperature causes an intensification of that band,
particularly in the low-frequency wing. As follows from
calculation,31 the transition moment for the 0�→0ÿ
transition is the larger the higher is the barrier. Thus the
increase in population of low-lying local levels should
lead to an enhancement of the integrated intensity,
especially in the low-frequency wing.


The working hypothesis that the energetic barrier for
the proton transfer in the DMAN�H� cation is of the
order ofkT also explains why a very large (much more
than


p
2) isotopic frequency ratio is observed in various


salts of DMAN.36 Such an anomalous behaviour is
consistent with the calculations by Merletet al.28 for the
0�→0ÿ transition in the H3NHNH3


� cation. A high value
of the frequency isotopic ratio can also be expected in the
case of a double minimum potential with a low barrier
based on semiempirical studies using polynomial func-
tions.37,38 The appearance of broad (‘continuous’)
absorption for DMAN salts in strongly polar solvents
such as acetonitrile32 is due to electrostatic interactions
between the cation and dipoles of the solvent molecules.
This leads to an asymmetric transient deepening of the
minima and an increase in the transition moments to
higher protonic levels and their diffusion. In addition,


Figure 5. Postulated vibrational protonic levels for the
DMAN�H� cation in the one-dimensional approximation


Table 4. Short CÐH� � �N contacts in DMAN.DCI


C—H� � �N d(C� � �N) (Å) d(H� � �N) (Å) <�C—H � � �N����
293 K 120 K 293 K 120 K 293 K 120 K


C(11)—H(7)� � � N(24) 3.673(3) 3.614(2) 2.73(2) 2.66(2) 167(2) 163(1)
C(11)—H(5)� � � N(21)i 3.596(3) 3.531(2) 2.80(2) 2.82(2) 135(2) 133(1)
C(12)—H(8)� � � N(21)i 3.481(3) 3.425(2) 2.70(2) 2.68(2) 136(2) 139(1)
C(2)—H(2) � � � N(23)ii 3.737(2) 3.669(1) 2.78(2) 2.71(2) 167(2) 169(1)
C(3)—H(3) � � � N(25)iii 3.682(3) 3.571(1) 2.77(2) 2.63(2) 157(2) 161(1)


symmetry code (i) x,y,z� 1; (ii ) l-x,-y,-z� 1; (iii ) 2-x,-y,-z.
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broadening of bands due to the Zundel polarizability
mechanism39 takes place.
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ABSTRACT: The synthesis and spectroscopic properties (1H, 13C and15N NMR, in solution and in the solid state) of
six new 1-adamantylmethylene azines are reported. The crystal and molecular structures of 1-adamantylcarbaldehyde
azine and 1-adamantyl methyl ketone azine, which exist in the solid state in theE,E-configuration, were determined
by x-ray analysis. The geometric characteristics of the azine central bridge and the preferred configuration with regard
to it (E,E, E,Z or Z,Z) were investigated by means of the crystallographic data retrieved from the Cambridge Structural
Database andab initio quantum chemical calculations. Copyright 1999 John Wiley & Sons, Ltd.


KEYWORDS: Adamantylmethyleneazines; x-ray structures;ab initio calculations; multinuclear magnetic resonance;
cross-polarization magic angle spinning NMR


INTRODUCTION


Azines are 2,3-diazabutadiene derivatives that can also
be viewed as N—N-linked diimines. They have been
widely studied as a part of heterocyclic compounds1,2and
recently are receiving increasing attention for their
biological, chemical and physical properties.3–5 On the
other hand, the adamantyl group has been successfully
used to stabilize certain functional groups, and the high
crystalline character of adamantyl compounds provides
an additional advantage in the product isolation proce-
dure.6 Moreover, the pharmacodynamic effects of the
adamantyl group are closely related to its highly
lipophilic character and compact symmetrical architec-
ture.7 On these bases, the aim of our work has been the
synthesis and stereochemical structural studies of the
symmetric and unsymmetric adamantylmethyleneazines
1–6 (Scheme 1).


The conformation of the N—N bond in these azines
can be s-cis, s-trans, both planar, or s-gaucheand, for
unsymmetric azines, there are four possible configura-
tions, E,E, E,Z, Z,E and Z,Z (Scheme 2). The s-cis
conformation is obviously destabilized owing to strong
interactions of the vicinal electron lone pairs, electro-


static effects and steric repulsion of the twoendo
substituents, a reason why non-protonated azines undergo
criss-cross cycloaddition instead of [4� 2] cycloaddi-
tion.3 In azines, thegaucheconformation is destabilized
by alkyl substitution in favour of the s-trans form, which
is usually the only conformer detected by spectroscopic
methods.8


EXPERIMENTAL


General methods. Melting-points were determined on a


Scheme 1
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hot-stage microscope and are uncorrected. Analytical
thin-layer chromatography was performed on Merck
60F254 silica gel with a layer thickness of 0.2 mm.
Combustion analyses were performed with a Perkin-
Elmer model 2400 CHN instrument. NMR spectra were
obtained on Bruker AC-200 and DRX-400 instruments.
The 1H and 13C chemical shifts (�, ppm) are given
relative to external tetramethylsilane.15N NMR spectra
are referred to nitromethane as external standard; no
corrections for bulk differences were applied.9 Solid-
state13C cross-polarization magic angle spinning (CP/
MAS) NMR spectra were obtained with a Bruker AC200
spectrometer using the experimental conditions already
described.10


Compounds. 1-Bromoadamantane, 1-adamantyl methyl
ketone (9), (E)-cinnamaldehyde (11) and benzophenone
(12) are commercial products. Benzophenone hydrazone
(13) was obtained from benzophenone and hydrazine,
according to the literature.11


1-Adamantylcarbaldehyde (7). This compound was
synthesized by the Bouveault reaction12 starting from
dry 1-bromoadamantane (1.07 g, 5.0 mmol), anhydrous
N,N'-dimethylformamide (5.2 mmol), 10.5 mmol of 25%
lithium dispersion in mineral oil or lithium wire (both
containing 1% sodium; with a lesser amount of Na, e.g.
0.05%, the reaction did not work)13 in 50 ml of anhydrous
THF under argon and external cooling with ultrasonic
radiation from a Virsonic 300 Model 175893 Cell
Disrupter (20 kHz), the reaction being completed at
room temperature in 5 min (lithium dispersion)–50 min
(lithium wire) (the reaction was followed by thin-layer
chromatography). The excess of lithium was filtered and


the traces of it remaining in the reaction mixture were
destroyed with ammonium chloride in an ice-bath to
prevent heating of the solution. The solution was then
extracted with diethyl ether or dichloromethane and the
solvent evaporated off.


Filtration over dry silica gel 60 (230–400 mesh) using
hexane separates the unreacted 1-bromoadamantane and
high-Rf secondary products and elution with hexane–
ethyl acetate (75:25) affords pure 1-adamantylcarbalde-
hyde (7) (yields 50–75%), m.p. 160–162°C (lit. m.p.
139–141°C14 and 195–197.3°C15), Rf = 0.52 in hexane-
diethyl ether (9:1). IR (KBr):�(C=O) = 1720 cmÿ1. The
�(C=O) band shifts to a lower value, 1670 cmÿ1, when
the 1-adamantylcarbaldehyde (7) is not completely pure,
so the IR technique is a useful tool to determine its purity.


1-Adamantylcarbaldehyde azine (1). To a solution of
35 mg (1.1 mmol) of anhydrous hydrazine in 4 ml of
ethanol, 328.8 mg (2 mmol) of 1-adamantylcarbaldehyde
(7) in 10 ml of ethanol were added with external cooling.
The reaction mixture was stirred at 0°C for 30 min. Azine
1, m.p. 217–218°C (chloroform–propan-2-ol or hexane),
yield 90%, C22H32N2 (Mr 324.5). Analysis: calculated C
81.43, H 9.95, N 8.63; found C 81.31, H 9.65, N 8.75%.


When using 2 ml of anhydrous hydrazine and 103 mg
(0.63 mmol) of 1-adamantylcarbaldehyde in 2 ml of
ethanol and after 1 h of reaction at room temperature,
the 1-adamantylcarbaldehyde hydrazone (8) was isolated,
containing a 9% of1. Upon standing in the solid state for
24 h, the hydrazone8 was completely converted into
azine1.


Labelled [15N2]-1-adamantylcarbaldehyde azine (1)
was similarly prepared from 1-adamantylcarbaldehyde


Scheme 2
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(7) (27.4 mg, 0.167 mmol) and [15N2]hydrazine sulphate
in 5 ml of ethanol at room temperature for 18 h.


1-Adamantyl methyl ketone azine (2). Refluxing, for
4 h, a solution of 1-adamantyl methyl ketone (9) (1.79 g,
10 mmol) and anhydrous hydrazine (0.33 g, 10.3 mmol)
in 40 ml of ethanol gave 1.53 g (yield 86%) of 1-
adamantyl methyl ketone azine (2), m.p. 206–208°C
(chloroform–propan-2-ol), C24H36N2 (Mr 338.5). Analy-
sis: calculated C 81.74, H 10.31, N 7.95; found C 81.72,
H 9.97, N 7.92%.


By reacting 2 g (11.2 mmol) of 1-adamantyl methyl
ketone (9) in 12 ml of ethanol with 8 ml of anhydrous
hydrazine at room temperature for 18 h, 2.09 g (yield
97%) of 1-adamantyl methyl ketone hydrazone (10) were
formed, m.p. 74.5–76.5°C. Attempts to crystallize10
from hexane yielded the azine2 as the only product.


Azine 3. Reaction of 1-adamantyl methyl ketone
hydrazone (10) (192.3 mg, 1 mmol) with 1-adamantyl-
carbaldehyde (7) (164.4 mg, 1 mmol) in 10 ml of ethanol
at room temperature for 1 h yielded azine3, m.p. 132–
133.5°C (chloroform–methanol) (yield 90%), C23H34N2


(Mr 338.5). Analysis: calculated C 81.60, H 10.12, N
8.28; found C 81.20, H 10.19, N 8.08%.


Azines 4 and 5. These azines were obtained by refluxing
for 2 h in ethanol solution benzophenone hydrazone (13),
with stoichiometric amounts of 1-adamantylcarbalde-
hyde (7) and 1-adamantyl methyl ketone (9), respec-
tively. Azine 4: m.p 104–105°C (hexane), yield 90%,
C24H26N2 (Mr 342.5). Analysis: calculated C 84.17, H
7.65, N 8.18; found C 83.91, H 7.37, N 8.33%. Azine5:
m.p 126–128°C (ethanol), yield 83%, C25H28N2 (Mr


356.5). Analysis: calculated C 84.22, H 7.92, N 7.86;
found C 83.88, H 8.21, N 7.84%.


Azine 6. To 1-adamantyl methyl ketone hydrazone (10)
(0.576 g, 3.0 mmol) in 25 ml of ethanol, 0.40 g
(3.03 mmol) in ethanol of (E)-cinnamaldehyde (11) were
added. The yellowish reaction mixture was stirred for 1 h
at room temperature, then the solvent was evaporated off
and the crude material was quickly chromatographed on
silica gel 60 (70–200 mesh) with chloroform as eluent.
Rf = 0.5, m.p 63.5–65.7°C, yield 75%, C21H26N2 (Mr


306.5). Analysis: calculated C 82.31, H 8.55, N 9.14;
found C 82.23, H 8.30, N 9.44%.


It must be noted that the unsymmetrical azine6 readily
evolved to a mixture of 1-adamantyl methyl ketone azine
(2) and (E)-cinnamaldehyde azine.


Crystal structure determination of compounds 1 and 2.
Crystals of 1 and 2 were obtained from hexane and
chloroform–propan-2-ol, respectively. A summary of the
data collection and the refinement process is given in
Table 1. The temperature of the crystals was controlled
using an Oxford Cryostream Cooler.16 The structures


were solved by direct methods (SIR92)17 and refined by
least-squares procedures onFobs. All hydrogens atoms
were obtained from difference Fourier synthesis and
refined isotropically in the last cycles of the refinement.
The weighting schemes were established as to give no
trends ink!D2Fl vs kF0l andksin�/�l.


The structure of3 (Scheme 1) has not been determined
since it is pseudoisomorphous with that of2 [same
symmetry and analogous cell parameters:a = 6.8895(4),
b = 21.0538(29),c = 6.8299(6) Å and b = 101.255(7)°].
The scattering factors were taken from theInternational
Tables for X-Ray Crystallography.18 The calculations
were carried out with the XTAL,19 PESOS20 and
PARST21 set of programs running on a DEC200 work-
station. The atomic coordinates of1 and 2 have been
deposited (CSD 101729 and 101730, respectively).


Theoretical calculations. The ab initio calculations,
without any geometrical restrictions, were performed
using the Gaussian94 program.22


RESULTS AND DISCUSSION


Chemistry


The symmetrical azines1 and 2 were prepared by
reacting 1-adamantylcarbaldehyde (7)12 and 1-adamantyl
methyl ketone (9) with hydrazine in ethanol solution,
according to Scheme 3. As will be discussed later, the
azines have anE,E-configuration, which is consistent
with the steric demands of the substituents at the azine-C
atoms.


Formation of hydrazones8 and10 was observed when
an excess of hydrazine was employed. 1-Adamantyl
methyl ketone hydrazone (10) is fairly stable, but 1-
adamantylcarboxaldehyde hydrazone (8) readily converts
into the azine1 upon standing in the solid state after 24 h
and in ethanol solution after 20 min. In (CD3)2SO at
373 K after 10 h and in CD3OD at 323 K after 16 h there
are mixtures of1 and 8 in ratios of 60:40 and 80:20,
respectively. 1-Adamantylcarbaldehyde hydrazone (8)
does not change in CDCl3 solution in 1 week, but after 10
months in a refrigerator a mixture of1 and8 (66:34) is
obtained.


We assume that the azine1 is formed, in solution
during the synthesis or in the solid state, from two
molecules of hydrazone8 by a classical addition–
elimination mechanism, addition of a hydrazone to
another hydrazone with elimination of hydrazine
(Scheme 4),3d but it remains to be explained why the
reaction is so fast in the solid state, even when the
hydrazone C=N group is sterically hindered owing to the
bulky adamantyl group.


In the case of the sterically hindered 1,1'-biadamantyl
ketone, all attempts to obtain the corresponding hydra-
zone and/or azine proved to be unsuccessful, e.g. by
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Table 1. Crystal analysis parameters


1 2


Crystal data
Formula C22H32N2 C24H36N2
Crystal habit Colourless, plate Colourless, prism
Crystal size (mm) 0.67� 0.30� 0.07 0.50� 0.33� 0.17
Symmetry Monoclinic,P21/c Monoclinic, P21/n
Unit cell determination: Least-squares fit from 66 reflections (� <45°) Least-squares fit from 64 reflections (� <45°)
Unit cell dimensions (A˚ , °) a = 12.1439(8) a = 6.9996(3)


b = 6.8156(3) b = 20.7149(15)
c = 12.5173(7) c = 6.7400(3)
a = 90 a = 90
b = 116.221(4) b = 99.392(4)
 = 90  = 90


Packing:V (Å3), Z 929.4(1), 2 964.2(1), 2
Dc(g cmÿ3), M, F(000) 1.160, 324.5, 356 1.214, 352.6, 388
m (cmÿ1) 5.05 5.24


Experimental data
Technique Four-circle diffractometer, Philips PW1100, bisecting geometry; graphite oriented monochro-


mator; !/2� scans; detector apertures 1� 1°; 1 min per reflection; Cu Ka; �max= 65; scan
width = 1.5°


Number of reflections:
Independent 1575 1642
Observed [2s(I)criterion] 1405 1518


Standard reflections 2 reflections every 90 min; no variation
Temperature (K) 200 200
Solution and refinement:


Solution Direct methods: Sir92
Refinement:
Least-squares onFo Full matrix


Secondary extinction (�104) 0.27(4) 0.64(5)
Parameters:


Number of variables 174 191
Degrees of freedom 1231 1327
Ratio of freedom 8.08 7.95
Final shift/error 0.0004 0.004
H atoms From difference synthesis


Weighting scheme Empirical so as to give no trends ink!D2Fl vs kjFobsjl andksin�/�l
Max. thermal value (A˚ 2) U33[C13] = 0.051(1) U33[C3] = 0.0391(1)
FinalDF peaks (e A˚ ÿ3) 0.25 0.24
Final R andRw 0.038, 0.045 0.041, 0.051


Scheme 3
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reflux with hydrazine in ethanol without an acid catalyst
or in acid conditions (hydrochloric or sulphuric acids) or
by microwave irradiation in open vessels or under
pressure.


The unsymmetric azines3 (E,E) and 6 (E,E,E) were
prepared in quantitative yields from 1-adamantyl methyl
ketone hydrazone (10) and 1-adamantylcarbaldehyde (7)
or (E)-cinnamaldehyde (11), respectively. (Scheme 5).
To obtain azines4 and 5, the starting material was the
benzophenone hydrazone13, which in turn was formed
by refluxing in ethanol for 24 h a stoichiometric mixture
of benzophenone and hydrazine (Scheme 5).11


X-ray crystallography


The molecular structures of 1-adamantylcarbaldehyde
azine (1) and 1-adamantyl methyl ketone azine (2) were
determined by x-ray analysis, proving that they exist in
the solid state in theE,E-configuration. Both compounds


present a crystallographic centre of symmetry relating the
two halves of the molecule, therefore only half a
molecule is in the asymmetric unit. The introduction of
a methyl group in2 mainly affects the geometry around
the atom to which it is attached (Table 2 and Fig. 1): a
lengthening of the N1—C2 and C2—C4 bonds and a
narrowing of the N1—C2—C4 angle together with an
opening of the C2—C4—C5/C12 angles are observed.
The N1=C2 bond length presents a double bond
character, mainly in1, in agreement with the standard23


Csp2=N distance of 1.279 A˚ and the N1—N1' length is
greater than the tabulated value23 for the (C)(C,H)—N—
N—(C)(C,H) of 1.401 Åwith planar N atoms. Azines1
and 2 have an s-trans E,E-configuration and the
adamantyl group in an almost eclipsed disposition with
respect to the N1 atom (N1—C2—C4—C11 close to 0°).
They retain the same conformation at the expense of the
bond lengths and angular distortions mentioned above as
a clear effect of the methyl substituents to lessen the
steric interactions. A related effect is that one CH2 group


Scheme 4


Scheme 5
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of the adamantyl moiety is closer in2 to the N1 nitrogen
lone pair, the C11_N1 distance in2 being significantly
shorter than in1 [2.701(2) vs 2.821(2) A˚ ].


The central C=N—N=C fragment and the H3 or C3
substituents are in the same plane (w2 = 0.81 in1 and 0.63
in 2 vs the tabulated value of 7.8121), whereas the C4
atom deviates by 0.012(1) and 0.018(1) A˚ , respectively.


As expected, the four six-membered rings of the
conformationally rigid adamantyl groups adopt an
undistorted chair conformation following the Cremer
and Pople parameters.21


In order to analyse the geometric characteristics of the
azine central unit, 51 molecules corresponding to 49
structures (neutral organic compounds without errors,R-


Table 2. Experimental intra- and intermolecular geometric parameters (AÊ , °) a


1 2 1 2


N1—C2 1.264(2) 1.280(2) C4—C5 1.540(2) 1.543(2)
N1—N' 1.428(2) 1.426(2) C4—C11 1.531(2) 1.541(2)
C2—C3 — 1.504(2) C4—C12 1.544(2) 1.549(2)
C2—C4 1.496(2) 1.521(2) kC—Cl 1.531(1) 1.533(1)
C2—N1—N1' 111.6(1) 112.9(1) C2—C4—C11 113.0(1) 112.0(1)
N1—C2—C4 123.7(1) 117.2(1) C2—C4—C12 108.7(1) 109.4(1)
N1—C2—C3 — 124.1(1) C2—C4—C5 108.5(1) 110.3(1)
C4—C2—C3 — 118.7(1) kC—C—Cl 109.5(1) 109.5(1)
C2—N1—N1'—C2' 180.0(1) 180.0(1) C2—C4—C11—C10ÿ179.7(1) 179.3(1)
N1'—N1—C2—C3 — ÿ0.1(2) C2—C4—C12—C8 177.2(1) 178.8(1)
N1'—N1—C2—C4 ÿ179.5(1) ÿ179.3(1) C2—C4—C5—C6 ÿ178.0(1) ÿ178.1(1)
N1—C2—C4—C5 ÿ125.7(1) ÿ126.0(1) kC—C—C—Cl 59.9(1) 59.7(1)
N1—C2—C4—C12 117.1(2) 114.7(1)
N1—C2—C4—C11 ÿ4.4(2) ÿ5.2(2)


Interactions D—H D_A H_A D—H_A


1: C13—H132_N1(x,yÿ1,z) 1.03(2) 3.680(2) 2.89(2) 134(2)
2: C13—H131_N1(x,y,zÿ1) 0.98(2) 3.683(2) 2.93(2) 135(2)


a k l represents the average value for the geometry of the adamantanyl group. Dashes stand for the (1ÿx, 1ÿy, 1ÿz) and (1ÿx,ÿy, 1ÿz) symmetry
operations in1 and2 respectively.


Figure 1. Molecular structures of compounds 1 and 2 showing the numbering system and the 30% displacement ellipsoids
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factor<10% and with substituents at the end of the
fragment, R1 to R4 = H, C, not belonging to a ring were
retrieved from the Cambridge Structural Database (CSD)
(October 1997 release).24 It was found that 41 out of 49
structures present anE,E-configuration in coincidence
with azines1 and2, two (FEHBUP, JULHAZ) have an


E,Z-configuration although a polymorphic form of the
last one [(E,Z)-2-nitroacetophenone azine] exists in the
E,E-form (JULGUS), and the remaining structures
present aZ,Z-configuration. Figure 2(a)–(c) show the
histograms of the N—N and C—N distances and the
C—N—N—C torsion angle. The corresponding average


Figure 2. Histograms of (a) the CÐN and (b) the NÐN bond lengths and (c) the CÐNÐNÐC torsion angle corresponding to
the retrieved structures containing the azine central unit
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values with the standard deviation of the sample in
parentheses are 1.403(15), 1.282(8) A˚ and 162(24)°. 2,5-
Diacetyl-3,4-diazahexa-2,4-diene (FIFHUX)8b is located
in the lower end of the (a) and (c) histograms. This
molecule has agauche conformation [C—N—N—
C = 102.7(2)°] and a partial double bond character in


N=N [1.368(4) Å], but the C—N distance [1.282(3) A˚ ]
is coincident with the average value of the histogram (a).
The upper end of the N—N bond distances (1.448 A˚ ) is
due to 4,4'-dibromobenzalazine (BRBZAL), and its C—
N distance (1.276 A˚ ) is close to the standard value of the
Csp2=N bond distance. The minimum value of 1.266 A˚ in
the C=N distribution is found in 4-trifluoromethoxy-
benzalazine (LACGUR), for which the N—N bond
distance (1.417 A˚ ) is in the upper end of its range. The
C—N—N—C histogram [Fig. 2(c)] shows a maximum at
180.0°, only 18 molecules have a torsion angle smaller
than 160.0° and five are in between thegaucheandtrans
conformations (range 166.2–169.4°). From the analysis
of the structures contributing to each part of the
histogram, we can conclude that all the aldazines are
trans and the cetazines can be eithertrans or gauche
(AACFAZ10 and SACFAZ10 are stereoisomers, both
E,E although the former presents a central torsion angle
of 180.0° and the latter 114.7°).


1-Adamantylcarbaldehyde azine (1) and 1-adamantyl
methyl ketone azine (2) show N—N distances in the
upper end of the histogram, reflecting a marked single
bond character. In1, the C—N bond distance approaches
the minimum value of the distribution whereas in2 it is
close to the average.


The molecules are grouped in layers, those of2 being
disposed in a herringbone fashion (Fig. 3). Within each
layer, the molecules are related by a screw axis in1,
whereas in2 they are related by a translation along thea
direction. In both compounds, the adamantyl groups of
adjacent layers are facing to each other keeping
analogous C9_C7 distances between them [4.002(2)
and 3.947(2) A˚ in 1 and 2, respectively]. Only weak25


C—H_N intermolecular interactions (Table 1) relate
molecules along theb and c directions. There are no
voids26 in the crystal structure and the total packing
coefficients amount to 0.66 and 0.69.


Ab initio calculations


Owing to the different configurational possibilities
present in azines, and also those observed in the
structures retrieved from the CSD, theoretical calcula-
tions at theab initio22 level were undertaken on some
simple compounds. Previousab initio studies of azines
were limited to formaldazine (14); the potential hypersur-
face of this compound was calculated by Bachrach and
Liu27 at the MP2/6–31G*//HF/6–31G* level. Other
azines have been calculated using semi-empirical
methods.8b,c


We start with two ‘symmetrical’ azines devoided of
configurational isomerism, formaldazine (14) and acet-
one azine (15), and then we proceed with the study of the
E,E-, E,Z- and Z,Z-configurations of acetaldazine (16).
Moreover, taking into account the size of the adamantyl


Figure 3. Crystal packing of compounds 1 and 2 showing
the similar dispositions of the adamantyl groups in adjacent
layers
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group, the geometry of the azine17 with tert-butyl
groups at C2 was also optimized as a model for1.


Concerning the geometry of the C=N—N=C frag-
ment, as the substituents change from hydrogen totert-
butyl, the N1—C2—C/H bond angle increases. Formal-
dazine (14) has been examined in the gas phase by IR,
Raman spectroscopy and electron diffraction (ED)
techniques, suggesting a dominanttransconformation.28


Its C=N and N—N bond lengths [1.277(2) and
1.418(3) Å ] are longer than those calculated in the
present study, and the C—N—N bond angle [111.4(2)°]
is smaller if the HF method is considered, but they agree
fairly well when methods that take into account electron
correlation effects are used (Table 4) (note that Bachrach
and Liu27 geometries being calculated at the HF/6–31G*


level are identical with ours for14 in Tables 3 and 4).
Since MP2 and B3LYP calculations are of comparable
quality and owing to the computer time consumed by
MP2 calculations for the azines under study, only the HF
and B3LYP methods were applied to15and17. Acetone
azine (15) has been thoroughly investigated in the
gaseous, liquid and crystalline states and it was
concluded that only one configuration exists in the
different physical states.29 There is an experimental value
for acetaldazine (16) [dNN = 1.437(13)Å] determined by
ED30 which is probably overestimated (1.41–1.42 A˚


would be more consistent with both calculations for16
and experimental values for other azines in Table 4).


Concerning the stereochemistry of the C=N bonds in
azines, the ED data30 for acetaldazine (16) showed that


Table 3. Calculated molecular geometry (AÊ , °) by ab initio methods at the HF/6±31G* level (energy in hartree)


Compound: 14 15 16 17
R1 = R4: H CH3 CH3 C(CH3)3
R2 = R3: H CH3 H H


E,E E,Z Z,Z E,E E,Z Z,Z


N1—C2 1.253 1.262 1.255 1.256 1.258 1.255 1.256 1.259
N1—N1' 1.395 1.390 1.394 1.393 1.391 1.395 1.394 1.390
N1'—C2' 1.253 1.262 1.255 1.258 1.258 1.255 1.258 1.259
C2—N1—N1' 112.3 114.0 112.7 112.2 114.6 112.7 111.8 115.6
C2'—N1'—N1 112.3 114.0 112.7 115.1 114.6 112.7 116.4 115.6
N1—C2—C4/H4 118.4 117.6 121.4 121.5 129.5 123.4 123.9 131.9
N1'—C2'—C4'/H4' 118.4 117.6 121.4 129.4 129.5 123.4 131.9 131.9
C4—C2—N1—N1' — 180.0 180.0 180.0 0.0 180.0 180.0 0.0
C4'—C2'—N1'—N1 — 180.0 180.0 0.0 0.0 180.0 0.0 0.0
C2—N1—N1'—C2' 180.0 180.0 180.0 180.0 180.0 180.0 180.0 180.0
C5—C4—C2—N1 — — — — — ÿ0.1 0.1 61.5
C6—C4—C2—N1 — — — — — 121.0 121.2 ÿ61.5
C7—C4—C2—N1 — — — — — ÿ121.1 ÿ121.0 180.0
C5'—C4'—C2'—N1' — — — — — 0.1 61.5 61.5
C6'—C4'—C2'—N1' — — — — — 121.2 ÿ61.5 ÿ61.5
C7'—C4'—C2'—N1' — — — — — ÿ120.9 180.0 180.0
E(RHF)a ÿ186.8860 ÿ343.0536 ÿ264.9756 ÿ264.9722 ÿ264.9688 ÿ499.1831 ÿ499.1740 ÿ499.1651
DE(kcal molÿ1) — — 0.0 2.1 4.3 0.0 5.7 11.3


a 1 hartree = 627.5095 kcal molÿ1.
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Table 4. Experimental and theoretical calculations at different levels for the E,E-isomers of azines: energies (E, hartree)a and geometries (AÊ ,°)


Compound R1 R2 Method E N—C N—N C—C CNN HCN/CCN CNNC


HF/6–31G*b ÿ186.886 1.253 1.395 — 112.3 118.4 180.0
14 H H MP2/6–31G* ÿ187.457 1.287 1.431 — 109.9 117.7 180.0


B3LYP/6–31G* ÿ188.048 1.276 1.423 — 111.1 118.0 180.0
ED18 — 1.277(2) 1.418(3) — 111.4(2) 120.7(8) Not reported
HF/6–31G*b ÿ264.976 1.255 1.394 1.496 112.7 121.4 180.0


16 Me H MP2/6–31G* ÿ265.809 1.290 1.425 1.491 110.5 120.3 180.0
B3LYP/6–31G* ÿ266.698 1.279 1.417 1.495 111.6 121.1 180.0
ED20 — 1.277(3) 1.437(13) 1.486(8) 110.4(9) 121.4(10) Not reported


15 Me Me HF/6–31G*b ÿ343.054 1.262 1.390 1.504 114.0 117.6 180.0
B3LYP/6–31G* ÿ345.338 1.288 1.406 1.506 114.3 116.3 180.0


17 But H HF/6–31G*b ÿ499.183 1.255 1.395 1.511 112.7 123.4 180.0
B3LYP/6–31G* ÿ502.581 1.278 1.418 1.511 111.8 123.0 180.0


1 Ad H XR (this work) — 1.264(2) 1.428(2) 1.496(2) 111.6(1) 123.7(1) 180.0(1)
2 Ad Me HF/6–31G* ÿ1038.710 1.263 1.390 1.526 114.4 118.0 179.3


XR (this work) — 1.280(2) 1.426(2) 1.521(2) 112.9(1) 117.2(1) 180.0(1)


a 1 hartree = 627.5095 kcal molÿ1.
b From Table 3.
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the E,E-isomer prevails in the vapour phase in accor-
dance with the computed results in which theE,Z- and the
Z,Z-isomers are about 2.1 and 4.3 kcal molÿ1, respec-
tively, less stable than theE,E-isomer (Table 3). The
effect is more marked with the bulkiertert-butyl group;
thus, in tert-butylcarbaldehyde azine (17), the relative
energies are 0.0 (E,E), 5.7 (E,Z) and 11.3 (Z,Z). Note that
the E,Z-isomer lies, in both cases, in the middle of the
E,E- andZ,Z-isomers, as if both halves were independent.
The difference between methyl andtert-butyl groups is
due essentially to the difference in steric effects of these
groups (Taft’sEs values are 0.00,ÿ1.24 andÿ2.78, for
H, CH3 and t-C4H9, respectively).31 Therefore, for
R1 = 1-adamantyl and R2 = H (1) and for R1 = 1-adaman-
tyl and R2 = CH3 (2), the observed predominance ofE,E-
isomers is justified on these grounds (Table 2).


The tert-butyl groups in17 show the same disposition
as that of the adamantyl group in1 and 2 [N1—C2—
C4—C11 torsion angle: experimental valueÿ4.4(2),
ÿ5.2(2)°, calculated valueÿ0.1°). Finally we succeeded
in minimizing the E,E-configuration of 1-adamantyl
methyl ketone azine (2) at the HF/6–31G* level. The
theoretical distances and torsional angles are in reason-
ably good agreement with the experimental values (Table


4), taking into account our previous comments about HF
calculations.


Multinuclear magnetic resonance


The1H (Table 5),13C (Table 6) and15N (Table 7) NMR
spectra were recorded for azines1–6 and hydrazones8,
10and13. Assignment of the1H and13C NMR chemical
shifts was achieved by comparison with the data obtained
for the starting carbonyl compounds (Table 8) and by
means of homonuclear and heteronuclear correlations.32


The barriers to rotation about C=N bonds in azines are
large enough to observe, by NMR at room temperature,
the differentE/Z-isomers when they occur.8a The results
reported in Tables 5, 6 and 8 show the presence of only
one isomer in solution. An interesting feature is that, for
the sameC-substituents, the chemical shift of the sp2


carbon atom is always higher for azines than for
hydrazones (between 6 and 16 ppm), a fact that can be
used for identification.33


The 15N NMR spectra of azines1–6 present one
nitrogen of imine type C=N in the rangeÿ27.7 to
ÿ33.9 ppm, except for the unsymmetrical azine6 in


Table 5. 1H NMR chemical shifts (ppm) and coupling constants (J, Hz) of azines 1±6 and hydrazones 8, 10 and 13


Compound Solvent R1/R3 R2/R4


1a CDCl3 7.53 2.02 (6H) 1.69/1.75 (12H) 1.75 (12H)
2J = 12.6


2 CDCl3 1.63 2.03 (6H) 1.69/1.74 (12H) 1.82 (12H)
2J = 12.0


3 CDCl3 1.81 2.03 (6H) 1.65–1.80 (12H) 1.80 (6H)
7.10 2Jb 1.76 (6H)


4 CDCl3 7.41 1.98 (3H) 1.65/1.72 (6H) 1.65 (6H)
2J = 12.2


C6H5 = 7.61–7.63 (2Hÿo); 7.24–7.27 (2Hÿo); 7.33–7.41 (2Hÿp� 4Hÿm)
CD3OD 7.31 1.94 (3H) 1.65/1.72 (6H) 1.62 (6H)


2J = 11.8
C6H5 = 7.17–7.58(m)


5 CDCl3 1.82 1.97 (3H) 1.62/1.70 (6H) 1.64 (6H)
C6H5 = 7.66–7.69 (2Hÿo); 7.19–7.21 (2Hÿo); 7.34–7.39 (2Hÿp� 4Hÿm)


6 CDCl3 1.93 2.06 (3H) 1.71/1.77 (6H) 1.84 (6H)
2J = 12.2


7.96 C6H5 = 7.50 (d, 2H, Hÿo); 7.36 (t, 2H, Hÿm); 7.31 (t, 1H, Hÿp)
3J = 9.1 —HC=CH— = 7.04 (dd,3J = 16.0,3J = 9.1), 6.94 (d,3J = 16.0)


CD3OD 1.90 2.05 (3H) 1.75/1.81 (6H) 1.86 (6H)
2J = 12.5


7.90 C6H5 = 7.55 (d,2H, Hÿo); 7.38 (t,2H, Hÿm); 7.32 (t, 1H, Hÿp)
3J = 9.0 —HC=CH— = 7.01 (dd,3J = 16.0,3J = 9.0), 7.10 (d,3J = 16.0)


8 CDCl3 6.86 1.99 (br, 3H) 1.67/1.73 (6H) 1.66 (6H)
5.0 (NH2)


2J = 12.4
DMSOÿd6 6.76 1.93 (br, 3H) 1.61/1.68 (6H) 1.57 (6H)


5.79 (NH2)
2J = 12.0


10 CDCl3 1.68 2.01 (br, 3H) 1.67/1.73 (6H) 1.72 (6H)
4.86 (NH2)


2J = 13.2
13 CDCl3 7.46–7.54 (m, 5H) 7.26–7.32 (m, 5H)


5.44 (NH2)


a 2J(5N) =�2.9, 3J(15N) =ÿ6.0.
b Not measurable.


Copyright  1999 John Wiley & Sons, Ltd. J. Phys. Org. Chem.12, 455–469 (1999)


SYMMETRIC AND UNSYMMETRIC ADAMANTYLMETHYLENEAZINES 465







which the C=N conjugated with the cinnamyl residue
appears atÿ16.6 ppm. Two nitrogen signals at around
ÿ60 ppm for the C=N andÿ276 ppm for theNH2 in the
(E)-hydrazones8, 10and13 were observed.34


A sample of [15N2]-1-adamantylcarbaldehyde azine
(1) was synthesized and studied by multinuclear NMR
and the following characteristics typical of anE,E-isomer
were observed: N, H couplings through two bonds,


2J(N=C—H) = � 2.9Hz and three bonds,3J(N—
N=C—H) =ÿ6.0Hz, and N,C coupling through one
bond of 3.6 Hz and two bonds of also 3.6 Hz, calculated
by a complete analysis with the WINDAISY 3.0 program
using a1J(N,N) coupling constant ofÿ11.7Hz.34


The 13C and15N CP/MAS NMR of 1-adamantylcarb-
aldehyde azine (1) and 1-adamantyl methyl ketone azine
(2), which we have proved by x-ray analysis exist asE,E-


Table 6. 13C NMR chemical shifts (ppm) and coupling constants (J, H2) of azines 1±6 and hydrazones 8, 10 and 13


Compound Solvent R1/R3 R2/R4 C=N


1a CDCl3 — 36.7 39.6 27.9 36.7 170.9
1J = 128.9 1J = 132.9 1J = 126.0 1J = 157.6


CP/MAS — 36.5 39.2 28.5 36.5 172.7
2 CDCl3 11.4 40.2 39.7 28.3 36.9 164.4


1J = 127.5 1J = 128.4 1J = 133.7 1J = 126.5
CP/MAS 12.6 41.0 39.2 28.5 37.4 174.2


3 CDCl3 11.9 40.0 39.8 28.2 36.8 171.2
1J = 127.8 1J = 127.8 1J = 133.6 1J = 127.2
— 36.9 39.6 28.0 36.7 164.3


1J = 127.8 1J = 133.6 1J = 127.2 1J = 156.3
CP/MAS 13.6 40.9 39.4 28.4 37.2 176.9


— 37.2 39.4 28.4 37.2 168.6
4 CDCl3 — 37.1 39.4 27.8 36.6 167.2


1J = 128.5 1J = 131.4 1J = 126.7 1J = 158.4
138.3 130.1 128.1 129.8 163.2


1J = 162.0 1J = 162.0 1J = 160.6
3J = 3J = 7.7


135.0 128.7 127.4 128.6
1J = 160.1 1J = 160.9 1J = 160.1


CP/MAS — 35.7 40.6/39.6 28.2/27.6 37.6/37.0 168.7/168.3
139.7 130.6, 129.6, 127.9, 125.4 170.7/170.2
138.1/137.7


5 CDCl3 13.1 40.1 39.4 28.2 36.8 165.5
1J = 127.5 1J = 125.4 1J = 132.9 1J = 124.1


138.2 128.9 128.0 129.3 156.5
1J = 162.0 1J = 160.0 1J = 160.4
3J = 3J = 6.0 3J = 7.2 3J = 3J = 7.7


135.2 128.2 127.6 128.4
1J = 160.2 1J = 161.7 1J = 160.6
3J = 3J = 6.6 3J = 6.6 3J = 3J = 7.4


6 CDCl3 12.4 40.3 39.6 28.3 36.8 173.5
1J = 128.0 1J = 126.8 1J = 130.7 1J = 125.0


136.0 127.1 128.8 128.9 157.7
1J = 159.6 1J = 160.6 1J = 161.1 1J = 160.6


3J = 7.5 3J = 3J = 7.4 3J = 8.0
—CH=CH—: 140.6 (C—C6H5,


1J = 155.3);
126.0 (1J = 158.6,3J = 10.3,2J = 3.8)


CP/MAS 12.4 39.7 39.7 28.2 37.0 171.5
137.7 127.0/128.3 128.3/129.6 130.6 156.2


—CH=CH—: 140.2; 124.0
8 CDCl3 — 36.7 40.1 28.1 36.7 155.0


1J = 129.4 1J = 130.4 1J = 126.0 1J = 152.0
10 CDCl3 8.9 39.7 39.5 28.2 36.7 157.9


1J = 125.9 1J = 127.9 1J = 133.2 1J = 126.7
CP/MAS 8.8 39.8 41.1 29.4 37.4 154.7


13 CDCl3 — 138.4 129.3 128.1 128.8 149.1
1J = 161.3 1J = 160.2 1J = 161.2


— 132.9 128.7 126.4 128.0
1J = 160.5 1J = 159.5 1J = 160.3


a 1J(15N) = 3.6,2J(15N) = 3.6.


Copyright  1999 John Wiley & Sons, Ltd. J. Phys. Org. Chem.12, 455–469 (1999)


466 D. SANZET AL.







Table 8. 1H and 13C NMR chemical shifts (ppm) and coupling constants (J, Hz) of the starting carbonyl compounds


Compound Solvent CH3/CHO C1' H2'/C2' H3'/C3' H4'/C4' CO Other


7 CDCl3 9.31 (s, 1H) 1.72 (6H) 2.07 (br, 3H) 1.72 (6H) — —
CD3OD 9.27 (s, 1H) 1.73 (6H) 2.05 (br, 3H) 1.82/1.74 (6H) — —


2J = 12.2
CDCl3 — 44.7 36.5 27.3 35.8 205.7 —


1J = 127.2 1J = 134.2 1J = 128.8 1J = 167.1
9 CDCl3 2.08 (s, 3H) 1.79 (br, 6H) 2.07 (br, 3H) 1.71 (6H) — —


CDCl3 24.2 46.4 38.2 27.9 36.5 213.9 —
1J = 127.1 1J = 128.7 1J = 134.4 1J = 128.0


CP/MAS 22.7 46.7 38.4 29.1 37.0 210.5 —
11 CDCl3 9.71 (d, 1H) 7.42–7.46 (m) 7.55–7.58 (m) 7.45(dd) — 6.73 (dd, 1H) 7.48 (d, 1H)


3J = 7.7 3J = 16.0
CD3OD 9.65 (d, 1H) 7.48–7.41 (m) 7.71–7.62 (m) 7.48–7.41 (m) — 6.77 (dd, 1H) 7.67 (d, 1H)


3J = 7.8 3J = 15.0
CDCl3 — 133.8 128.9 128.3 131.1 193.5 128.34 152.6


1J = 162.6 1J = 159.9 1J = 161.5 1J = 172.5 1J = 160.5 1J = 152.7
3J = 3J = 7.4 3J = 9.0 3J = 3J = 4.6


12 CDCl3 — 137.6 128.2 132.4 130.0 196.7 —
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isomers, show chemical shift values close to those
obtained in solution, meaning that the only isomer
detected in solution is the same as that found in solid
state. A close examination of the CP/MAS NMR data for
the remaining azines allows us to conclude that all of
them (1–6) exist in theE,E-configuration in the solid state
and in solution.


CONCLUSIONS


This work presents some novelties which can be
summarized as follows: (i) for the first time adamantyl-
methyleneazines have been synthesized; these azines can
be used as starting materials for preparing diazapenta-
lenes (criss-cross cycloaddition reaction),35 2-pyrazo-
lines36 and many other heterocyclic compounds;37 (ii) the
first x-ray structures of azines bearing adamantyl groups
have been reported; recently, there has been much
interest in the structure of molecules containing an 1-
adamantyl residue, such as Ad–CO–Ad38 and Ad–NH–
COCH3,


39 related to the plasticity of adamantane and its
derivatives;40 (iii) A set of novel 13C and15N chemical
shifts, in solution and in the solid state, and also some
1H–15N and13C–15N coupling constants were described.
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Selective formation of glycylglycine by dehydration of
glycine adsorbed on silica gel
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ABSTRACT: Silica gel promotes the selective dehydration of glycine to form intermediate glycylglycine, with
inhibition of the formation of stable glycine anhydride and polymer products. IR measurements indicate that glycine
adsorbed on silica gel results in the formation of neutral species having C=O and NH2 groups. The species is
considered to stimulate dehydration, leading to the reported selective dehydration. Copyright 1999 John Wiley &
Sons, Ltd.
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The application of solid adsorbents such as silica gel and
alumina as solid supports in organic synthesis affords a
new procedure for selective reactions, where substrates
are adsorbed and oriented on the surface of adsorbents
with suppression of translational movement.1 The
significant potential of adsorbents is highlighted in
selective organic transformations involving oxidation,2


alkylation,3 condensation,4 acetylation,5 monoetherifica-
tion6 and monomethyl esterification.7 Generally, dehy-
dration of amino acids proceeds both consecutively and
simultaneously, and consequently affords lactam and
polymer products. We have reported the selective
formation of "-caprolactam from 6-aminocaproic acid
using silica gel to suppress the formation of polymer


products.8 Generally, direct synthesis of intermediate
glycylglycine (GlyGly) from glycine (Gly) is not readily
achieved because of the subsequent ease of intramolecu-
lar or intermolecular dehydration from intermediate
GlyGly, consequently forming glycine anhydride (Gly
A) or the polymer products, respectively. It has been
reported that Gly A is formed from Gly in a solution
using metal alkoxides such as titanium isopropoxide.9


We report here the selective formation of intermediate
GlyGly from Gly using silica gel as the solid support.


Dehydration of Gly adsorbed on silica gel was
achieved using the following method (adsorption
method): silica gel (C-200, Wako, 10 g) was added to
an N,N-dimethylformamide (DMF) or water solution
containing a predetermined amount of Gly, and the
solvent was subsequently removed under reduced
pressure. The solid obtained (adsorption sample) was


Scheme 1
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added to toluene (10–50 ml) and heated under reflux for
20 h using a Dean–Stark trap to collect the water formed
in the reaction. A reaction period of 20 h was sufficient
for completion of the reaction. After the reaction the
mixture was filtered and the solid was thoroughly washed
with distilled water and DMF. The combined washings
and filtrate were evaporated to low volume (in vacuo) and
the products were analyzed by gas–liquid chromatogra-
phy with a Yanagimoto Model G2800F gas chromato-
graph equipped with Unisol 30T column (0.5 m) and
high-performance liquid chromatography with a Tokyo-
Rikakikai EYELA PLC-10 system equipped with a TR-
35-415F(ODS) column (15 cm) using water as the eluent.
Butane-1,4-diol or higher alkanes were used as standards
for quantitative analysis.


The results of the dehydration are given in Table 1.
According to the adsorption method, the product GlyGly
was readily obtained in 92.4% yield with the adsorption
sample (6.6� 10ÿ6 mol gÿ1, � = 0.0025). The selectivity
for the formation of GlyGly increases with decrease in
the amount of adsorbed Gly, suppressing the formation of
Gly A and polymer products. Significant yields of Gly A
were attained with higher loadings. In the absence of
toluene as solvent at room temperature, 80.7% of the
selectivity was achieved, but the reactivity of Gly was
suppressed, as illustrated by the remains of significant
quantities of unreacted Gly (63.9%). When the reaction
temperature was at 100°C, the reactivity increased with
intact Gly (17.9%), but the selectivity decreased
drastically, and only a 15.9% yield of GlyGly was
obtained. Under homogeneous conditions, lower selec-
tivities were recorded, and a 22.6% yield of Gly A was
obtained in a 0.20M solution of Gly. In a 0.022M
solution, only a 2.4% yield of GlyGly was obtained.


The IR absorption of Gly adsorbed on silica gel was
measured by Fourier transform IR spectrometry with a
JASCO FT/IR-7000 infrared spectrometer by the diffuse
reflection technique. Spectra including the absorption of


authentic samples are illustrated in Fig. 1. Authentic
samples of Gly, GlyGly and Gly A were all guaranteed
grade from Tokyo-Kasei. The spectrum of authentic Gly
in the solid state was very complicated, but it exhibited
the characteristic bands atca1600–1560 cmÿ1 due to the
stretching vibration of carboxylate anion [�asCO2


ÿ


(as = asymmetric vibration)] and atca 2900–2500 cmÿ1


due to�NH3
�.10 Similarly, the spectrum of Gly adsorbed


on silica gel was also complicated, but notable differ-


Table 1. Selective dehydration of Gly to GlyGlya


Amount of Gly Yield (%)


Method (10ÿ4 mol gÿ1 SiO2) Intact Gly (%) GlyGly Gly A Selectivityb (%)


Adsorption 0.066 0.0 92.4 0.0 92.4
Adsorptionc 0.066 63.9 29.2 0.0 80.7
Adsorptiond 0.066 17.9 15.9 0.0 19.4
Adsorption 0.21 0.0 29.2 35.2 29.2
Adsorption 0.66 0.0 10.7 44.3 10.7
Adsorption 2.7 0.0 2.3 34.6 2.3
Homogeneouse — 0.0 2.4 3.6 2.4
Homogeneousf — 0.0 0.0 22.6 0.0


a Each experiment was carried out under reflux in toluene for 20 h.
b The value of [yield of the GlyGly/(100ÿ intact Gly)]� 100.
c In the absence of toluene solvent at room temperature.
d In the absence of toluene solvent at 100°C.
e 0.022M solution of Gly in ethylene glycol under reflux.
f 0.20M solution of Gly in ethylene glycol under reflux.


Figure 1. IR absorption of Gly on silica gel
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ences existed, including new bands at 1700–1630 cmÿ1


due to the�C=O stretching vibration together with the
disappearance of the characteristic CO2


ÿ absorption as
seen with Gly in the solid state. Slight differences also
existed in the absorption intensities of the bands atca
3400–3200 andca 2900–2500 cmÿ1 due to �NH2 and
�NH3


�, respectively,i.e. an increase in intensity of�NH2


was observed with a decrease in that of�NH3
�.


IR spectra of Gly on various loadings are illustrated in
Fig. 2. Changes in the spectra were observed with a
decrease in the amount of Gly, where the intensity of the
absorption of �C=O increased with a simultaneous
decrease in that of�asCO2


ÿ (spectra d–a, Fig. 2). This
indicates that Gly at lower loadings is adsorbed mainly as
species having a C=O group. At fairly high loadings
(more than 2.7� 10ÿ3 mol gÿ1 SiO2, � > 1.0), the
spectra were similar to that of Gly in the solid state. The


amount required for complete surface coverage could be
estimated as 2.7� 10ÿ3 mol gÿ1 on the basis of the cross-
sectional area of Gly (ca 0.23 nm2 moleculeÿ1 by
molecular modelling) and the specific surface area of
silica gel (371 m2 gÿ1) by BET measurement. These data
imply that a decrease in the amount of Gly on silica gel
allows easier dispersion of Gly molecules on the silica gel
surface, thus suppressing intermolecular interactions
between Gly molecules. This resulted in Gly being
adsorbed predominantly as neutral species having C=O
and NH2 groups. This species is considered to promote
the dehydration of Gly readily, and the selective
formation of intermediate GlyGly is believed to be
achieved with the suppression of intermolecular inter-
actions between GlyGly molecules.
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ABSTRACT: Chlorovinyldichloroarsine, also known as lewisite, is a powerful vesicant that has been used in the past
as a chemical weapon. Its extreme toxicity makes obtaining experimental data to characterize this notorious chemical
system very challenging. In this work,ab initio calculations were carried out on thegeminal, cisandtransisomers of
lewisite at a variety of levels of theory employing both all-electron and effective-core potential basis sets. The aims
were to ascertain the relative stability of these three isomeric forms of lewisite and to characterize their structures,
dipole moments and conformational preferences. Thetransisomer of lewisite was found to be the most stable and the
geminal isomer the least stable. This is consistent with the experimental data available on the compositions of lewisite
mixtures. Copyright 1999 John Wiley & Sons, Ltd.


KEYWORDS: lewisite; 2-chlorovinyldichloroarsine; conformational analysis


INTRODUCTION


The compoundtrans-2-chlorovinyldichloroarsine (lewis-
ite), a powerful blistering agent first produced near the
end of World War I, is capable of inflicting severe
chemical burns of the eyes, skin and lungs.1 Bioassays
and toxicological studies of lewisite are complicated by
the fact that typical preparations contain a mixture of
products including trans-2-chlorovinyldichloroarsine
(lewisite), cis-2-chlorovinyldichloroarsine (isolewisite
or cis-lewisite) and 1-chlorovinyldichloroarsine (geminal
lewisite) (Fig. 1). The major component of lewisite is the
trans isomer (ca 95%), and the presence of the geminal
isomer was only recently detected.2 Lewisite is prepared
by the reaction of acetylene with arsenic trichloride,
which produces a mixture of the products shown in
Fig. 1 and also bis(2-chlorovinyl)chloroarsine and tris(2-
chlorovinyl)arsine.3


The determination of the chemical properties of the
various isomers of lewisite can aid in understanding data
from the screening of possible lewisite antidotes. Also,
this information can potentially lead to identifying


whether a specific isomer of lewisite causes the vesicant
injury. The ability to determine the isomeric ratio of a
lewisite sample is useful as a method to assay purity.
Currently, purity can be determined through the use of
NMR spectroscopy via analysis of1H–1H coupling
constants. Small amounts of the geminal isomer have
also been studied by gas chromatography–mass spectro-
metry and infrared spectroscopy.2 Early methods to
characterize the isomers focused on the dipole moment.
In 1938, lewisite was reported to have a dipole moment of
1.77 D in benzene.4 The exact structure was not given but
has been assumed to be thetrans isomer.5 In 1948,
McDowell et al.5 used a group-additive approach to
estimate the dipole moments of the isomers to be 2.03 D
for thetrans, 2.14 or 3.20 D for thecis (depending on the
extent of free rotation about the C—As bond) and 1.15
for thegeminalisomer.5


The current work is, to our knowledge, the first
application ofab initio molecular orbital methods to the
study of the isomers of lewisite. There is an obvious
advantage to the application of computational methods to
this highly toxic system. The goal of this work was to
determine the relative stability of the isomers, which
first requires a determination of the preferred conforma-
tion (Fig. 2) for each. Also, these calculations allow for


Figure 1. Geminal, cis and trans isomers of lewisite.
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the structural characterization of each of the isomers
and an estimate of their dipole moments. We employed
both all-electron and effective core potential basis sets
and examined the effect of electron correlation in each
case.


METHODS


All ab initio calculations were carried out with the
Gaussian 94 program.6 Initial geometries were created
and computational results were visualized by using the
Spartan7 program package as the graphical front-end to
Gaussian 94. Our initial geometry optimizations were of
conformers A and C (see Fig. 2) and were constrained to
Cs symmetry at the HF/LANL2DZ level of theory.8 The
LANL2DZ basis set as implemented in the Gaussian 94
program employs Dunninget al.’s D95 basis9 for first-
row elements and the Los Alamos effective core potential
plus DZ on heavier elements. Upon release of the
symmetry constraints, reoptimization led in some cases
to conformer B. The use of other C—As bond rotamers as
starting geometries produced no additional conformers.
All stationary points were characterized and zero-point
vibrational energies were determined with frequency
calculations at the HF/LANL2DZ//HF/LANL2DZ level.
Electron correlation was included with second-order
Møller–Plesset10 perturbation theory in geometry opti-
mizations of conformers A, B and C at the MP2/
LANL2DZ level. Geometry optimizations were also
carried out at the HF/6–311�G(2d,p) and MP2/6–
311�G(2d,p) levels with characterization of stationary
points by frequency calculations performed at the HF/6–
311�G(2d,p)//HF/6–311�G(2d,p) level.


RESULTS AND DISCUSSION


Structures


Tables 1–4 contain selected structural features of the
various conformers of thegeminal, cis andtrans isomers
of lewisite. At the HF/LANL2DZ//HF/LANL2DZ level
the C conformations for thegeminaland trans isomers


were identified as transition states by the presence of one
imaginary frequency. For thegeminalandtrans isomers,
when input structures were created by rotating the C—As
bond slightly to produce a conformation ofC1 symmetry,
geometry optimization led to the twisted conformation B.
For thecis isomer, this procedure produced conformation
A or C upon geometry reoptimization.


Several trends emerge on comparing the HF/
LANL2DZ geometries (Table 1) with the HF/6–
311�G(2d,p) geometries (Table 3). Overall, the calcu-
lated bond lengths are longer with the HF/LANL2DZ
effective core potential than those calculated with the all-
electron HF/6–311�G(2d,p) basis set. The bond angles
are very similar for the two basis sets (within 2°). For the
twisted conformation B, the AsCl2 moiety is twisted
slightly more out of the approximate plane of the vinyl
group with HF/LANL2DZ than with HF/6–
311�G(2d,p). This is evidenced by the C=C—As—
AsCl2 dihedral angle, where AsCl2 represents the
centroid of the AsCl2 group. This dihedral angle is
47.2° at the HF/LANL2DZ level and 57.2° at the HF/6–
311�G(2d,p) level for thegeminalisomer and 61.2° and
68.2° [at the HF/LANL2DZ and HF/6-311�G(2d,p)
levels,respectively] for thetrans isomer.


The data in Tables 1–4 also allow for an evaluation of
the effect of including electron correlation at the MP2
level in the effective core and all-electron cases on the
calculated structures. Comparison of Tables 1 and 2
reveals that for LANL2DZ longer bond lengths are
calculated when electron correlation is included in the
geometry optimization. There is little change in the bond
angles upon inclusion of electron correlation for
LANL2DZ, and there is only a slight increase in the
C=C—As—AsCl2 dihedral angle. In general, the inclu-
sion of electron correlation with MP2 has less of an
impact for the 6–311�G(2d,p) basis set (Tables 3 and 4).
In most cases, there are only slight changes in the
geometrical parameters for the MP2/6–311�G(2d,p)
structures as compared with the HF/6–311�G(2d,p)
structures. The largest effect is seen for the C=C bond
length, which increases by approximately 0.02 A˚ for the
MP2/6–311�G(2d,p) structures.


The trans isomer of lewisite has been examined
experimentally via gas-phase electron diffraction by
Pronichevaet al.11 They reported the following structural
parameters: C=C 1.374 A˚ , As—C 1.891 Å, As—Cl
2.197 Å, C—Cl 1.729 Å, C—H 0.961, CCAs 121.0°,
CCCl 121.3°, CAsCl 101.1°, ClAsCl 99.1°, CCH 127.8°
and a C=C—As—AsCl2 dihedral angle of 162.1°. The
conformation in this experimental determination is
closest to A in the work reported here (where the
C=C—As—AsCl2 dihedral angle is 180°). Interestingly
the C=C bond length of 1.374 A˚ is significantly longer
than that predicted by any of the calculations performed
here. It is also much longer than the values that have been
measured or assumed (based onab initio MO calcula-
tions) in microwave spectroscopic studies of similar


Figure 2. A, B and C, conformations of lewisite. The view is
along the AsÐC bond showing the position of the AsCl2
group in relation to the approximate plane of the C=C bond.
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Table 1. Selected geometrical features calculated at the HF/LANL2DZ//HF/LANL2DZ level


Compound Conformera C—Clb C=Cb C—Asb As—Clb,c C=C—Asd C—As—Cld Cl—As—Cld C=C—As—AsCl2
e


Geminal A (0) 1.794 1.330 1.954 2.278 119.0 98.6 98.9 180.0
B (0) 1.822 1.324 1.959 2.291 130.1 97.3 98.7 47.2


2.291 97.3
C (1) 1.822 1.324 1.962 2.291 128.9 97.6 97.2 0.0


Cis A (0) 1.797 1.324 1.949 2.292 125.4 94.8 98.0 180.0
C (0) 1.775 1.327 1.947 2.287 133.9 100.2 99.9 0.0


Trans A (0) 1.788 1.325 1.942 2.288 119.9 96.1 98.0 180.0
B (0) 1.791 1.324 1.945 2.291 126.6 98.4 100.0 61.2


2.296
C (1) 1.788 1.324 1.947 2.295 125.6 98.5 97.3 0.0


a See Fig. 2 for conformer definitions. The number in parentheses represents the number of imaginary frequencies calculated at the HF/LANL2DZ//HF/LANL2DZ level.
b Distances in A˚ .
c For conformer B the two As—Cl bonds are not symmetry equivalent. The top values for the As—Cl bond length and C—As—Cl angle pertain to the As—Cl bond thatis most eclipsed with the C=C
bond and the bottom values pertain to the As—Cl bond that is most out of plane with respect to the C=C bond.
d Bond angles in degrees.
e This parameter is the dihedral angle (in degrees) associated with C—As bond rotation. It is measured as C=C—As—X, where X is the centroid of the AsCl2 fragment.


Table 2. Selected geometrical features Calculated at the MP2/LANL2DZ//MP2/LANL2DZ level


Compound Conformera C—Clb C=Cb C—Asb As—Clb,c C=C—Asd C—As—Clc,d Cl—As—Cld C=C—As—AsCl2
e


Geminal A (0) 1.824 1.367 1.987 2.318 117.9 97.8 99.5 180.0
B (0) 1.850 1.361 1.994 2.327 129.1 97.0 100.0 56.2


2.327 96.6
C (1) 1.849 1.361 1.999 2.329 127.9 96.8 98.2 0.0


Cis A (0) 1.829 1.362 1.976 2.330 125.1 94.2 98.5 180.0
C (0) 1.808 1.366 1.975 2.328 133.8 99.5 100.2 0.0


Trans A (0) 1.820 1.363 1.972 2.329 119.7 95.3 98.5 180.0
B (0) 1.824 1.362 1.972 2.331 125.9 97.6 101.5 68.6


2.335 95.6
C (1) 1.822 1.362 1.977 2.334 124.9 97.6 97.8 0.0


a–eSee Table 1.
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Table 3. Selected geometrical features calculated at the HF/6±311�G(2d,p)//HF/6±311�G(2d,p) level


Compound Conformera C—Clb C=Cb C—Asb As—Clb,c C=C—Asd C—As—Clc,d Cl—As—Cld C=C—As—AsCl2
e


Geminal A (0) 1.732 1.314 1.942 2.175 117.3 99.1 99.2 180.0
B (0) 1.752 1.309 1.949 2.182 128.5 99.2 99.2 57.2


2.181 97.6
C (0) 1.753 1.308 1.957 2.185 127.2 98.4 98.4 0.0


Cis A (0) 1.737 1.310 1.934 2.188 124.5 95.9 98.6 180.0
C (0) 1.722 1.312 1.940 2.182 133.3 100.7 99.9 0.0


Trans A (0) 1.731 1.311 1.925 2.184 118.0 97.4 98.6 180.0
B (0) 1.735 1.309 1.932 2.183 125.5 99.9 100.0 68.2


2.188 96.9
C (1) 1.732 1.308 1.938 2.187 124.6 99.5 98.3 180.0


a See Fig. 2 for conformer definitions. The number in parentheses represents the number of imaginary frequencies calculated at the HF/6–311�G(2d,p)//HF/6–311�G(2d,p) level.
b–e See Table 1.


Table 4. Selected geometrical features calculated at the MP2/6±311�G(2d,p)//MP2/6±311�G(2d,p) level


Compound Conformera C—Clb C=Cb C—Asb As—Clb,c C=C—Asd C—As—Clc,d Cl—As—Cld C=C—As—AsCl2
e


Geminal A (0) 1.734 1.337 1.950 2.189 116.9 97.3 99.2 180.0
B (0) 1.751 1.332 1.955 2.195 128.0 98.1 99.6 60.4


2.195 95.8
C (0) 1.751 1.331 1.964 2.197 126.4 97.1 98.6 0.0


Cis A (0) 1.742 1.333 1.936 2.202 123.1 94.7 98.7 180.0
C (0) 1.724 1.337 1.941 2.197 131.7 99.1 100.0 0.0


Trans A (0) 1.733 1.334 1.926 2.198 117.1 96.2 98.6 180.0
B (0) 1.736 1.333 1.933 2.197 124.4 98.5 100.3 70.1


2.203 95.6
C (1) 1.734 1.333 1.940 2.202 122.8 97.9 98.1 180.0


a–eSee Table 3.
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substituted ethylenes (e.g., 1.339 A˚ for ethylene,12


1.324 Å for vinylamine13 and 1.3211 A˚ for vinyl-
phosphine14). The best agreement for the C=C bond
length with the gas-phase electron diffraction data is
obtained with MP2/LANL2DZ with a value of 1.363 A˚


for the low-energy conformation oftrans-lewisite. MP2/
6–311�G(2d,p)//MP2/6–311�G(2d,p) predicts a value
of 1.334 Åfor the C=C bond length. It is noteworthy that
there is a 0.04 A˚ difference between the experimental and
MP2/6–311�G(2d,p) values given that this computa-
tional protocol results in very good agreement with the
experimental C=C bond lengths in more typical ethylenes
(e.g. 1.334 A˚ calculated with MP2/6–311�G(2d,p) for
ethylene versus the experimental value of 1.339 A˚ 12 and
1.332 Å for vinylamine versus 1.325 A˚ 13). The best
agreement between the calculated and experimental
structure is observed for the structural parameters that
involve the As and Cl. For example, the experimental
Cl—As—Cl bond angle of 99.1° is well represented by
all of the computational methods. The experimental As—
Cl distance of 2.197 A˚ is very accurately reproduced by
MP/6–311�G(2d,p) with a value of 2.198 for the lowest
energy conformation of thetrans isomer. Thus, the
highest level of theory used here, MP2/6–311�G(2d,p),
produces As—Cl bond lengths and Cl—As—Cl bond
angles that are in very close agreement with the
experimental values fortrans-lewisite. This raises the
question of why is there not better agreement with the
experimental C=C bond distance fortrans-lewisite given


that MP2/6–311�G(2d,p) has an established track
record of predicting accurate structures for other
substituted ethylenes. The answer may lie in the fact
that the experimental structure was determined using
gas-phase electron diffraction and one might expect
more precise measurements for structural parameters
involving the heavier As and Cl atoms with their large
electron densities. The details of the underlying C=C
framework are perhaps masked from experimental
diffraction techniques by the presence of the large Cl
and AsCl2 groups attached to the periphery of the
molecule.


Conformational energies


The calculated conformational energies for each of the
lewisite isomers are presented in Table 5. For thegeminal
isomer, conformation B is the lowest in energy with the
HF/LANL2DZ//HF/LANL2DZ and MP2/LANL2DZ//
MP2/LANL2DZ methods, whereas all of the other
computational protocols predict conformation A to be
the lowest in energy. However, the twisted conformation
B is calculated to be only slightly higher in energy. In all
cases, differences in zero-point vibrational energies are
minimal. Electron correlation has a much more dramatic
effect when comparing the results obtained with HF/
LANL2DZ//HF/LANL2DZ with those obtained with
MP2/LANL2DZ//MP2/LANL2DZ than is seen with the


Table 5. Calculated relative conformational energies for lewisite isomers


Conformation


A B C


Compound Method DEa DE� DZPEb DE DE� DZPE DE DE� DZPE


Geminal HF/LANL2DZ//HF/LANL2DZ 1.66 1.71c 0.00 0.00c 1.01 0.86c


MP2/LANL2DZ//MP2/LANL2DZ 0.87 0.92c 0.00 0.00c 1.31 1.16c


HF/6–311�G(2d,p)//HF/6–311�G(2d,p) 0.00 0.00d 0.23 0.20d 1.96 1.75d


MP2/6–311�G(2d,p)//MP2/LANL2DZ 0.00 0.00c 0.51 0.45c 2.05 1.85c


MP2/6–311�G(2d,p)//HF/6–311�G(2d,p) 0.00 0.00d 0.27 0.24d 2.00 1.79d


MP2/6–311�G(2d,p)//MP2/6–311�G(2d,p) 0.00 0.00 0.27 0.24 2.01 1.81


Cis HF/LANL2DZ//HF/LANL2DZ 0.00 0.00c 5.46 5.55c


MP2/LANL2DZ//MP2/LANL2DZ 0.00 0.00c 4.53 4.61c


HF/6–311�G(2d,p)//HF/6–311�G(2d,p) 0.00 0.00d 5.52 5.55d


MP2/6–311�G(2d,p)//MP2/LANL2DZ 0.00 0.00c 3.93 4.01c


MP2/6–311�G(2d,p)//HF/6–311�G(2d,p) 0.00 0.00d 4.02 4.05d


MP2/6–311�G(2d,p)//MP2/6–311�G(2d,p) 0.00 0.00 3.84 3.87


Trans HF/LANL2DZ//HF/LANL2DZ 0.00 0.00c 0.17 0.21c 1.30 1.17c


MP2/LANL2DZ//MP2/LANL2DZ 0.35 0.31c 0.00 0.00c 1.49 1.32c


HF/6–311�G(2d,p)//HF/6–311�G(2d,p) 0.00 0.00d 1.71 1.71d 3.33 3.15d


MP2/6–311�G(2d,p)//MP2/LANL2DZ 0.00 0.00c 0.83 0.87c 2.07 1.94c


MP2/6–311�G(2d,p)//HF/6–311�G(2d,p) 0.00 0.00d 0.93 0.93d 2.23 2.05d


MP2/6–311�G(2d,p)//MP2/6–311�G(2d,p) 0.00 0.00 1.50 1.50 2.10 1.92


a Conformational energy differences in kcal molÿ1.
b Conformational energy differences, corrected for differences in zero-point vibrational energy, in kcal molÿ1.
c Zero-point vibrational energies calculated at the HF/LANL2DZ//HF/LANL2DZ level.
d Zero-point vibrational energies calculated at the HF/6–311�G(2d,p)//HF/6–311�G(2d,p) level.
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all-electron calculations. Electron correlation at the MP2
level has little effect on the conformational energy
differences when the HF/6–311�G(2d,p) basis set is
used. Also, the MP2/6–311�G(2d,p) conformational
energies at the HF/6–311�G(2d,p) geometries are nearly
identical with those calculated at the MP2/6–
311�G(2d,p) geometries. The differences are larger,
although still less than 0.3 kcal molÿ1 (1 kcal = 4.184 kJ),
if the MP2/LANL2DZ geometry is used.


For thecis isomer, a minimum was not found in the
region of conformation B. Input structures with the B
conformation moved upon geometry optimization to
conformation A or C. Presumably this is due to Cl—Cl
repulsion between the AsCl2 group and the vinyl chloro
group. By all methods, conformation C is calculated to be
higher in energy than A by values ranging from 3.84 to
5.52 kcal molÿ1. Once again, zero-point energy correc-
tions make little difference to the conformational
energies. The inclusion of electron correlation in the
calculation of the geometry optimization acts to decrease
the energy of the C conformation relative to that of A for
both the effective core potential and the all-electron basis
sets.


For thetrans isomer, the A conformation is the lowest
in energy for all methods except MP2/LANL2DZ//MP2/
LANL2DZ, by which it is predicted to lie
0.31 kcal molÿ1 (with zero-point energy corrections)
above conformation B. For all of the other methods, the
conformations are ranked in order of increasing energy as
A < B< C. The greatest spread of energies is predicted
by HF/6–311�G(2d,p)//HF/6–311�G(2d,p), for which
conformation C is 3.15 kcal molÿ1 higher in energy than
A. The inclusion of electron correlation in the calcula-
tion, and whether it is included only in the energy or also
in the geometry optimization, appears to be a larger factor
for the trans than for thegeminalor cis isomer. For all
three isomers, the most sophisticated levels of theory
used in this study identify conformation A as the lowest


in energy. For thegeminalisomer, however, there is only
a very small preference for conformation A.


Relative stabilities of the isomers


As stated above, the preparation of lewisite by the
reaction of AsCl3 and acetylene leads to a mixture of
isomeric products comprised mainly of thetrans isomer,
a lesser amount of thecis isomer and only a negligible
amount of thegeminalisomer. Presumably, this product
mixture is representative of the relative thermodynamic
stability of each of the isomers, although it could also be
the result of a combination of other effects including
kinetics, solubility or preparation procedures. To address
this point, we compared the absolute energies of the most
stable conformation for each of the lewisite isomers. The
relative isomeric energies are presented in Table 6. The
results in Table 6 lead to the conclusion that the product
ratios typically encountered in lewisite preparations are
reflective of the relative thermodynamic stability of the
three isomers. The comparison of the most favored
conformation of each isomer at the MP2/6–311�
G(2d,p)//MP2/6–311�G(2d,p) level results in a prefer-
ence for thetrans isomer of approximately 0.6 kcal
molÿ1 over thecis isomer and over 1 kcal molÿ1 for the
geminalisomer. All of the computational protocols pre-
dict thegeminal isomer to be the least stable isomer of
lewisite. All of the methods predict thetransisomer to be
the most stable with the single exception of the HF/
LANL2DZ//HF/LANL2DZ protocol, which predicts a
very slight preference for thecis over thetrans isomer.
Presumably, the instability of thegeminalisomer results
from the combination of unfavorable steric and electro-
static interactions due to the close proximity of the vinyl
chloro and AsCl2 groups, which is not a factor in thecis
andtransisomers. Analysis of space-filling models of the
conformations of thegeminalisomer reveals close Cl…
Cl contacts in the A conformation and close Cl…H


Table 6. Calculated relative energies of lewisite isomers


Isomer


Geminal Cis Trans


Method DEa DE� DZPEb DE DE� DZPE DE DE� DZPE


HF/LANL2DZ//HF/LANL2DZ 2.84 2.67c 0.00 0.00c 0.15 0.12c


MP2/LANL2DZ//MP2/LANL2DZ 1.93 1.75c 0.02 0.01c 0.00 0.00c


HF/6–311�G(2d,p)//HF/6–311�G(2d,p) 3.89 3.79d 1.40 1.41d 0.00 0.00d


MP2/6–311�G(2d,p)//MP2/LANL2DZ 1.35 1.26c 0.52 0.55c 0.00 0.00c


MP2/6–311�G(2d,p)//HF/6–311�G(2d,p) 1.26 1.16d 0.63 0.64d 0.00 0.00d


MP2/6–311�G(2d,p)//MP2/6–311�G(2d,p) 1.22 1.12d 0.59 0.61d 0.00 0.00d


a Relative energies of the isomers of lewisite (the differences in total energies for the most stable conformation of each isomer), in kcal molÿ1.
b Relative energies of the isomers of lewisite corrected for differences in zero-point vibrational energies, in kcal molÿ1.
c Zero-point vibrational energies calculated at the HF/LANL2DZ//HF/LANL2DZ level.
d Zero-point vibrational energies calculated at the HF/6–311�G(2d,p)//HF/6–311�G(2d,p) level.
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contacts in the B conformation. The only conformation of
this isomer that escapes these close contacts is the C
conformation, which contains an eclipsing interaction
between the As lone pair and the C—Cl bond.


Dipole moments


As stated above, there are currently only sparse data
concerning the molecular dipoles of the lewisite isomers,
including a 1938 study in benzene4 and a group-additive
estimate from 1948.5 One of the goals of this study was to
provide more sophisticated estimates of the dipole
moments of the lewisite isomers based onab initio
calculations. Table 7 contains the calculated dipole
moments of the conformations of the lewisite isomers
at a variety of levels of theory.


In general, the calculated dipole moment is reduced
upon inclusion of electron correlation. This is a trend that
is generally observed for other systems also.15 Addition-
ally, the dipole moments calculated with the LANL2DZ
basis set tend to be larger than those calculated with the
all-electron basis sets. For thegeminal isomer the A
conformation possesses the greatest and the C conforma-
tion the smallest dipole moment. For thecis isomer the C
conformation has the higher dipole moment. For thetrans
isomer, the A conformation has the highest dipole
moment and the B and C conformations have dipoles of
very similar magnitude.


A Boltzmann-weighted averaging of dipole moments
based on the conformational energy preferences [using
the zero-point energy-corrected MP2/6-311�G(2d,p)//
MP2/6–311�G(2d,p) conformational energies] results in
average dipole moments for the three lewisite isomers of
2.328 D for thegeminal, 2.359 D for thecis and 2.147 D
for thetransisomer. These are all larger than the value of
1.77 D obtained in 1938 in benzene.4 It is useful to
compare the data in Table 7 with McDowellet al.’s 1948
group-additive estimates of dipole moments.5 For the


trans isomer, there is not an individual conformation that
has a calculated dipole moment in close agreement with
McDowell et al.’s value of 2.03 D. However, the
Boltzmann-weighted value of 2.328 D is in reasonable
agreement. For thecis isomer, McDowellet al.estimated
2.14 or 3.12 D depending on the degree of free rotation
about the C—As bond. These values are in good
agreement with the MP2/6–311�G(2d,p)//MP2/6–
311�G(2d,p) values in Table 7. The Boltzmann-
weighted average value of 2.147 D for thetrans isomer
is also in good agreement with McDowellet al.’s
estimate of 2.03D.


CONCLUSION


To the best of our knowledge, this work represents the
first application ofab initio molecular orbital calculations
to the study of the isomers of lewisite. Lewisite is an
interesting and important system because of its physio-
logical effects, its potential use as a chemical weapon and
the challenges associated with its destruction. For all of
these reasons the chemical characterization of this system
is highly desirable. The application of computational
methods to that end is particularly advantageous in the
case of lewisite because the difficulty associated with
handling this material has made experimental data in the
literature somewhat scarce. Specifically, this work was
directed at ascertaining the relative stability of the
isomers of lewisite, in addition to characterizing the
structures, dipole moments and energetic preferences of
their conformations.


For the highest levels of theory applied in this
study, the trans isomer is calculated to be the most
stable and thegeminal isomer is predicted to be the
least stable. This is in agreement with the ratios of the
isomers that are typically encountered in lewisite
preparations. At the highest levels of theory employed,
the extended conformation A is calculated to be the most


Table 7. Calculated dipole moments (D) of lewisite isomers


Conformer


Compound Method A B C


Geminal HF/LANL2DZ//HF/LANL2DZ 5.899 3.216 2.203
MP2/LANL2DZ//MP2/LANL2DZ 4.758 2.778 1.797
HF/6–311�G(2d,p)//HF/6–311�G(2d,p) 3.444 2.120 1.480
MP2/6–311�G(2d,p)//MP2/6–311�G(2d,p) 3.015 1.853 1.212


Cis HF/LANL2DZ//HF/LANL2DZ 3.541 5.782
MP2/LANL2DZ//MP2/LANL2DZ 3.021 4.940
HF/6–311�G(2d,p)//HF/6–311�G(2d,p) 2.517 3.456
MP2/6–311�G(2d,p)//MP2/6–311�G(2d,p) 2.358 3.130


Trans HF/LANL2DZ//HF/LANL2DZ 3.873 3.421 3.290
MP2/LANL2DZ//MP2/LANL2DZ 3.325 2.970 2.966
HF/6–311�G(2d,p)//HF/6–311�G(2d,p) 2.102 1.752 1.757
MP2/6–311�G(2d,p)//MP2/6–311�G(2d,p) 2.229 1.733 1.769
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stable for all three lewisite isomers, although the
preference for this conformation is very small for the
geminalisomer.


This study allows a comparison of the results obtained
with the LANL2DZ effective core potential basis set and
the all-electron 6–311�G(2d,p) and also a comparison of
the Hartree–Fock and MP2 levels of theory. Geometries
calculated at the HF/LANL2DZ level result in bond
lengths that are generally longer (by over 0.1 A˚ for the
As—Cl bonds) than those calculated with the all-electron
HF/6–311�G(2d,p) basis set. For either basis set, there
are no significant differences in the geometries calculated
at the MP2 level as compared with the HF level, although
the differences are greater for the LANL2DZ basis set
than for 6–311�G(2d,p). A similar trend is seen for
conformational energies where the inclusion of electron
correlation at the MP2 level also produces more
significant changes with LANL2DZ than 6–
311�G(2d,p). For the 6–311�G(2d,p) basis set, there
are not large differences in conformational energies
calculated with MP2 single-point energies at the HF
geometry as compared with those obtained from full MP2
optimizations.
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ABSTRACT: The tetrazole–azide tautomerization of some halogen-substituted tetrazolo[1,5-a]pyridines was
examined by IR spectroscopy at ambient temperature and by1H, 13C and 15N NMR spectroscopy at various
temperatures. The tetrazolopyridines can exhibit equilibrium between the azide and the tetrazole forms. For some of
them slow exchange occurs on the NMR time-scale, such that it is possible to estimate equilibrium constants. The
position and nature of the substituent in the pyridine ring result in stabilization or destabilization of the tetrazole form
and exert a strong influence on the values found for the equilibrium constants. A saturation transfer experiment was
carried out for 5-bromotetrazolo[1,5-a]pyridine and the rate constants were estimated. Moreover, based on the van’t
Hoff equation, the enthalpyDH° and entropyDS° for the tautomerization were calculated.Ab initio calculated
energies and charge distribution are in good agreement with differences observed in the tetrazole–azide equilibrium
constants. Copyright 1999 John Wiley & Sons, Ltd.


KEYWORDS: tetrazole; azide; valence tautomerism; IR spectra;1H, 13C, 15N NMR; ab initio calculations
protonation


INTRODUCTION


Since the presence of the tetrazole–azide equilibrium in
some substituted tetrazolo[1,5-a]pyridines has been
confirmed by different spectroscopic methods (IR,1H
and 13C NMR),1–5 we re-examined the halogen deriva-
tives of tetrazolopyridine systems1–12by 1H, 13C and
15N NMR and IR studies. In previous work,6 we reported
that saturation transfer takes place for this type of
tautomerism. Based on this experiment for one of the
compounds we calculated the rate constants for the
equilibrium, which confirmed the above statement about
a slow exchange. In this paper, we try to explain the
influence of some substituents on the tetrazole–azide
equilibrium and on the basis of the relationship between
temperature and the equilibrium constant we calculated
DH°, DS° values for this isomerization process. Attention
is focused on some regularities in the differences between
the spectral parameters such as NMR chemical shifts,
coupling constants, longitudinal relaxation timesT1 and
IR wavenumbers for both forms in the equilibrium given
in Fig. 1. The calculatedab initio molecular properties


(SCF energies, atom partial charges, NMR shieldings)
were tested for their usefulness in the tetrazole–azide
tautomerism.


EXPERIMENTAL


Synthesis


The compounds studied were prepared by nucleophilic
substitution of the chlorine atom in position 2 with the
azide ion (4–6, 8, 10–12) and reaction of the correspond-
ing substituted 2-hydrazinopyridine with sodium nitrite
in acidic solution (1–3, 7, 9). Mass spectra and elemental
analysis were used for identification of the products
obtained. The data for unknown substituted tetrazolo
[1,5-a]pyridines are as follows:


2-Azido-6-fluoropyridine (1): MS, m/z 138, 110, 83,
64; m.p., 50°C; analysis: calculated for C5H3N4F, H 2.17,
C 43.48, N 40.58; found, H 1.98, C 42.56, N 39.89%.


5-Bromotetrazolo[1,5-a]pyridine (3): MS, m/z 200,
198, 172, 170, 145, 143, 119, 117, 91, 64; m.p., 118–
120°C; analysis: calculated for C5H3N4Br, H 1.51, C
30.15, N 28.14; found, H 1.36, C 30.21, N 29.01%.


6-Chlorotetrazolo[1,5-a]pyridine (4): MS, m/z 156,
154, 128, 126, 101, 99, 91, 64; m.p., 112–113°C;
analysis: calculated for C5H3N4Cl, H 1.94, C 38.83, N
36.25; found, H 1.71, C 38.36, N 35.89%.
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8-Iodotetrazolo[1,5-a]pyridine (8): MS, m/z246, 218,
191, 165, 127, 91, 64; m.p., 225–226°C; analysis:
calculated for C5H3N4I, H 1.22, C 24.39, N 22.76; found,
H 1.06, C 23.90, N 22.52%.


6,8-Dibromo-7-methylotetrazolo[1,5-a]pyridine (12):
MS, m/z 294, 292, 290, 266, 264, 262, 185, 183, 158,
156, 131, 103, 76, 51; m.p., 116–118°C; analysis:
calculated for C6H4N4Br2, H 1.37, C 24.66, N 19.18;
found, H 1.09, C 23.56, N 17.98%.


Spectra


Bruker AM 500 and Bruker 500 DRX spectrometers
operating at 500.138, 125.759, 36.45 and 50.684 MHz for
1H, 13C, 14N and 15N, respectively, were used for
measurements of all the spectra. The concentrations of
chloroform, DMSO and TFA solutions of compounds
studied were between 0.5 and 1 mol dmÿ3. Usually the
spectra were measured at 295 K; in some cases other
temperatures were applied. The1H NMR spectra for
thermodynamic measurements were recorded with re-
laxation delayD = 5T1. Standard experimental conditions
and standard Bruker software for C–H correlations
optimized for one-bond couplings (170–190 Hz), IN-
VGATE for 15N NMR measurements, 1D INADE-
QAUTE optimized for one-bond C–C couplings
(65 Hz) and GHMBC correlations for13C and 15N
NMR signal assignment were used. The1H and 13C
chemical shifts are given relative to the TMS signal at
0.0 ppm. Nitromethane,� = 0 ppm, was used as an
external standard for15N NMR spectra. For relaxation
measurements the inversion–recovery sequence was used
and samples were degassed by the pump–thaw procedure
to remove paramagnetic oxygen.


Calculations


The ab initio GIAO-CHF molecular orbital calculations
were performed on a Silicon Graphics Onyx workstation
using the Turbomole program of BIOSYM/MSI.7 The
double-� basis with a polarization function (dz� p)8 was
used for the geometry optimization of both forms of the
tetrazolopyridines studied. The triple-� basis set with two
polarization functions (tz� p)8 was used for the calcula-
tion of SCF electron energy, absolute1H, 13C and15N
nuclear shieldings and charge distribution by the Roby–
Davidson procedure.7 The calculations were carried out
on isolated molecules in the gas phase with no solvent
effects included. Electron correlation was not taken into
account, andCs symmetry was used in each case.


RESULTS AND DISCUSSION


All the compounds studied (except1) exist in the solid
state as the tetrazole and this is clearly proved by IR
spectroscopy of the samples in KBr pellets. The lack of
characteristic bands of asymmetric and symmetric
stretching vibrations of the azide oscillator for2–12
demonstrate the presence of the tetrazole forms. In the
1350–950 cmÿ1 range typical, but rather weak, tetrazole
bands are also of great significance in distinguishing
between both these forms. Most characteristic are those at


Table 1. IR bands (cmÿ1) of 6,8-dichlorotetrazolo[1,5-a]-
pyridine (9) in KBr pellets and CHCl3 and CCl4 solutionsa


KBr CHCl3 solution CCl4 solution


3105–3020 3124–3000 3130–3000
2138 (m) 2137:


1617 (m) 1619 (w)
1568 1567:, 1551


1536 (s) 1535 1533;
1476 (s) 1479 1483;, 1476, 1466,


1451
1423 1422:
1381 1381:


1324 (m) 1324 1323;
1301 1301:


1245 (w) 1247 1245
1210 (w) 1228
1147 (s) 1146, 1124 1155:, 1142;,


1124
1102 (m) 1105 1107;
1073 (s) 1070, 1055 1065;, 1055:
1001 (w) 1002 997;
974 (m) 976 973;
916 (m)
888 (m) 896, 888, 874 896:, 888;, 874:
842 (m) 826 825
797 (s), 758 (m),
635 (m), 581 (m)


a Band intensities: (s) strong, (m) medium, (w) weak;: ;, increase or
decrease in band intensities on passing from CHCl3 to CCl4 solution.


Figure 1. Tetrazole±azide tautomerization of different
substituted tetrazolo[1,5-a]pyridines. Numbering of azides
is according to the tetrazole and does not correspond to the
IUPAC system
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1330, 1240, 1100 and 1020 cmÿ1.9 The low solubility of
8 and 11 in carbon tetrachloride and chloroform is the
reason why we cannot ascertain whether they have a
tendency to open the tetrazole ring. 8-Chlorotetrazolo-
[1,5-a]pyridine (7) in both solvents exists only in the
tetrazole form, whereas in the IR spectra of CCl4 and
CHCl3 solutions of all of the remaining compounds the
typical bands of both forms are present. When the
polarity of the solvent increases (CCl4 → CHCl3), the
intensity of the 2130 and 1300 cmÿ1 bands becomes
weaker. Considering this observation we can assume that


the amount of the tetrazole form increases with the
increasing solvent polarity. In Table 1, IR bands for 6,8-
dichlorotetrazolo[1,5-a]pyridine (9) in KBr pellets, CCl4
and CHCl3 solutions are presented.


Comparison of the solid-state IR spectrum of9 with
those taken on CHCl3 and CCl4 solutions allowed us,
unequivocally, to assign the bands of both forms. In the
1650–850 cmÿ1 region, with a decrease in the solvent
polarity the intensities of the 1619, 1535, 1479, 1324, 1146,
1105, 1070, 1002, 976 and 888 cmÿ1 bands decrease and
these are connected with oscillations of the tetrazole forms.


Table 2. 1H NMR chemical shifts (ppm) and coupling constants (J, Hz) for some of the compounds studied


Tetrazole Azide Tetrazole Azide
Compound Atoms CDCl3 CDCl3 TFA TFA


H6 —c 6.70 —c 7.26
H7 —c 7.72 —c 8.24
H8 —c 6.67 —c 7.02


H6 7.30 7.07 7.31 7.16
H7 7.68 7.58 7.78 8.00
H8 8.02 6.72 7.84 7.22


H6 7.46 7.22 7.40 7.23
3J(H6, H7) (7.24) (7.70) (7.56) (8.07)


H7 7.60 7.47 7.62 7.77
3J(H7, H8) (8.92) (7.94) (8.92) (8.07)


H8 8.04 6.75 7.77 7.16
4J(H6-H8) (0.92) (0.68) (0.62) (0.56)


H5 8.97 8.29 8.98 8.24
J4(H5, H7) (1.80) (2.57) (1.70) (2.40)


H7 7.73 7.61 8.01 8.27
3J(H7, H8) (9.45) (8.60) (9.50) (9.14)


H8 8.07 6.79 8.10 7.76
5J(H5, H8) (0.90) (0.60) (0.77) (0.60)


H5 8.80 —c 8.42 7.80
3J(H5, H6) (6.88) (6.90) (6.07)


H6 7.21 —c 7.00 7.06
3J(H6, H7) (7.35) (7.60) (8.24)


H7 7.71 —c 7.54 7.87
4J(H5, H7) (0.85) (0.66) (1.52)


H5 9.33 —c 8.51 —c


H6 7.24 —c 6.85 —c


H7 8.34 —c 8.02 —c


H5 9.18 8.50 8.61 8.00
H7 7.89 7.89 7.43 7.69


a Data taken from Ref. 6.
b Chemical shifts taken on DMSO solution.
c Absence of this form in solution.
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Table 3. 13C NMR data for some of the compounds studied


Tetrazole Azide
Tetrazole Azide


Compound Atom scalc.
f �calc.


g CDCl3
h scalc.


f �calc.
g CDCl3


h TFAh TFAh


1 C8a 33.2 152.2 —i 25.7 159.7 153.0 [13.3] —i 151.6 [4.0]
C5 37.3 148.1 —i 22.3 163.1 162.6 [244.6] —i 159.6k


C6 101.3 84.1 —i 92.1 93.9 104.8 [35.4] —i 105.0 [24.3]
C7 50.0 135.4 —i 36.2 149.2 143.2 [8.1] —i 148.6 [12.0]
C8 79.4 106.0 —i 83.7 101.7 110.7 [4.6] —i 111.0 [4.2]


2a C8a 34.2 151.2 149.2 26.0 159.4 154.5 144.7 153.3
C5 50.6 134.8 127.4 29.0 156.4 150.2 129.9 143.6
C6 78.5 106.9 116.3 74.7 110.7 120.1 119.3 121.2
C7 52.8 132.6 132.4 39.8 145.6 140.7 138.4 148.3
C8 74.8 110.6 114.2 80.1 105.3 112.2 110.5 113.8


3 C8a 34.2 150.3 149.3 25.9 158.6 154.6 143.6 153.9
C5 51.0 133.5 115.0 27.3 157.2 140.4 117.5 131.6
C6 73.6 110.9 120.5


(175.0)
70.5 114.0 123.9


(173.2)
123.8


(180.0)
125.1


(182.2)
C7 53.2 131.3 132.5


(169.5)
40.5 144.0 140.4


(164.4)
138.9


(174.3)
147.8


(173.2)
C8 74.1 110.4 114.7


(175.9)
79.5 105.0 112.5


(169.0)
110.4


(185.0)
114.0


(176.3)
4b C8a 36.5 148 147.2 27.3 157.2 152.7 142.1 150.1


C5 60.9 123.6 123.4
(196.8)


36.4 148.1 147.4
(187.7)


124.2
(201.0)


137.4
(196.6)


C6 64.1 120.4 125.2 62.1 122.4 127.5 129.1 129.7
C7 50.7 133.8 133.6


(172.0)
41.7 142.8 138.2


(169.0)
139.5


(176.8)
147.9


(176.2)
C8 72.7 111.8 116.0


(175.6)
77.1 107.4 114.7


(169.1)
112.5


(184.1)
116.9


(176.2)
7c C8a 36.1 149.3 147.8 29.1 155.4 —i 144.8 147.4


C5 60.3 125.1 124.0
(193.1)


37.2 148.2 —i 125.1
(199.4)


138.3
(198.7)


C6 78.7 106.7 116.5
(171.5)


74.3 111.1 —i 119.8
(175.7)


122.4
(179.8)


C7 53.9 131.5 130.8
(170.7)


41.0 144.4 —i 136.3
(174.1)


149.0
(174.8)


C8 61.3 124.1 123.0 66.6 118.8 —i 121.0 128.5
8 C8a —j —j 149.4 —j —j —i 146.8 —i


C5 —j —j 126.2
(196.1)


—j —j —i 126.6 —i


C6 —j —j 118.3
(173.2)


—j —j —i 120.8 —i


C7 —j —j 141.8
(172.2)


—j —j —i 148.1 —i


C8 —j —j 80.2 —j —j —i 73.0 —i


9c,d C8a 37.3 148.1 146.7 30.7 154.7 149.9 145.5 146.8
C5 62.1 123.3 122.2


(198.3)
38.4 147.0 145.3


(189.2)
122.8


(201.6)
137.8


C6 64.6 120.8 123.1l 62.3 123.1 127.4 122.0 130.4
C7 51.9 133.5 132.4


(176.0)
41.2 144.2 138.1


(172.5)
135.9


(177.4)
147.3


C8 60.8 124.6 124.9d 66.3 119.1 121.0 128.1 128.3
10e C8a —j —j 148.1 —j —j 154.9 147.7 —i


C5 —j —j 123.2
(196.0)


—j —j 143.7
(186.2)


123.8
(174.6)


—i


C6 —j —j 121.5 —j —j 123.8 124.2 —i


C7 —j —j 127.2
(173.0)


—j —j 135.6
(169.8)


130.0
(174.6)


—i


C8 —j —j 124.5 —j —j 120.8 123.8 —i


CF3 —j —j 121.6 —j —j 122.6 121.4 —i


a C–C coupling constants (Hz):1J(C8a, C8), T 70.1, A 69.6;1J(C5, C6), T 78.7, A 68.4;1J(C6, C7), T 52.7, A 53.8;1J(C7, C8), T 60.2, A 56.5.
b 1J(C, C) for tetrazole form:1J(C8a, C8) 71.5,1J(C5, C6) 65.6,1J(C6, C7) 61.6,1J(C7, C8) 61.5 Hz.
c 13C NMR chemical shifts and1J(13C, 1H) coupling constants for CDCl3 and tetrazole forms in TFA solutions taken from Ref. 6.
d C–C coupling constants (Hz):1J(C8a, C8) T 85.1, A not determined;1J(C5, C6), T 83.2, A 64.1;1J(C6, C7) T 62.8, A 64.8;1J(C7, C8) T 72.4, A
66.3.
e nJ(13C, 19F) coupling constants (Hz): in CDCl3, C8aT not determined, C8aA 1.3, C5T 5.5, C5A 4.3, C6T 36.1, C6A 34.0, C7T 2.5, C7A 3.5, C8T
and C8A not determined, CF3T 272.8, CF3A 272.3; in TFA, C6T 36.7, C7T 2.3, CF3T 271.9.
f �calc.= Calculatedab initio 13C absolute shieldings (ppm).
g �calc.= Calculated chemical shifts (ppm).
h Experimental chemical shifts (ppm), withnJ(13C, 19F) coupling constants in square brachets and1J(13C, 1H) coupling constants in parentheses.
i No signals because of low concentration or absence of this form.
j Not calculated.
k Not determined because of overlapping with TFA signal.
l Assignment should be reversed compared with our previous paper.6
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The bands at 2138, 1568, 1423, 1381, 1301, 1055, 896
and 874 cmÿ1 increase in intensity and can be assigned to
the azido form.10 The IR spectra in the solid state and in
solutions are useful but only for qualitative estimation.
To characterize fully the type of equilibria considered,
NMR methods are irreplaceable. Based on the1H NMR
integrals, the equilibrium constants for tetrazole–azide
tautomerism (with a maximum 5% error) can be
estimated. The15N NMR signals are of great importance
in distinguishing between the tetrazole and azido forms
because of the completely different chemical shifts of the
nitrogen nuclei in the open and closed forms.6,11The1H,
13C and15N NMR spectral parameters for some chosen
compounds are given in Tables 2–4 (spectral data for all
the compounds studied are available on request).
Differences in the1H, 13C and15N NMR chemical shifts
and coupling constants are typical of both the tetrazole
and azido forms. They are of great importance in the
description of the tetrazole–azide tautomerism and are in
good agreement with those published previously.6,12


Using the Turbomole program we calculated absolute13C


and 15N nuclear shieldings (Tables 3 and 4) for both
tetrazole and azido forms for some of the compounds
studied to assist the correctness of13C and 15N signal
assignments. Subsequently the13C and 15N absolute
shieldings were recalculated by the use of the equations
�calc= 184.5ÿ �absfor 13C and�calc=ÿ135.0ÿ �absfor
15N nuclei13 (where�calc is the calculated chemical shift,
sabs the calculated absolute shielding, 184.5 the calcu-
lated absolute shielding for13C nucleus of TMS and
ÿ135.0 the calculated absolute shielding for15N nucleus
of nitromethane) to chemical shifts (Tables 3 and 4).
These latter parameters correlate very well with the
experimental data and the relationships are as follows:


for 13C nuclei:�exp.= 0.763�calc� 31.559 (R = 0.98)
for 15N nuclei: �exp.= 0.816�calcÿ 24.725 (R = 0.99)


where�exp. denotes experimental chemical shifts (ppm).
Based on these equations or direct correlations between
the calculated absolute shieldings and the experimental
chemical shifts, signal assignments can be easily made
and eventually confirmed.


Table 4. 15N NMR data (ppm) for some of the compounds studied


Tetrazole Azide Tetrazole Azide
Compound Atom scalc.


d �calc.
e �(DMSO)f scalc.


d �calc.
e �(DMSO)f TFAf TFAf


1a N1 ÿ63.2 ÿ71.8 —g 161.1 ÿ296.1 ÿ275.2 —g —h


N2 ÿ210.9 �75.9 —g 6.1 ÿ141.1 ÿ143.2 —g —h


N3 ÿ108.3 ÿ26.7 —g ÿ13.1 ÿ121.9 —i —g —h


N4 12.0 ÿ147.0 —g 5.0 ÿ140.0 ÿ130.4 —g —h


2 N1 ÿ66.7 ÿ68.3 ÿ64.4 162.4 ÿ297.4 ÿ274.5 ÿ135.0 ÿ274.2
N2 ÿ207.7 �72.7 �17.9 6.3 ÿ141.3 ÿ141.3 ÿ10.1 ÿ152.2
N3 ÿ116.7 ÿ18.3 ÿ32.6 ÿ13.2 ÿ121.8 ÿ143.0 ÿ36.2 ÿ132.2
N4 0.7 ÿ135.7 ÿ129.0 ÿ27.0 ÿ108.0 ÿ102.3 ÿ131.1 ÿ199.3


3 N1 ÿ67.4 ÿ67.6 ÿ64.0 162.7 ÿ297.7 ÿ276.1 ÿ137.1 ÿ274.4
N2 ÿ207.2 �72.2 �17.0 6.3 ÿ141.3 ÿ141.3 ÿ11.3 ÿ152.3
N3 ÿ119.3 ÿ15.7 ÿ28.8 ÿ13.2 ÿ121.8 ÿ143.0 ÿ32.4 ÿ132.4
N4 ÿ2.3 ÿ132.7 ÿ127.0 ÿ34.1 ÿ100.9 ÿ94.8 ÿ129.4 ÿ196.3


7 N1 ÿ68.3 ÿ66.7 ÿ67.9 163.6 ÿ298.6 —g ÿ111.6 —h


N2 ÿ207.7 �72.7 �18.2 6.1 ÿ141.1 —g ÿ4.6 ÿ154.0j


N3 ÿ119.6 ÿ15.4 ÿ27.8 ÿ12.2 ÿ122.8 —g ÿ31.3 —h


N4 ÿ1.2 ÿ133.8 ÿ126.6 ÿ36.8 ÿ98.2 —g ÿ129.6 ÿ198.1j


9b N1 ÿ69.9 ÿ65.1 ÿ66.3 163.7 ÿ298.7 ÿ276.1 ÿ95.8 —h


N2 ÿ208.2 �73.2 �20.8 6.8 ÿ141.8 ÿ143.3 ÿ7.8 ÿ153.9j


N3 ÿ120.7 ÿ14.3 ÿ27.7 ÿ13.3 ÿ121.7 ÿ141.4 ÿ30.4 —h


N4 0.6 ÿ135.6 ÿ129.8 ÿ38.4 ÿ96.6 ÿ90.8 ÿ130.0 ÿ198.5j


10c N1 —k —k ÿ65.6 —k —k ÿ271.9 ÿ89.4 —h


N2 —k —k �24.6 —k —k ÿ144.4 �5.4 ÿ153.6j


N3 —k —k ÿ24.9 —k —k ÿ140.0 ÿ26.7 —h


N4 —k —k ÿ132.2 —k —k ÿ93.6 ÿ132.2 —h


a 15N NMR chemical shifts in CDCl3,
2J(N4, F) = 51.2 Hz.


b 15N NMR chemical shifts in CDCl3 and for the tetrazole form in TFA taken from Ref. 6.
c 15N NMR chemical shifts at 323 K in CDCl3.
d scalc.= Calculatedab initio 15N absolute shieldings (ppm).
e �calc.= Calculated chemical shifts (ppm).
f Experimental chemical shifts (ppm).
g No signals because of low concentration or absence of this form.
h Not measured.
i Not detected in long-range15N–1H correlation.
j From 14N NMR measurements.
k Not calculated.
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From the spectral parameters in Tables 2–4 we
conclude that fixation of the tetrazole structure is
accompanied by some other changes in NMR data. This
statement is supported, for example, by1J(C,C) coupling
constants for2 and9 (footnotes to Table 3).1J(C5,C6)
and1J(C7,C8) are larger for the tetrazole form than the
appropriate constants in the azido form by 10 and 4 Hz
for 2 and by 20 and 6 Hz for9, respectively. In pyridine
the corresponding values are 54.3 and 53.7 Hz.14


Differences in one-bond C–C coupling constants can
also be useful in signal assignment of both forms in
equilibrium. For 2, INADEQUATE measurements in
addition to 1H–13C one-bond and1H–15N long-range
correlations were used to correct a previously erroneous
assignment for H6 and H8 in the azido form.2 The correct
one is given in Table 2.


The differences in structure of both forms in
equilibrium also exert some influence on other NMR
parameters. For example, Table 5 contains some1H and
13C longitudinal relaxation timeT1 data for the azido and
tetrazole forms of2 and 3. In general, these values are
longer for the azide than for the corresponding nuclei in
the tetrazole form and suggest that molecules of the azido
form are more mobile than those of the tetrazole form.
Using1H NMR longitudinal relaxation timesT1 for both
H8 protons in tetrazole and azido forms, the results of
saturation transfer experiment for3 and the equations15


KT=A � k1=kÿ1 � �A�=�T�


f A
S fSTg � ÿkÿ1=R


A
S � kÿ1


where KT/A is the equilibrium constant for tetrazole–
azide tautomerization,k1 and kÿ1 are forward and
backward first-order rate constants, [A] and [T] are the
concentrations of the azido and tetrazole forms, respec-
tively, in equilibrium, f A


S fSTg is the observed fractional
intensity change of a signal of the azide form after


saturation of a signal in the tetrazole form,RA
S � 1=T1 for


a chosen proton in the azido form andT1 is the
longitudinal relaxation time of chosen proton, it is
possible to calculate the rate constants for the tetra-
zole–azide equilibrium.


We found for 3 that k1 = 0.059� 0.005 sÿ1 and
kÿ1 = 0.012� 0.005 sÿ1. Hence, KT/A = 4.90 for this
compound in CDCl3 solution at 295 K is in good
agreement with the equilibrium constant obtained from
integration of the1H NMR spectrum. The values of the
rate constant are 100 times larger then those obtained by
Krivopalov et al.16 and suggest that in the case of
tetrazolopyridines the tetrazole–azide equilibration is
faster than in the case of tetrazolopyrimidines. The values
of k1 andkÿ1 indicate that the reaction of opening of the
tetrazole ring is about five time faster than the opposite
reaction.


Other differences in spectral parameters were observed
in the TFA solutions. Here protonation of nitrogen nuclei
takes place. For the tetrazole form, in TFA solution the
N1, N2, C8a and C8 nuclei are much more shielded (by
about 30–70, 30, 1–5 and 1–4 ppm, respectively) than
they are in solutions in aprotic solvents. These differ-
ences depend strongly on the strength of tetrazole–acid
interactions. For the azido form the N4, C8a and C5
nuclei are more shielded in TFA (by about 100, 1–2 and
8–10 ppm, respectively) than they are in aprotic solvents.
Protonation effects, in TFA solutions, are also respon-
sible for producing an increase in the chemical shift
difference between N2 and N3 of the azide form from


Table 5. Longitudinal relaxation times T1 (295 K) for azido
(A) and tetrazole (T) form of compounds 2 and 3


Compound Atom T1 (s) Atom T1 (s)


2 H6A 35.6 C6A 5.4
H6T 33.5 C6T 4.7
H7A 17.3 C7A 6.2
H7T 16.4 C7T 5.5
H8A 29.9 C8A 6.3
H8T 27.2 C8T 4.8


3 H6A 25.6 C6A 4.9
H6T —a C6T 4.4
H7A —a C7A 5.8
H7T 11.0 C7T 4.9
H8A 24.3 C8A 5.4
H8T 18.0 C8T 5.0


a Not determined.


Table 6. Tetrazole±azide equilibrium constants (295 K) for
the compounds studied


KT/A
Compounds CDCl3 DMSO TFAh


1 ? ? ?
2 15.30 2.75a 2.20/1.80b


3 5.95c 0.65d 0.82
4 0.02 0.00 0.45/0.32b


5 0.02 0.00 0.40
6 0.04e 0.00 0.27
7 0.00 0.00 0.00/0.04b


8 — 0.00 0.00
9 0.31f 0.02 0.00/0.03b


10 0.34 0.02 0.02
11 — 0.00 0.03
12 0.26g 0.02 —


a Equilibrium constantsKT/A: 300 K, 2.75; 319 K, 3.75; 333 K, 4.15;
357 K, 6.72.
b Tetrazole–azide equilibrium constants after 2 months.
c Equilibrium constantsKT/A: 308 K, 6.58; 318 K, 7.85; 325 K, 8.88.
d Equilibrium constantsKT/A: 300 K, 0.65; 319 K, 1.16; 333 K, 1.35;
357 K, 2.06.
e Equilibrium constantsKT/A: T 308 K, 0.06; 318 K, 0.08; 325 K, 0.10.
f Equilibrium constantsKT/A: 308 K, 0.41; 318 K, 0.54; 325 K, 0.63.
g Equilibrium constantsKT/A: 308 K, 0.37; 318 K, 0.47; 325 K, 0.56.
The deviation inKT/A was about 0.02–0.05.
h Azide-to-tetrazole concentration ratio.
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2 ppm in CDCl3 solutions to about 20 ppm in TFA. In
addition, a change of the aprotic solvent from chloroform
to DMSO causes reversal of15N signal assignment for the
N2/N3 nuclei (Table 4). In more polar DMSO the N3
nucleus is much more shielded than the same nucleus in
CDCl3.


Since tetrazole–azide tautomerization is slow on the
NMR time-scale and based on the differences in NMR
data between the two forms, the influence of substituents
on this equilibrium can be discussed. In our studies we
used deuterated chloroform, DMSO and protonating
trifluoroacetic acid (TFA) as solvents. The equilibrium
constants for the compounds that potentially have a
tendency to equilibrate are collected in Table 6. In
chloroform all the molecules (except7, 8and11) exist as
mixtures of both forms, whereas the equilibrium is
strongly shifted towards the azido form for 5-halogen-
substituted tetrazolopyridines2 and 3. 2-Azido-6-fluor-
pyridine (1) can exist only in this form because of the
strongly electronegative character of the fluorine atom.
When the electronegativity of the halogen atom in
position 5 decreases (F, Cl, Br), the amount of the
tetrazole form gradually increases. Compounds4–6with
the same substituents in position 6 do not exhibit the
above-mentioned tendency. Introduction of a second
halogen atom in position 8 (9, 10 and 12) causes an
increase in the azido form but the tetrazole form still


predominates. Compounds7 and 8 in aprotic solvents
exist as tetrazoles, which suggests that halogen atoms in
position 8 stabilize this form. An increase in the polarity
of the solvents used is responsible for stabilization of the
tetrazole forms. For the compounds studied only the 5-
halogen substituted tetrazolopyridines (2 and 3) in
DMSO exhibit an equilibrium between the two forms.
From variable-temperature1H NMR measurements for
selected compounds (in CDCl3 and DMSO solutions) and
using the van’t Hoff equationDG° =ÿRT ln KT/A, where
DG° = DH°ÿ TDS°, KT/A is the equilibrium constant,T
is the absolute temperature andR is the gas constant, we
estimated values of the enthalpy and entropy of tetrazole–
azide tautomerization (Table 7). Thermodynamic data for
similar compounds have been reported earlier2,5,17 and
our studies confirm only the fact that these equilibria are
governed byDS. The positive values of entropy are
responsible for the existence of the azides in solutions.
All tetrazole-to-azide tautomerizations are endothermic
but the values of the enthalpy determine the susceptibility
of different substituted tetrazolo [1,5-a]pyridines to
tetrazole–azide tautomerization. The higher the value of
the enthalpy, the lower is the tendency for tetrazolopy-
ridine to open its ring. An increase in a solvent polarity
(CDCl3 → DMSO) causes an increase in the enthalpy
difference between the azido and tetrazole forms (Table
7)16 and confirms that in more polar solvents the tetrazole
form is much more preferred to the azide. A similar
tendency can be observed in the case of the nitro-
substituted tetrazolopyridines,18 where this group in
position 6 facilitates opening of the tetrazole moiety in
the sequence 7-methyl-6-nitro-> 6-nitro-> 8-methyl-6-
nitro-> 5-methyl-6-nitrotetrazolo[1,5-a]pyridine.


The ab initio calculated charge distribution, using the
Roby–Davidson approximation, and differences in total
SCF energies between the azido and tetrazole forms
allow us to explain the behaviour of the halogen-
substituted tetrazolopyridines (Table 8). The calculated
SCF energies for the azides suggest that this form is much
more stable than the tetrazole form. This inconsistency


Table 7. Values of enthalpy and entropy of tetrazole±azide
tautomerization


Solvent Compound
DH°


(kJ molÿ1)
DS°


(J molÿ1 Kÿ1)


CDCl3 3 10.6� 0.5 50.6� 2.7
6 24.1� 1.2 54.9� 3.3
9 19.0� 1.5 54.6� 4.2


12 20.22� 1.2 57.4� 3.1
DMSO 2 13.5� 0.5 53.4� 2.5


3 17.6� 0.5 55.5� 2.7


Table 8. Atomic charges and total SCF energies calculated by ab initio method for the chosen compounds


Compound Form
Total SCF


energy
Difference in
SCF energies Atomic charge (a.u.)


Differences
in atomic
charges


(kJ molÿ1) (kJ molÿ1) N1 N2 N3 N4 N4–N3


1 Tetrazole ÿ1336739.0 ÿ49.0 ÿ0.3208 ÿ0.0015 ÿ0.1617 0.1480 0.3097
Azide ÿ1336788.0 ÿ0.4926 0.6471 ÿ0.2181 ÿ0.3869 ÿ0.1688


2 Tetrazole ÿ2283360.0 ÿ35.0 ÿ0.3147 ÿ0.0076 ÿ0.1645 0.1760 0.3405
Azide ÿ2283395.0 ÿ0.4922 0.6474 ÿ0.2191 ÿ0.3639 ÿ0.1448


4 Tetrazole ÿ2283370.0 ÿ14.0 ÿ0.3156 ÿ0.0110 ÿ0.1736 0.1960 0.3696
Azide ÿ2283384.0 ÿ0.4923 0.6497 ÿ0.2281 ÿ0.3449 ÿ0.1168


7 Tetrazole ÿ2283367.0 ÿ8.0 ÿ0.3051 ÿ0.0095 ÿ0.1705 0.2016 0.3721
Azide ÿ2283375.0 ÿ0.4839 0.6512 ÿ0.2240 ÿ0.3456 ÿ0.1216


9 Tetrazole ÿ3489988.0 ÿ17.0 ÿ0.3000 ÿ0.0089 ÿ0.1661 0.1991 0.3652
Azide ÿ3490005.0 ÿ0.4811 0.6469 ÿ0.2154 ÿ0.3374 ÿ0.1220
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can be explained by taking into account the fact that
calculations were carried out on isolated molecules in the
gas phase with no solvent effects included. As is known
from the work of Wentrup and co-workers5,10,17and from
other theoretical calculations,19,20the azido form is much
more stable than the tetrazole form in the gas phase.
Differences in calculated SCF energies for both the azide
and tetrazole forms are helpful in studying this type of
equilibrium. When this difference increases then the
tetrazole form has a greater bigger tendency to open its
ring. Tetrazole–solvent interactions are responsible for
stabilization of the tetrazole form when compared with
the gas phase. In fact, the above-mentioned interactions
depend on the polarity of the solvent and clearly prove
that the differences in energies between the tetrazole and
azido forms should be small. Two recent theoretical
papers19,20were focused on different effects in tetrazole–
azide tautomerization and our calculations confirm their
results.


The differences in partial charges between the N4 and
N3 atoms of the tetrazole form range from 0.3097 a.u. for
2-azido-6-fluoropyridine (1) to 0.3721 a.u. for 8-chloro-
tetrazolo-pyridine (7). The smaller the difference is, the
higher is the content of the azido form in the mixture.
Partial charges for both forms can be very helpful in the
prediction of protonation and alkylation sites.21 TFA as a
polar solvent should stabilize the tetrazole form but must
also be considered as a protonating agent. This property
in many cases is responsible for the different behaviours
of substituted tetrazoloazines. In fact, TFA can be applied
in two different ways. When equimolar amounts of it are
added to a chloroform solution it behaves only as a polar
solvent. This means that in TFA the equilibrium is shifted
towards the tetrazole form. The data for this case are
presented in Table 9. Dissolution of tetrazolopyridines in
a large excess of TFA causes protonation and, in many
cases, opening of the tetrazole ring. This latter fact is in
accordance with the behaviour of different tetrazolo-
azines in TFA22 and implies that the strength of the N3—
N4 bond in tetrazoloazines decreases significantly in
acidic solutions. In the case of 5-halogen substituted
compounds only1 exists in the azide form. All the
remaining solutions in TFA of the compounds studied
contain mixtures of the tetrazole and azide forms in
different ratios. For 5- and 6-halogen-substituted tetra-
zolopyridines the values of the azide-to-tetrazole con-
centration ratio are in the range 0.27–2.20 and can change
after some period of time. In the case of7 and9 the azido


form appears after 2 months, whereas the azide-to-
tetrazole concentration ratio for2 and4 decrease after the
same time. In both protonating and aprotic solvents1
does not reveal the presence of 5-fluorotetrazolopyridine,
whereas 8-chloro- (7) and 8-chloro-6-carboxytetrazolo-
pyridine (11) exist as tetrazoles only. However, the latter
two compounds in excess of TFA undergo opening of the
tetrazole ring after 2 months, as is obvious when we
observe the14N or 15N NMR spectra of these compounds.
The signals atca ÿ154 andÿ200 ppm are in typical
positions of the N2 and N4 nuclei of the protonated azido
form.6 For almost all of the compounds studied a
‘protonation rate’ is comparable to a ‘ring opening rate,’
but for some of them, namely8, 11 (and others with
substituents in positions 6 and 6, 8), the former is
significantly faster. Hence we have postulated that at first
protonation occurs and is followed by opening of the
tetrazole ring. All the investigated 6-substituted tetra-
zolopyridines in aprotic solvents exist decidedly as
tetrazoles, whereas the introduction of a second chlorine
atom in position 8 shifts the equilibrium towards the
azido form, although the tetrazole form still predomi-
nates. The reverse is observed in TFA solution (Table 6).
6-Halogen substituted tetrazolopyridines exist in these
conditions as mixtures of both forms, whereas in the case
of 6, 8-disubstituted derivatives the equilibrium is
strongly shifted towards the tetrazole form.


CONCLUSIONS


Halogen substituents exert a strong influence on the
tetrazole–azide equilibrium in tetrazolo[1,5-a]pyridines.
Depending on the position of substituents in the
tetrazolopyridine ring they can stabilize or destabilize
the tetrazole form. Especially clear is the influence of
halogen atoms in position 5 because the higher the
electronegativity of the atom the larger is it, with a
tendency to open the tetrazole ring. The same substituents
in position 8 stabilize only the tetrazole form. The
presence of two halogen atoms in positions 6 and 8
facilitate opening of the bicyclic molecule in aprotic
solvents. In TFA as the solvent the azide form is more
preferred to the tetrazole form, although substituents in
positions 8 or 6 and 8 stabilize the bicyclic structure. The
IR spectra in the solid state and in solutions are of only
qualitative significance, whereas NMR data are irreplace-
able in the process of consideration of the tetrazole–azide
tautomerization at the quantitative level. Based on1H
NMR integrals, characterization of the influence of the
nature and position of the halogen atoms becomes
possible. The differences in1H, 13C and 15N spectral
parameters (chemical shifts, coupling constants, long-
itudinal relaxation times) are the basis for distinguishing
the tetrazole and azido forms in equilibrium. Calculated
ab initio 13C and15N absolute shieldings are very useful
in signal assignments, whereas total SCF energies and


Table 9. Tetrazole±azide equilibrium constants after succes-
sive addition of TFA to chloroform solution


Compound Neat 1:1 2:1 3:1


2 15.30 1.73 1.00 0.72
3 5.90 0.72 0.40 0.25
9 0.31 0.11 0.06 0.04
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charge distributions are of great importance in considera-
tions of tetrazole–azide tautomerism.
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ABSTRACT: This paper presents the results of the determination of various physical parameters ofN-aryl-
substitutedhydroxamic acids. These reagents behave as weak organic bases in the presence of strongly acidic
solutions. Their protonation behaviour was studied in hydrochloric acid solutions. Relevant pKBH


� values were
calculated according to the Hammett acidity function method, the Bunnett–Olsen method and the excess acidity
method. Other physical parameters investigated were densities, molar volumes and partition data between different
organic solvent–aqueous systems. An attempt was made to correlate these data with theoretical calculations based on
regular solution theory and to investigate the solubility parameters of these reagents. Copyright 1999 John Wiley &
Sons, Ltd.


KEYWORDS: weak organic bases; hydroxamic acids; physical parameters


INTRODUCTION


The versatile metal extractantsN-aryl-substitutedhy-
droxamic acids, of the general formulaI : where R and R'


are H, NO2, Cl, Br or OCH3 in ortho, metaor para
positions, serve as weak organic bases in presence of
strongly acidic solutions. The acid–base properties of a
substance are important parameters, especially for the
investigation of acid–base-catalysed reactions. The
relative basicities of weak organic bases have long been
of interest, both as a source of information about
electronic structure and reactivities and as a means of
estimating the amount of various protonated forms of a
base in solutions of different acid concentrations. The
most common measure of basicity has traditionally been
the pKBH� of the conjugate acid of the base. Various
aspects of hydroxamic acid chemistry have been
reviewed.1–3 These reagents are widely used in solvent
extraction and in several other fields such as analytical,
biological, agricultural, technical and nuclear investiga-
tions.1–15 In spite of such interesting properties, the
determination of the physico-chemical properties of these


reagents has received little attention. In order to
contribute to the solution of this problem, we report here
some considerations about the protonation behaviour of
N-aryl-substitutedhydroxamic acids. Since, as they are
metal extractants, most of the studies were carried out in
presence of hydrochloric acid and in the framework of
our continuing research,6,16,17the pKBH� values of these
reagents were determined following the Hammett acidity
function (HAFM), Bunnett–Olsen (BOM) and excess
acidity (EAM) methods in hydrochloric acid–water
mixtures.


Solvent extraction is one of the most widely used
separation methods, but the factors that affect the
magnitude of the distribution constants are not comple-
tely understood. In chelate extraction systems, inert
solvents are mainly used. Many papers have described
the reaction between reagents and metal ions, but the
effect of the solvent on the distribution constant has not
been treated theoretically, although it constitutes one of
the fundamental features of solvent extraction. With this
in mind, other physical parameters such as densities,
molar volumes and partition data for different organic
solvent–aqueous systems were investigated. An attempt
is made to correlate these partition data with theoretical
calculations based on regular solution theory, which
helps to determine the solubility parameters of these
reagents.


EXPERIMENTAL


Instrumentation. A Spekol Model EK-1 spectro-
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photometer (Carl Zeiss, Jena, Germany) was used for the
measurement of absorbance and a Varian DMS 100S
UV–visible spectrophotometer was used for recording
UV spectra using 10 mm matched silica cells. All
calculations were carried out on a Wipro SX-386
computer under MS-DOS.


Materials. Hydroxamic acids were prepared according to
the reported method18 and purified by crystallization
from benzene.


CP grade hydrochloric acid was used for extraction
work, because iron(II) present in it does not interfere.
Iron(II) can only affect the oxidation state of vana-
dium(V), which is used here as a reagent and in excess.
Hence a sufficient quantity of vanadium(V) remains in
the extraction system for the complete complexation of
N-aryl-substitutedhydroxamic acids. AR grade hydro-
chloric acid was used for determining distribution ratios.
Hydrochloric acid–water mixtures were prepared by
dilution of AR grade concentrated, standardized acid
with glass-distilled water.


A saturated solution of ammonium metavanadate was
prepared in glass-distilled water. Before use, chloroform
was shaken five or six times with an equal volume of
water (to remove the ethanol present as a preservative)
and distilled, then stored in amber-coloured bottle in a
cool place.


Measurement of Distribution constants, KD. An aliquot
of organic solvent solution (10–15 ml) containing
hydroxamic acid (ca 50 mg) and 25–100 ml of aqueous
solution were shaken for 30 min. The volumes of the two
phases to be taken were dependent on the magnitude of
KD. The solutions were allowed to stand for 1 h to
accomplish phase separation at constant temperature. The
concentration in each phase was determined spectro-
photometrically using the vanadium(V) method.


Measurement of distribution ratio, D. To measureD as a
function of hydrochloric acid concentration, 10 ml of
organic solvent containing hydroxamic acid were equili-
brated with 15–20 ml of 1–10M hydrochloric acid for
5 min following a rapid technique.6


Analysis of the sample. The determination of reagent
content from its UV absorbance gave unsatisfactory
results because of variations in its spectral characteristics
in a pure solvent and in aqueous acidic solution. The
reagent concentrations were therefore determined spec-
trophotometrically using the vanadium(V) method.19


This method has the advantage that side-reactions do
not necessarily invalidate the measurements.


Densities of the reagents were measured by applying
the hydrostatic weighing method.


All experiments were carried out in triplicate.


RESULTS AND DISCUSSION


N-Aryl-substitutedhydroxamic acids act as weak organic
bases in presence of strongly acidic solutions:


HA � H� (+
pKBH� H2A� �1�


where HA is hydroxamic acid, H2A
� is the conjugate


acid of HA and pKBH� is the protonation constant for
H2A


�. The data summarised in Table 1, represent the
pKBH� values determined, following the Hammett acidity
function method (HAFM), Bunnett–Olsen method
(BOM) and excess acidity method (EAM).


The HAFM20 is suitably modified by using an acidity
function appropriate to the class of bases under
consideration. For each compound, pKBH� was obtained
by plotting logI againstH0 according to the equation


log I � pKBH� ÿ H0 �2�
whereI = ionization ratio:


I � CH2A�


CHA
�3�


CHA and CH2
A� being the molar concentration of


hydroxamic acid and protonated species, respectively,
and


I � KD ÿ D
D


�4�
whereKD is the thermodynamic distribution constant of
the hydroxamic acid between the organic solvent and
aqueous acid in the region where appreciable protonation
is occurring and is estimated by the equation


Table 1. pKBH
� of N-aryl-substitutedhydroxamic acids by HAFM, BOM and EAM


HAFM BOM EAM


Hydroxamic acid pKBH
� m r s pKBH


� f r s pKBH
� m* r s


N-Phenyl-3,5-dinitrobenzo- ÿ1.83 0.90 0.990 0.10 ÿ1.37 0.28 0.965 0.04 ÿ2.27 1.01 0.993 0.05
N-m-Chlorophenylbenzo- ÿ2.23 1.01 0.994 0.06 ÿ1.54 0.36 0.934 0.07 ÿ2.65 1.27 0.992 0.08
N-p-Chlorophenyl-4-bromobenzo- ÿ2.43 1.07 0.998 0.04 ÿ2.30 0.08 0.811 0.02 ÿ2.99 1.35 0.997 0.05
N-m-Chlorophenyl-2-methoxybenzo-ÿ2.13 0.99 0.995 0.06 ÿ1.99 0.11 0.794 0.03 ÿ2.53 1.25 0.994 0.07
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D � KD ÿ Dh0


KH2A�
�5�


(whereH0 =ÿlog h0 KH2A
� can be written asKBH� and


pKBH� =ÿlog KBH�) or from the intercept of the plot of D
vs Dh0 or by calculation by the least-squares method.
Because of the structural similarity of hydroxamic acids
to amides, it is of interest to analyse the ionization data in
terms of amide acidity function,HA, in Eqn 2:


log I � pKBH� ÿ HA �6�
The second and more general method of determining
pKBH� is to use the linear free energy approach originally
proposed by Bunnett and Olsen,21 provided that the plot
of the left-hand side of the equation againstH0� log CH�


is linear:


log I � H0 � ��H0� logCH�� � pKBH� �7�
whereCH� is the proton concentration and the slopef is a
measure of the susceptibility of the equilibrium to
changing acid concentration.


The another extrapolative method is the EAM, which
is an earlier approach proposed by Marzianoet al.,22


developed by Cox and Yates.23 This method involves the
proton concentration,CH� and the concept of excess
medium acidity,X, and is summarized as


log I � pKBH� � logCH� �m�X �8�
whereX is excess acidity. Values ofX as a function of
weight percentage composition are available for the
aqueous hydrochloric acid system24 and also have been
calculated using the equation


X � ÿ�HA � logCH�� �9�
or by substituting the reported estimates of pKBH� andm*
for each base in the equation


X � �log I ÿ logCH� ÿ pKBH��
m�


�10�
on the basis of data available for 35 conjugate acids of


hydroxamic acids. TheX values calculated agree very
closely as shown in Table 2.


Table 1 is a summary table presenting comparative
data for pKBH� determined in 4–10M hydrochloric acid
solutions by the HAFM, BOM and EAM methods, along
with the values of the slope (m), correlation coefficient (r)
and standard deviation (s). Insufficient protonation at
lower acidity hinders the experimental determination of
pKBH�. An examination of the data reveals that for weak
bases, the three different approaches give different pKBH�


values. The value of pKBH� determined by EAM are the
most negative among the three methods. It is interesting
that the pKBH� values of structurally similar compounds,
the amides, also furnished different pKBH� values with
different procedures.25 Differences in pKBH� values have
been found for other weak bases also.26 In the case of
halogen substituents, the conjugate acid ofN-p-chloro-
phenyl-4-bromobenzohydroxamic acid is a stronger base
than N-m-chlorophenylbenzohydroxamic acid, whereas
introduction of a methoxy group in the lower benzene
ring of N-m-chlorophenylbenzohydroxamic acid in the
ortho position further decreases the basicity of the
reagent. Nitro groups are strongly electron-withdrawing
oxygen-containing groups, which would be expected to
interact strongly and specifically with the solvent through
the formation of O—H—O type hydrogen bonds. With
increasing acidity the water content decreases and so
solvation decreases and the influence of substituents on
the reaction centre should increase. The data presented in
Table 1 show that the conjugate acid of nitro-substituted
hydroxamic acid is a stronger acid than halo derivatives.
Although chloro and bromo derivatives are also electron
withdrawing, they would be expected to produce weaker
and less specific solute–solvent interactions.


In those cases where disagreement between the three
methods is observed, the question arises as to which
method gives the more accurate estimate of the real
thermodynamic quantity. However, it has been observed
that particularly in the case of weak organic bases,
HAFM works better than BOM and EAM. Further, EAM
is capable of providing mechanistic information, which
the other methods cannot.


Table 3 gives percentage protonation and distribution
ratios, D, between an organic solvent (carbon tetra-
chloride) and increasing hydrochloric acid concentration
(1–10M). The percentage of protonated hydroxamic acid
was calculated using the equation


% protonated� h0


h0� KBH�


� �
� 100 �11�


The percentage of protonated species increases andD
decreases with increasing hydrochloric acid concentra-
tion. This suggests that the protonated species has a
hydrophilic character.


Regarding the site of protonation ofN-aryl-substitu-
tedhydroxamic acids, very little information is available


Table 2. Values of X as a function of hydrochloric acid
concentration


X


HCl (M) ÿ(HA � log CH
�)
ÿ�log I ÿ logCH� ÿ pKBH��


m�


1 0.50 0.54
2 0.48 0.49
3 0.56 0.55
4 0.83 0.83
5 1.03 1.06
6 1.24 1.26
7 1.48 1.52
8 1.70 1.73
9 1.93 1.97


10 2.18 2.23
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in the literature.27–29 There are two possible centres in
these reagents, which can be protonated:


Of the two possibilities for a protonated species II and
III, the favoured site of protonation is the carbonyl
oxygen, presumably owing to its better charge delocali-
zation into the ring and oxygen, and thus hydroxamic
acids are protonated chiefly on oxygen, although at lower
acidity bothO- andN-protonated forms are present. At
the same time, both hydroxamic acids and amides show
similar protonation behaviours as they are structurally
related compounds, and favour protonation at the
carbonyl oxygen in the presence of strongly acidic
solutions. Still,N-protonation is not completely impos-
sible in amides, sincetert. amides show an acid-catalysed
isomerism, which can occur only byN-protonation.
Further, amides with electron-donating substituents ex-
changed throughN-protonation.30 Another controversy is
that, observing the IR spectra ofN-aryl-substitutedhy-
droxamic acids, both�O–H and �C=0 appear at lower
wavelength and the positions of these bands remain
unaffected on dilution. It is therefore inferred that
intramolecular hydrogen bonding exists in the molecule:


Moreover, chelation occurs through both the oxygen
atoms:


These two points indicate the possibilities ofN-protona-


tion in hydroxamic acids. The site of protonation needs
very detailed studies using modern techniques of NMR
spectroscopy.


N-Aryl-substitutedhydroxamic acids are versatile
metal extractants. The distribution constants,KD, of
these reagents in various organic solvent–aqueous
systems were determined to obtain information about
the suitability of the solvent for extraction work, and
these values are further helpful in calculating the
solubility parameters and thus can be correlated with
regular solution theory. According to Hildebrand and
Scott,31 ‘A regular solution is one involving no entropy
change when a small amount of one of its components is
transferred to it from an ideal solution of the same
composition, the total volume remaining unchanged’.


Hildebrand’s theory of regular solution can be applied
to such solutions and the solubility parameter,�, of a
substance is defined as


� � ��Ev=v�1=2 �12�
where �Ev/v is the energy of vaporization per unit
volume. The heat of mixing of a solute and solvents
depends on the difference in their� values. The solubility
parameters of hydroxamic acids were calculated using
the equation


ln
�1;org


�2;aq


� �
� V1


RT
���cÿ �aq�2ÿ ��c ÿ �org�2�


� V1
1


Vorg
ÿ 1


Vaq


� �
�13�


where�c is the solubilı`ty parameter of solute,f1 is the
volume fraction of the solute,f2 is the volume fraction of
the solvent in the solution, V1 is the molar volume of the
solute, �aq is the solubility parameter of the aqueous
phase,Vaq is the volume of the aqueous phase for all
organic solvents andVorg is the volume of the organic
solvent.


At low concentrations of the solute,


�aq� �org � 1 �14�


Table 3. D and percentage protonation of N-aryl-substitutedhydroxamic acids as a function of hydrochloric acid concentration


Hydrochloric N-Phenyl-3,5-dinitrobenzo- N-m-Chlorophenylbenzo-
N-p-Chlorophenyl-4-bromo-


benzo-
N-m-Chlorophenyl-2-


methoxybenzo-


acid (M) D % Protonation D % Protonation D % Protonation D % Protonation


1 — 4.46 — 1.83 — 1.16 — 2.29
2 52 8.15 72 3.41 640 2.18 64 4.26
3 44 13.94 65 5.91 615 3.91 60 7.51
4 35 28.48 53 13.68 565 9.09 54 16.63
5 22 44.27 45 24.02 490 16.63 45 28.47
6 14 60.77 32 38.14 405 28.00 35 43.70
7 10 75.98 25 55.73 325 41.92 26 61.31
8 7 85.48 16 70.09 235 57.34 16 74.69
9 4 91.82 10 81.70 135 71.92 8 84.90


10 3 95.72 6 89.91 80 83.63 5 91.81
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and for low concentrations of the solute used in the
present investigation, it can be assumed that


�1;org


�2;aq
� KD �15�


whereKD is the experimental distribution constant.KD


can thus be related directly to the right-hand side terms of
Eqn 13. TheKD values presented in Table 4 can be
regarded as the distribution constant for the monomeric
form of the reagent, as no significant variation inKD with
total reagent concentration occurs. At the same time, the
ionization constant of these reagents in water is small and
so the concentration of their anionic species in the
aqueous phase is negligible.


The values ofKD for N-aryl-substitutedhydroxamic
acids seem to depend on the solvent polarity. A log–log
plot of KD values against the dielectric constant of the
organic solvents gives a parabolic relationship as shown
in Fig. 1. Kamletet al.32 developed ap* scale of ‘solvent
polarity’ for solvent–solute interactions. A plot of logKD


againstp* values of the solvent yields a straight line, as
shown in Fig. 2.


To calculate the molar volume,V1, densities of these
reagents were determined following the hydrostatic
weighing method at 30� 1°C. The data are presented
in Table 4. The solubility parameter for water was taken
as 23.4 cal1/2 ml1/2 and those for various organic solvents,
�, were obtained from literature;33 the density of water
was taken as 0.995670 g mlÿ1 at 30°C. The solubility
parameters in Table 4 show that the calculated values of
�c for various solvents investigated here are reasonably
constant. This indicates that the properties of hydroxamic
acid solutions in these solvents are at least qualitatively
similar to those postulated for regular solutions.


In a solvent extraction system, if we know the funda-
mental parameters of the solvent, the aqueous solutions
and the solute, we shall be able to predict the behaviour of


Table 4. Physical parameters of N-aryl-substitutedhydroxamic acids


N-Phenyl-3,5-dinitro-
benzo-


N-m-Chlorophenyl-
benzo-


N-p-Chlorophenyl-4-
bromobenzo-


N-m-Chlorophenyl-2-
methoxybenzo-


Solvent KD �C KD �C KD �C KD �C


Benzene 88.50 15.03 259.00 14.87 939.13 15.17 289 14.85
Chlorobenzene 133.15 15.10 166.00 15.02 3027.03 15.20 175 15.02
o-Dichlorobenzene 66.89 15.33 103.00 15.24 4640.00 15.36 243 15.16
Toluene 92.59 14.87 140.10 15.50 1571.43 15.00 204 14.74
n-Hexane 11.00 14.32 8.31 14.31 45.00 14.57 3 14.38
Cyclohexane 15.00 14.72 10.32 14.72 55.00 14.90 6 14.75
Carbontetrachloride 38.52 14.82 66.25 14.74 651.85 14.94 55 14.76
Chloroform 142.00 15.07 248.93 14.93 6166.67 15.11 316 14.93
1,2-Dichloroethane 320.60 15.18 330.43 15.06 3400.00 15.36 803 15.05


Density (g mlÿ1) 1.1204 1.0930 1.5139 1.1649
Molar volume (V1) 270.430 226.440 215.734 238.208


Figure 1. Log-log plot of KD vs � �Ð� N-phenyl-3,5-
dinitrobenzo; *Ð* N-m-chlorophenylbenzo; ~. Ð~. N-p-
chlorophenyl-4-bromobenzo; ~Ð~ N-m-chlorophenyl-o-
methoxy benzohydroxamic acids
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the solute and, moreover, the role of the solvent or
diluent. The knowledge of solubility parameter values
will prove fruitful not only in choosing a suitable solvent
for extraction but also in extending the range of the
extraction method.
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ABSTRACT: Electrical potential oscillations across liquid–liquid interfaces in phase transfer catalytic systems were
studied. The possibility of using the amplitudes of these oscillations as a criterion for grading the catalysts in order of
their efficacies for a reaction was suggested. Gradation in the efficacies of the catalysts derived on the basis of the
gradation in the amplitudes in the reactions of nucleophilic nature was shown to be in agreement with the gradation in
the partition coefficients of the nucleophiles in the presence of the phase transfer catalysts. Copyright 1999 John
Wiley & Sons, Ltd.
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tetrabutylammonium chloride; cetyltrimethylammonium bromide; 18-crown-6


INTRODUCTION


In phase transfer catalyst systems which are biphasic in
nature, usually an aqueous phase containing one of the
reactants is in contact with an organic phase containing
other reactants. The phase transfer catalyst (PTC) may be
dissolved in either of the two phases depending on its
solubility. In the phase transfer catalytic reactions, a
shuttling mechanism is known to operate.1 The shuttling
mechanism implies that if one inserts in the two phases
two electrodes capable of sensing the ions, one should


observe oscillations of electrical potential difference
across the electrodes. In a recent study by our group, the
existence of such oscillations has been demonstrated2 in a
few phase transfer catalytic reactions.


Although numerous reactions3–5 have been carried out
using phase transfer catalysts, very little comparative
work is available which will enable one to grade the
catalysts in order of their efficacies for a reaction. If such
a gradation becomes available it will become easy to
choose a proper catalyst for a reaction. An attempt made
in this direction is described in this paper. Oxidation of


benzaldehyde and benzyl alcohol and esterification of
benzoic acid were chosen for study.


Since the amplitudes of electrical potential oscillations


Figure 1. Schematic representation of the experimental set-up for monitoring electrical potential oscillations
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Table 1. Comparative study of oxidation and ester®cation reactions using different PTCsa


Amplitude of Traces of electricalPartition coefficient (KD) electrical potential potential oscillations
Description of the reaction system R1 R2 P Product yield (%) oscillations (mV) shown in


I. Oxidation of benzaldehyde


�a� benzene� benzaldehyde (organic phase)
Acidic KMnO4�0:01 M� � TBAC �0:07 M�(aqueousphase)


interface
4.7840 0.0836 0.3165 51.0 7.2 Fig. 2(a)


�b� benzene� benzaldehyde (organic phase)
Acidic KMnO4�0:01 M� � 18-crown-6�0:02 M�(aqueousphase)


interface
4.7992 0.0670 0.3342 45.2 6.4 Fig. 2(b)


�c� benzene� benzaldehyde (organic phase)
Acidic KMnO4�0:01 M� � CTAB �0:07 M�(aqueousphase)


interface
4.9783 0.0324 0.3550 11.3 0.40 Fig. 2(c)


II. Oxidation of benzyl alcohol


�a� benzene� benzylalcohol (organic phase)
Acidic KMnO4�0:01 M� � TBAC �0:07 M�(aqueousphase)


interface
2.348 0.0836 0.3165 58.8 8.0 Fig. 3(a)


�b� benzene� benzyl alcohol (organic phase)
Acidic KMnO4�0:01 M� � 18-crown-6�0:02 M�(aqueousphase)


interface
2.5126 0.0670 0.3342 53.9 5.6 Fig. 3(b)


�c� benzene� benzyl alcohol (organic phase)
Acidic KMnO4�0:01 M� � CTAB �0:02 M�(aqueousphase)


interface
2.551 0.0324 0.3550 50.5 4.8 Fig. 3(c)


III. Esterification reaction


�a� benzoic acid�0:1 M� � NaOH �0:1 M� � TBAC �0:07 M�(aqueous phase)
dichloromethane (organic phase)


interface
2.362 0.5524 0.5426 88.0 10.4 Fig. 4(a)


�b�Benzoic acid�0:1 M� � NaOH�0:1 M� � CTAB�0:02 M�(aqueous phase)
dichloromethane (organic phase)


interface
2.452 0.3932 0.5341 37.5 1.6 Fig. 4(b)


�c�Benzoic acid�0:1 M� � NaOH�0:1 M�(aqueous phase)
dichloromethane� Aliquat 336 (organic phase)


interface
2.8117 — 0.5311 28.5 0.40 Fig. 4(c)


a In the control experiments where no PTCs were used (i) product yields were immeasurably low, (ii) no oscillations were observed and (iii)KD values for R2 were immeasurably low.
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in phase transfer catalytic reactions of a nucleophilic
nature measure the relative concentrations of the
nucleophile in the two phases, it appears logical to use
them as criteria to grade the PTCs in order of their
efficacies for a reaction. It has been shown that gradation
in the efficacies of the PTCs derived on the basis of
gradation in the amplitudes is consistent with the
gradation in the partition coefficients of the nucleophiles
between the two phases.


EXPERIMENTAL


Materials. Aliquat 336 (Aldrich, Cat. No. 20,561.3),
tetrabutylammonium chloride (TBAC) (Fluka, Cat. No.
G5505), cetyltrimethyl ammonium bromide (CTAB)
(Sigma, Cat. No. H5882) and 18-crown-6 (Sigma, Cat.
No. C5515) were used. All other chemicals, e.g. benzene,
benzyl alcohol, benzaldehyde and dichloromethane, were
of analytical grade. Deionized water distilled twice in an
all-Pyrex glass still was used for preparing aqueous
solutions.


Methods. Electrical potential oscillations in different
phase transfer catalytic systems were monitored using a
set-up similar to that described earlier2 (Fig. 1). The
volume of both aqueous and non-aqueous phases was
25 ml. In all oxidation reactions, KMnO4 solution was
made acidic by adding a drop of concentrated hydro-
chloric acid. To monitor electrical potential oscillations,
the sensing electrodes (Ag/AgCl electrodes obtained
from ELICO, Hyderabad, India) were placed as close to
the interface as possible and connected to anx–t recorder
(Omniscribe Series 5000, Digital Electronics, Bombay,
India). While monitoring electrical potential oscillations,
the solutions were not stirred. Products were identified
spectroscopically. The product benzoic acid formed in
the oxidation reactions and bismethylene benzoate
formed in the esterification reaction under unstirred
conditions were estimated using methods described in the
literature.6,7


All reactions were carried out for 4 h at constant
temperature using a thermostat set at 30� 0.1°C. In
order to compare the yield in the case of different PTCs it
was necessary to conduct all reactions for the same
duration and at the same temperature.


RESULTS AND DISCUSSION


Two oxidation reactions and one esterification reaction
using different PTCs were investigated; the reaction
systems are described in Table 1. Traces of electrical
potential oscillations which are a consequence of the
shuttling mechanism as shown previously2 are shown in
Figs 2–4. The amplitudes of electrical potential oscilla-
tions and also the product yields for each reaction system


are also recorded in Table 1. It may be mentioned that
since very little comparative work on phase transfer
catalytic reactions is available, it is not possible to obtain
from literature reports the values of the product yields
under uniform conditions. The values of the product
yields in Table 1 are for the reactions conducted for 4 h
under unstirred conditions. Product yields in the control
experiments where no PTC was used were immeasurably
low.


The data in Table 1 reveal that gradation in the values
of the amplitudes of the electrical potential oscillations in
the case of different PTCs is the same as the gradation in
the values of the product yields which should also be the
gradation in the efficacies of the PTCs. Thus, (i) for the
oxidation of benzaldehyde and benzyl alcohol, TBAC>
18-crown-6 > CTAB; and (ii) for the esterification
reaction TBAC> CTAB > Aliquat 336. In fact, the
product yields increase linearly with increase in ampli-
tude (Fig. 5).


The gradation in the efficacies of the PTCs, which is


Figure 2. Traces of electrical potential oscillations in the
oxidation of benzaldehyde using different PTCs: (a) TBAC; (b)
18-crown-6; (c) CTAB
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based on the gradation in the values of the amplitudes of
electrical potential oscillation, is supported by the
considerations of partition coefficients in the presence
of PTCs. Consider a phase transfer reaction system
schematically depicted as


R1;P�organicPhase�
R2�aqueousPhase� interface


where R1 and R2 represent the reactants present in the
organic and the aqueous phase, respectively, and P
represents the product formed. Let us consider the
situation where the organic phase is the seat of reaction,
which it is in case of all reactions studied here. Defining
the partition coefficientKD as the ratio of the concentra-
tion Corg in the organic phase to the concentrationCaq in
the aqueous phase, i.e.KD = Corg/Caq, it would be
expected that product formation will be favored by (i)
high values ofKD for the reactants R1 and R2 and (ii) low
values ofKD for the product P.


The experimentally determined values ofKD for
oxidation and esterification reactions in the presence of


different PTCs are recorded in Table 1. For oxidation of
both benzaldehyde and benzyl alcohol, R2 and P
represent KMnO4 and benzoic acid, respectively,
whereas R1 represents benzaldehyde in the oxidation of
benzaldehyde and benzyl alcohol in the oxidation of
benzyl alcohol. Similarly, in the esterification reaction R1


represents dichloromethane which, in addition to being a
reactant, is also the medium for the reaction, R2 is the
benzoate ion formed in the aqueous phase and P is the
product bismethylene benzoate.


It can be seen from Table 1 that the values ofKD for R1


and P in the case of all reactions studied do not show any
significant variation with the choice of PTC, whereas the
value of KD for R2 does show a gradation. The value
shows that the higher is the value ofKD for R2 in the
presence of a PTC, the higher is the product yield. The
gradation in the values ofKD for R2 in the presence of


Figure 3. Traces of electrical potential oscillations in the
oxidation of benzyl alcohol using different PTCs: (a) TBAC;
(b) 18-crown-6; (c) CTAB


Figure 4. Traces of electrical potential oscillations in the
esteri®cation of benzoic acid using different PTCs: (a) TBAC;
(b) 18-crown-6; (c) CTAB
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different PTCs is also the gradation in the product yields,
which is as follows: (i) for the oxidation reactions, TBAC
> 18-crown-6> CTAB; and (ii) for the esterification
reaction, TBAC> CTAB > Aliquat 336.


Thus the agreement between the gradation in the
amplitudes of electrical potential oscillations with that in
the value of the partition coefficient of the nucleophile
appears to indicate that the former may be used as a
criterion for grading phase transfer catalysts in order of
their efficacies for a particular reaction.
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ABSTRACT: Acid–base equilibria in selectedo-methylamino-N-dialkylphenols in aqueous solutions are discussed.
Analysis of the pH dependence of the UV absorption spectra with application of the multi-channel least-squares
procedure allows the estimation of some microscopic dissociation constants. Results are discussed on the basis of
intramolecular interactions between different substituents in phenol rings and protonation of the methylamino groups
in amino acids. Copyright 1999 John Wiley & Sons, Ltd.
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INTRODUCTION


Mannich bases produced byortho-condensation of
phenols with secondary amines and formaldehyde, as
shown in Scheme 1, contain a proton donor moiety (the
phenol) and a proton acceptor (the amino group) which
are separated from each other by a methylene bridge. The
latter quenchespÿelectron conjugation between the
donor and the acceptor. Intramolecular hydrogen bonds
can form between the OH group and the amino nitrogen
atom, and the acid–base properties of such molecular
systems can be modified to a considerable extent by
varying either the structure of the amino moiety or the
substituent on the phenyl ring.


In view of these properties, Mannich bases are
employed as model compounds in studies of the nature
of hydrogen bonds.1 Any comparisons between intra-
molecular and intermolecular hydrogen bonding effects
require the assessment of pKa values for the donor and for
the acceptor groups involved in the bonding.


The problem of acid–base equilibrium in ampholites is
certainly non-trivial, as depicted in Scheme 2, and is a
topic of recent studies.2–4 Knowledge of the specific
(microscopic) dissociation constants of A� to A and A�


and those of A and A� to Aÿ as well asKPT(= [A�]/[A])
is necessary to describe the partition coefficients of
ampholites between water and an immisible lipid, e.g. an


organic solvent such asn-octane. The partition coeffi-
cient depends on the concentration of the neutral form (A
in Scheme 2) in the two immiscible solvents. From the


Scheme 1
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experiment only average (macroscopic)Ka1
and Ka2


values are available. The lipophilicity characterized by
this coefficient plays an important role in the biological
activity of drug molecules.


Extensiveab initio calculations of the influence of
solvents on the tautomeric equilibrium in nicotic and
isonicotic acids at advanced levels such as MP2/6–
31�G**//MP2/6–31G* have been reported.2 The solvent
effect on the tautomerization ofN,N-dimethylglycine has
been studied.3 One popular method for solving the
problem of determining the values of microscopic
dissociation constants is to use the pKa values of model
compounds, namely the esters of acidic groups. This
procedure introduces some uncertainty, however, even
after using the correlations of the Hammett type.5


Instead, analysis of the pH-dependent UV absorption
spectra seems to offer a better means to provide insight
into the protonation–deprotonation process concerned.


There have been some attempts in the literature6,7 to
explain the equilibria presented in Scheme 2 in Mannich
bases. The influence of electronic interactions7 as well as
intramolecular hydrogen bond6 on pKa values has been
discussed. Applying different assumptions to values of
absorption coefficients of the particular forms, the
authors estimated the microscopic dissociation constants
andKPT. Such an approach seems futile since only three
of the equilibrium constants are independent, and the
remaining ones become redundant. From the point of
view of pH-dependent equilibria, the most reasonable
choice for selecting a set of three independent equili-
brium constants seems to be as presented in Scheme 2. In
the cases ofKa1


and Ka2
, the corresponding equations


include the concentration of H�, whereas that for the


tautomerization constantKPT does not:


Ka1 � ��A� � �A����H��=�A��
Ka2 � �Aÿ��H��=��A� � �A���


Thus, if one examines the UV absorption spectra of the
system as a function of pH, there is a variable
superposition of three component spectra, that of the
anion, that of the cation and that of a tautomeric mixture
(A�A�), where the contributions of A and A� are related
by the tautomerization constantKPT. Thus, the latter
spectrum does not change as such, and only its
contribution to the total spectrum varies with pH. It is
not possible, therefore, to obtain information on the
tautomeric equilibrium between the zwitterion A� and
the truly neutral species A if one simply examines the UV
spectra concerned as a function of pH. However, in the
present case of Mannich bases there is some way round,
provided that we can extract the component spectrum
(A�A�) from the pH-dependent variation of the
observed spectra. Since the UV absorption of the
molecules concerned is related essentially to the presence
of the phenol/phenolate chromophore, whereas the
amino/ammonium moiety does not contribute directly,
the spectral lineshape for the cation A� should be similar
to that for the phenol A, and the spectrum of the anion Aÿ


should be similar to that of the zwitterion A�. In view of
the foregoing in particular cases, the combined spectrum
(A�A�) can resemble the spectra of Aÿ or A� which are
available at the border conditions of very high or very
low pH. In such a case one is able to estimate some
microscopic dissociation constants which can be com-


Scheme 2
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pared with pKa values of related phenols and benzyla-
mines, in order to analyze the intramolecular interactions.
It provides also some unique information on intramol-
ecular hydrogen bonding in aqueous solutions not
available by other experimental methods.


EXPERIMENTAL


o-Methylamino-N-dialkylphenols (Mannich bases) were
synthesized by standard techniques of Mannich con-
densation.8 Their electronic absorption spectra at
25� 1°C were recorded on a Specord M-40 spectro-
photometer (Carl Zeiss Jena) at a resolution of 40 cmÿ1


for solutions in 1 cm quartz cells. Solutions within a
concentration range from 1� 10ÿ4 to 12� 10ÿ4 mol
dmÿ3 were prepared for each Mannich base. These
solutions were diluted 10-fold by adding HCl or NaOH
solutions of different concentrations, to give pH values
ranging from 1 to 12. The pH of the solutions was
determined with a combined glass–calomel electrode
calibrated with standard buffer solutions.9 This provided
20–33 different spectra as a function of pH for each
compound, as shown in Fig. 1(a, c). The pKa values were
estimated from the plots of absorbance vs pH [cf. Fig.
1(b, d)].


The same results were also processed by a multi-


channel analytical method, the principles of which were
described in detail elsewhere.10,11It is essentially a non-
linear least-squares optimization method employed
simultaneously over a large number (N) of wavelengths
or frequencies (i.e. ‘spectral channels’) for the corre-
sponding absorbances as a function of some experimental
parameters (pH, in the present case). Additional details of
using this method in describing the proton transfer
equilibria in Mannich bases are discussed in other
sections.


RESULTS AND DISCUSSION


Examples of different types of spectra dependence on pH
are shown in Fig. 1. Figure 1(b) and (d) illustrate the
method of determination of pKa values which are
described in Table 1 as ‘spectroscopic–potentiometric’
results.


In order unravel the UV absorption of the pH-depenent
equilibria concerned, the three-component spectra
A�,Aÿ and A�A� we employed the so-called multi-
channel least-squares fitting procedure.


The method, as used in the present work, performs
simultaneously the least-squares fitting of 3N molar
absorption coefficients" three for each of theN channels,
"(A�), "(Aÿ) and"(A�A�), and also of pKa1


and pKa2
,


using equations which relate the concentrations of the
three species to pH. Since the approach is non-linear, one
has to make starting approximations for all of the 3N�2
variables fitted; for"(A�)s we used the spectrum run at
the lowest pH, that at the highest pH for"(Aÿ)s and for
"(A�A�)s we took a spectrum from the range of pHs
which was inside the limits set by the starting
approximations of pKa1


and pKa2
employed. Typically,


we used the method over 300 spectral channels, so that
the number of variables to be fitted simultaneously
amounted to 902. This task seems to be numerically
formidable, as the size of the corresponding matrix
becomes 903� 903, but the crucial point in the multi-
channel method lies in a suitable factorization10,11which
drastically reduces the sizes of the matrices involved and
concomitant numerical instabilities. The method worked
perfectly for all of the compounds studied and the
corresponding UV spectra, and it turned out to be fairly
insensitive to the quality of the starting approximations
employed with respect to the optimized values obtained
for the variables concerned.


The results obtained by this method for pKa1
and pKa2


values are listed in Table 1 as ‘multi-channel’ results.
The unraveled spectra in terms of molar absorption


coefficients" as a function of spectral frequency, are
given in Fig. 2.


In each case, the component spectra (A�A�), those
which are linear combinations of the relevant neutral
species A and A�, provide some information on the
tautomeric equilibria between the latter in spite of the fact


Figure 1. Examples of spectrophotometric titration of (a, b)
2-(N,N-dimethylaminomethyl)-4-nitrophenol and (c, d) 2-
(N,N-dimethylaminomethyl)-4-chlorophenol


Copyright  1999 John Wiley & Sons, Ltd. J. Phys. Org. Chem.12, 486–492 (1999)


488 M. PRZESsAWSKA, A. KOLL AND M. WITANOWSKI







Table 1. Acid±base equilibria in Mannich bases


Concentration
Number of UV


spectra at
Fitted value
of pKa1


a�
Fitted value
of pKa2


a� Literature values


Compound Phenol Benzylamine (mol dmÿ3) different pH std dev. std dev. Value of pKa1


b Value of pKa2


b pKa1
pKa2


Ref.


1 p-NO2- N-Morpholino- 2.12� 10ÿ5 26 5.63� 0.01 7.82� 0.01 5.75 — 5.53 8.02 7
2 p-NO2- N-Dimethyl- 3.35� 10ÿ5 33 5.91� 0.01 9.93� 0.01 5.85 — — —
3 p-Cl- N-Morpholino 4.34� 10ÿ5 26 6.89� 0.01 9.74� 0.01 6.9 9.75 6.68 9.96 7
4 p-Cl- N-Dimethyl- 4.60� 10ÿ5 23 8.15� 0.01 11.11� 0.01 8.2 11.35 — —
5 p-Cl- N-Diethyl- 1.18� 10ÿ4 20 7.96� 0.01 11.79� 0.01 8.2 11.5 7.95 1.40 7


7.75 1.17 6
6 p-Cl- N-Pyrrolidino- 3.67� 10ÿ5 21 8.30� 0.01 11.93� 0.01 8.3 11.5 — —
7 2,4-Di-Cl- N-Morpholino- 3.05� 10ÿ5 23 5.83� 0.01 8.73� 0.01 5.8 8.78 5.35 8.95 7
8 3,5,6-Tri-Cl- N-Morpholino- 1.03� 10ÿ5 22 4.83� 0.04 8.16� 0.04 5.0 8.3 4.84 8.33 7


a pKa Studied by multi-channel least-squares analysis of pH-dependent UV spectra.
b pKa Studied by spectroscopic–potentiometric method.


C
opyright


1999
John


W
iley


&
S


ons,
Ltd.


J.
P


h
ys.


O
rg


.
C


h
e


m
.12,


486–492
(1999)


A
C


ID
–B


A
S


E
E


Q
U


ILIB
R


IA
IN


M
A


N
N


IC
H


B
A


S
E


S
489







that the equilibria do not depend on pH, and any variation
in pH affects only the global content of A�A� in the
protonation–deprotonation equilibria which include
A�,A�A� and Aÿ species. It is fairly obvious from the
sample spectra presented in Fig. 2 that the composite
spectrum of A�A� contains fragments which resemble
the spectra of A� and of Aÿ. Since the UV absorption of
the molecules concerned comes essentially from their
phenol/phenolate chromophores, it is reasonable to
expect that the fragment which resembles the spectrum
of A� should represent the spectrum of A, and Aÿ should
represent the spectrum of A�. It is not feasible to extract
the molar absorption coefficients"(A) and "(A�) from
the pH-dependent spectra, since the A/A� ratio remains
constant, but we can make a rough assumption that the
ratio "(A)/"(A�) for the coefficients at the corresponding
absorption band peaks of A and A�, respectively, should
not depart significantly from the analogous"(A�)/"(Aÿ)
ratio which is readily available from the unraveled
spectra (Fig. 2). Using this assumption, one can
qualitatively estimate the actual compositions of the


A�A� mixtures of the neutral species involved; such
estimates are presented in Table 2.


This seems to be virtually the only way in which one
can estimate the individual contents of the truly neutral
species A and that of the zwitterion A�, in addition to
those of the ions A� and Aÿ, in acid–base equilibrium
systems which can include all of the foregoing species. It
is interesting that in the molecules examined the
zwitterion usually dominates over the truly neutral
molecule A (Table 2), but there are some significant
exceptions. In compound3, it is the A species which
prevails, and in compounds7 and8, the two species occur
in comparable amounts at equilibrium.


On the basis of the results presented in Table 2, the
proton transfer equilibria for the most of particular
systems can be attributed to one of two possible reaction
schemes:


Aÿ �
Ka2�I�


A �
Ka1�I�


A� �1�


Aÿ �
Ka2�II�


A� �
Ka1�II�


A� �2�


The Ka1
(I) value is related to dissociation of


R1N
�H(R2)2 cations whereas theKa1


(II) value is
connected with phenolic OH group dissociation from
A� species.Ka2


(I) andKa2
(II) play an opposite role in the


course of further stripping of the protons.
When the scheme of equilibrium is decided, one can


attribute an average dissociation constant to one of the
particular microscopic dissociation constants. By com-
parison of this values withKa of related phenols and
benzylamines (also given in Table 2) one can analyze the
intramolecular interactions between acid–base centres of
a molecule.


In the case of the Mannich base resulting fromp-
nitrophenol and morpholine (1 in Table 1), the prevailing
content of the A� form in the A�A� mixture suggests
that a pKa1


value of 5.63 can be attributed to dissociation
of the OH group [reaction (2)].


A considerable decrease (ÿ1.52) of pKa in comparison
with p-nitrophenol is found, which should result from the
influence of the morpholine substituent. The electronic
influence of an electron-donating subsitituent, however,
should decrease the acidic properties of the phenol.
Additionally the CH2 group seriously reduces the
electronic influence of the substituents. The observed
influence of the morpholine group can only be explained
by an electrostatic interaction of positive charge on the
nitrogen of the protonated —NH�(R2)2 group (see
Scheme 2). The pKa2


value, on the other hand, is
increased in comparison withN-benzylmorpholine by
1.07 pKa units. This can also be caused by the
electrostatic interactions. Stripping of the proton from
the —NH�(R2)2 group proceeds in the electrostatic field


Figure 2. Calculated by multi-channel method spectra of Aÿ


(---), A� A� (- � - � - � ) and A� (ÐÐ) species in water
solutions. Numbering of compounds 1±8 as in Table 1
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of the phenolate anion. Some influence of electrostatic
interaction through the bond chain, and also an intra-
molecular NH�Oÿ hydrogen bond, cannot be discarded.
Similar behavior is observed with compound2, where the
morpholine was replaced by dimethylamine. The pKa of
such an amine is different from the value for1, but the
calculatedDpKa of ÿ1.24 and 1.13 for the phenol and
amine centers resemble the results found for1. This
supports the explanations given in the case of1. As
follows from Table 2, the character of the protonation/
deprotonation scheme of derivatives ofp-chlorophenol,
and dimethyl-and diethylamine and pyrrolidine resem-
bles that discussed above, i.e. following reaction (2). The
decrease in pKa of the phenolic part is 1.25, 1.44 and 1.21
in compounds4, 5 and6 respectively.


In derivatives ofp-chlorophenol the increase in pKa2


values is distinctly larger than that in the case of
derivatives ofp-nitrophenol; it is 2.11, 2.39 and 2.27 in
compounds4, 5and6, respectively. This further increase
in the stability of zwitterionc forms cannot be explained
only by the electrostatic influence of a charge on the Oÿ


atom.
One of the explanations may be the existence of


intramolecular hydrogen bonding of the OÿHN� type in
aqueous solutions. The reason for the observed differ-
ences may be the stronger destabilization of more ionic
hydrogen bonds13 in p-nitroderivatives than inp-chloro
derivatives in polar solvents. There is no evidence in the
literature for such intramolecular hydrogen bonding in
aqueous solution.7 It is not possible to distinguish clearly
the hydrogen bonded and non-hydrogen-bonded zwitter-
ionic forms, on the basis of the UV spectra.


An interesting exclusion appears with compound3, for
which the protonation/deprotonation process follows
reaction (1). The pKa1


value is connected with the
dissociation of amine cations. Fairly good agreement
with the value for N-morpholinobenzylamine was
obtained. Our value is 6.89 whereas the pKa of N-
morpholinobenzylamine is 6.75.


Also, the pKa value of the phenolic part of the
complex, 9.74, is not far from the value of 9.4 forp-
chlorophenol. The 0.34 unit increase in pKa in the
Mannnich base can be explained by intramolecular


hydrogen bonding in A, but the difference is too small
for reliable disscussion, especially if one takes into
account the comparatively low precision of the micro-
scopic estimation of pKa values. For compounds7 and8
comparable amounts of A and A� forms are observed in
the mixture and the average pKa2


and pKa1
values cannot


be attributed to any microscopic dissociation constants.
The pKa1


values are lower than either of the pKa values
for a phenol and benzylamine.


A similar lowering of pKa1
values in Mannich bases


with respect to the pKa values of the parent phenols has
been reported,7 where a linear correlation of pKa1


with
pKa was observed. Some points located off this correla-
tion line are probably related to systems, where the pKa1


values describe the dissociation ofÿNH�(R2)2 groups. A
good correlation of logKPT with DpKa of basic and acidic
centers of the molecules was found despite the semi-
quantitative procedure ofKPT estimation. Particular
values of KPT do not contradict the findings of our
studies (cf. Fig. 2).


CONCLUSIONS


The method of numerical analysis of the electronic
spectra of ampholites measured as a function of pH
proposed here allows the precise determination of
effective dissociation constants on the basis of complete
spectra, not just for selected wavenumbers. The study of
the solutions with electrolyte concentrations no higher
than 10ÿ4mol dmÿ3 reduces the effects of ionic strength
on the pKa values obtained.


The analysis allows the determination of the complete
spectra of particular forms existing in equilibrium. Such
spectra for the intermediate forms are not available in
direct experiments.


A method for the determination of some microscopic
dissociation constants has been proposed on the basis of
the semiquantitative estimation of the amount of various
forms in equilibrium.


It was found that, in most cases, the protonation/
deprotonation reaction in water proceeds through the
zwtterionic forms.


Table 2. Effective pKa values obtained by the multi-channel method with related literature values for phenols and benzylamines
and estimated composition of the A� A � mixture


Compound Fitted value of pKa1
Fitted value of pKa2


Estimated composition of A� A �


1 5.63 (7.15a) 7.82 (6.75b) A � prevailing� some A
2 5.91 (7.15a) 9.93 (8.9b) Large excess of A�


3 6.89 (9.4a) 9.74 (6.75b) Large excess of A
4 8.15 (9.4a) 11.11 (8.9b) Large excess of A�


5 7.96 (9.4a) 11.79 (9.4b) Large excess of A�


6 8.30 (9.4a) 11.93 (9.66b) Large excess of A�


7 5.83 (7.9a) 8.73 (6.75b) Comparable amounts of A and A�


8 4.83 (7.5a) 8.16 (6.75b) Comparable amounts of A and A�


a pKa of particular phenols.12


b pKa of related benzylamine.6
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The first dissociation constants (pKa1
) considers, in


such a case, the phenolic OH group dissociation while the
amine is totally protonated. These dissociation constants
are 1.2–1.5 units lower than those for the parent phenols
owing to the electrostatic field influence of the NH�


group. The pKa2
values, connected with NH� group


dissociation, are increased by 1.1� 0.3 pKa units, by the
electrostatic influence of the Oÿ charge. In a few cases
such a decrease is even higher, around 2.1–2.4 units. This
can be explained by the stabilizing influence of the
intramolecular hydrogen bond of the OÿNH� form. Such
enhanced stability of NH� forms was not observed in the
case of derivatives ofp-nitrophenol. More polar
Oÿ � � � HN� hydrogen bonds in aqueous solutions are
more strongly dissociated than less polar hydrogen bonds
in derivatives ofp-chlorophenol. A detailed pKa analysis
of ampholytes appears to be the method of choice for
studying intramolecular hydrogen bonding in aqueous
solutions of ampholites.
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ABSTRACT: Solvent effects on the binary mixtures of amides with alcohols and water were investigated by means of
Reichardt’sET(30) solvatochromic indicator.EN


T parameters of binary solvent mixtures of formamide,N-methyl-
formamide andN,N-dimethylformamide with water, methanol, propan-2-ol, 2-methylpropan-2-ol, formamide,N-
methylformamide andN,N-dimethylformamide were measured over the whole composition range of the mixtures.
Application of a preferential solvation model to the solvatochromic data shows that the preferential solvation of the
solvatochromic indicator by the amides decreases in the orderN-methylformamide> formamide> N,N-dimethyl-
formamide. Synergism is observed for the mixtures of the amides with alcohols of similar polarity (EN


T value), i.e.
methanol–formamide, methanol–N-methylformamide, propan-2-ol–N,N-dimethylformamide and 2-methylpropan-2-
ol–N,N-dimethylformamide binary systems. Copyright 1999 John Wiley & Sons, Ltd.


KEYWORDS: solute–solvent interactions; solvent–solvent interactions; binary solvents; amide–water mixtures;
amide–alcohol mixtures; amide–amide mixtures; solvatochromic indicators


Additional material for this paper is available from the epoc website at http://www.wiley.com/epoc


INTRODUCTION


Solvent polarity plays an important role in many
chemical processes in solution.1,2 There are different
definitions of solvent polarity and several ways to
measure it. According to Reichardt,1,2 solvent polarity
can be defined as the overall solvation capability of
solvents, which depends on the action of all possible
intermolecular interactions between solutes and solvent,
excuding those interactions leading to definite chemical
alterations of the solute (such as protonation and
oxidation). One of the simplest ways to measure these
interactions is by solvatochromic indicators. The most
widely used solvatochromic indicator is 2,6-diphenyl-4-
(2,4,6-triphenyl-1-pyridinio)-1-phenolate, commonly
known as ET(30) dye or Reichardt’s betaine dye since
it was proposed by this author.1,2 The ground and excited
states of the ET(30) dye present a large difference in
dipole moment and therefore thep→p* transition energy


of the dye is highly sensitive to solvent polarity. The
ET(30) polarity parameter is defined as the excitation
energy (kcal molÿ1) of the dye in a particular solvent,
which can be calculated from the wavenumber (~�max


in cmÿ1) or wavelength (�max in nm) of the maximum of
the absorption spectrum according to the equation


ET�30��kcal molÿ1� � hc~�maxNA


� 2:8591� 10ÿ3~�max


� 28591=�max �1�
A normalized parameterEN


T with reference to tetra-
methylsilane (TMS) (EN


T = 0) and water (H2O) (EN
T = 1) is


now recommended instead ofET(30).1,2 EN
T can be


calculated fromET(30) through


EN
T �


ET�30� ÿ ET�30�TMS


ET�30�H2Oÿ ET�30�TMS
� ET�30� ÿ 30:7


32:4
�2�


The EN
T parameter has been measured for over 360 pure


solvents1,2 and at least for 80 different binary solvent
systems.2–7 However, the interpretation of theEN


T
parameter in pure and in mixed solvents is different.
EN


T measures the polarity of the solvent surrounding the
solvatochromic indicator.2 In a pure solvent, the com-
position of the sphere of solvation of the indicator is the
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same as in the bulk solvent. However, in a mixed solvent,
the solvatochromic indicator interacts to a different
extent with the solvents of the mixture and the com-
position of the solvation sphere can be different from the
composition of the bulk solvent. This phenomenon is
called selective or preferential solvation.


In previous studies,3–9 we proposed and tested several
preferential solvation models to relate the values ofEN


T
and other solvatochromic parameters in binary solvents
with the solvent composition. In the present study, we
measured theEN


T parameter of binary mixtures of
formamide, N-methylformamide and N,N-dimethyl-
formamide with water, methanol, propan-2-ol and 2-
methylpropan-2-ol, and also formamide–N-methyl-
formamide, formamide–N,N-dimethylformamide andN-
methylformamide–N,N-dimethylformamide mixtures.
The EN


T data were analysed by means of one of the
previously developed preferential solvation models,
which had already been applied to binary solvent systems
with a similar behaviour.3,4


PREFERENTIAL SOLVATION MODEL


The preferential solvation model is based on the two-step
solvent exchange model first proposed by Skwierczynski
and Connors:10


I(S1)2� 2S2� I(S2)2� 2S1


I(S1)2� S2� I(S12)2� S1


where S1 and S2 indicate the two pure solvents mixed
and S12 represents a solvent formed by the interaction of
solvents 1 and 2.3 I(S1)2, I(S2)2, and I(S12)2 indicate the
ET indicator solvated by solvents S1, S2 and S12,
respectively.


The two solvent-exchange processes can be defined by
two preferential solvation parameters,f2/1andf12/1, which
measure the tendency of the indicator to be solvated by
solvents S2 and S12 with reference to solvent S1
solvation:3–9


f2=1 � xs
2=x


s
1


�x0
2=x


0
1�2


�3�


f12=1 � xs
12=x


s
1


x0
2=x


0
1


�4�


In Eqns 3 and 4,x1
s, x2


s andx12
s are the mole fractions of


solvents S1, S2 and S12, respectively, in the sphere of
solvation of the indicator andx1


0 and x2
0 are the mole


fractions of the two solvent in the bulk mixed solvent.
The EN


T polarity of the mixed solvent is calculated as
an average of theEN


T values of solvents S1, S2, and S12 in
the sphere of solvation of the indicator:


EN
T � xS


1EN
T1 � xS


2EN
T2 � xS


12E
N
T12 �5�


Skwierczynski and Connors10 assumedEN
T12 to be the


simple average ofEN
T1 andEN


T2. However, this assumption


did not hold for many solvent mixtures,3,4 and it is not
considered in our approach.


From Eqns 3–5, a general equation that relates theEN
T


polarity of a binary mixture to theEN
T polarities of the two


pure solvents, the preferential solvation parameters and
the solvent composition can be derived according to


EN
T �


EN
T1�1ÿx0


2�2�EN
T2 f2=1�x0


2�2�EN
T12 f12=1�1ÿx0


2�x0
2


�1ÿx0
2�2�f2=1�x0


2�2�f12=1�1ÿx0
2�x0


2


�6�
This general equation has been succesfully applied to
many different binary solvent mixtures3–7 and it was
applied here to the systems studied.


EXPERIMENTAL


Apparatus. A Perkin-Elmer Lambda 2S UV/VIS spectro-
photometer with 10 mm cells was used for recording the
spectra.


Reagents. The organic solvents, of reagent grade, were
purified by distillation in the presence of CaO (Na for
methanol) and the appropriate fractions were collected:
formamide (b.p. 74–75°C, 1.1 Torr), N-methyl-
formamide (b.p. 57–58.5°C, 1.3 Torr), N,N-dimethyl-
formamide (b.p. 53–56°C), 2-methylpropan-2-ol (b.p.
81.8–81.9°C), propan-2-ol (b.p. 82.0–82.1°C) and
methanol (b.p. 64.2–64.5°C). The water content,
measured by the Karl Fischer method, was 0.015, 0.02,
0.005, 0.02, 0.03 and 0.01% for formamide,N-methyl-
formamide,N,N-dimethylformamide, 2-methylpropan-2-
ol, propan-2-ol, and methanol, respectively. Doubly
distilled water was used throughout. 2,6-Diphenyl-4-
(2,4,6-triphenyl-1-pyridinio)-1-phenolate (Reichardt’s
dye) was obtained from Aldrich.


Procedure. For each binary system aca 10ÿ4 M solution
of Reichardt’s dye was prepared in one of the two pure
solvents (solvent 1) and placed in the spectrophotometer
cell. The cell was closed with PTFE cap and weighed
(�0.05 mg). After recording the spectrum (450–700 nm),
a drop of solvent 2 was added, the cell weighed and the
spectrum of the new solution was recorded. The proce-
dure was repeated after the addition of further drops of
solvent 2. Subsequent sets of experiments were per-
formed starting with a solution of solvent 2 and adding
drops of solvent 1, or starting with selected solvent 1–
solvent 2 mixtures and adding drops of one or the other
solvent. The different sets of solvent mixtures were
overlapped in composition in order to ensure concor-
dance of the results. The measurement cell was externally
thermostated with a water flow at 25.0� 0.1°C.


Calculation methods. TheET(30) andEN
T values of each


solvent mixture were calculated from the maximum of
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the long-wavelength charge - transfer absorption band
through Eqns 1 and 2. TheEN


T1, EN
T2, EN


T12, f2/1 and f12/1


parameters that minimize the square residuals ofEN
T


values of each binary solvent system studied were
calculated by non-linear regression as described pre-
viously.3


RESULTS AND DISCUSSION


Some macroscopic and microscopic properties of the
pure solvents used to prepare the mixtures are given in
Table 1.2,11,12 The macroscopic properties selected are
the dielectric permitivity (er), dipole moment (m) and
refractive index (nD) and the microscopic parameters are
EN


T and the Kamlet–Taft parameters of dipolarity/
polarizability (p*), hydrogen-bond acceptor basicity (b)
and hydrogen-bond donor acidity (a).12–15 The micro-
scopic parameters were determined from solvatochromic
measurements and they reflect the properties in the
solvation sphere of the solvatochromic indicator. How-
ever, the macroscopic parameters always measure the
properties of the bulk solvent. Since pure solvents are not
subject to preferential solvation, there is fairly good
agreement between the macroscopic and microscopic
properties in Table 1. Hence we can observe that amides
are dipolar solvents (largem andp* values) with a con-
siderable capability to accept hydrogen bonds (largeb
values). Formamide andN-methylformamide are also
good hydrogen-bond donors (largea values), butN,N-
dimethylformamide has a zero capacity to donate
hydrogen bonds (a = 0). Since Reichardt’s dye is almost
equally sensitive to solvent dipolarity and hydrogen-bond
donor acidity, theEN


T value ofN,N-dimethylformamide is
only about half those of the other two amides. Also,
becauseN,N-dimethylformamide is not a hydrogen-bond
donor, its dielectric permitivity is much lower than those
of N-methylformamide and formamide. Water and
alcohols are dipolar and hydrogen-bond acids and bases.
The dipolarity (p*) and hydrogen-bond donor acidity (a)
decrease in the order water> methanol> propan-2-ol>
2-methylpropan-2-ol, and thereforeEN


T and the dielectric
permitivity decrease in the same order. However, the


hydrogen-bond acceptor basicity (b) increases in the
same order. Amides are more polarizable than alcohols
and water (largernD values).


TheEN
T values of binary mixtures of water, methanol,


propan-2-ol and 2-methylpropan-2-ol with the three
studied amides, and the three binary systems of the
amides, over the whole range of solvent compositions
(from 20 to 70 different mixtures for each system) were
measured. Because of the insolubility of Reichardt’s
ET(30) indicator in water-rich mixtures,EN


T could not be
measured in pure water and in some water–formamide
mixtures (for mole fractions of formamide lower than
0.33). The literature value1,2,12EN


T = 1.000 for pure water
was used for all calculations involving aqueous mixtures.
In fact, this value is taken as one of the two reference
points of theEN


T scale [see Eqn 2].
As far as we know, onlyEN


T or ET(30) values for some
water–N,N-dimethylformamide10,16 and methanol–N,N-
dimethylformamide17 mixtures have been published pre-
viously. OurEN


T data agree very well (�0.01) with the
data published for these mixtures.


Equation 6 was applied to theEN
T data for the mixtures


studied, and the results are presented in Table 2 and Figs
1–6. Very good fits (SD< 0.005) are obtained for all
binary systems. TheEN


T values in Table 2 that correspond
to pure solvents (EN


T1 andEN
T2) agree very well with the


literature values reported in Table 1. Only the value
obtained here for 2-methylpropan-2-ol (ca 0.405) is
slightly larger than that in Table 1 (0.389). This small
discrepancy can be attributed to the difficulties in the
measurement of theEN


T for this solvent, because it freezes
at 25.8°C.11 The EN


T value in Table 1 was measured at
30°C, but here as a supercooled liquid at 25°C.


TheEN
T12 values should be a measure of the polarity of


the mixed structure formed by interaction of solvent 1
(water or alcohol, in general) with solvent 2 (amide). In
previous studies,3,4,18we demonstrated that when a good
hydrogen-bond donor (such as an alcohol) is mixed with
a good hydrogen-bond acceptor (e.g. acetonitrile, acetone
or dimethyl sulphoxide) of similar polarity (similarEN


T
value), synergetic mixtures withEN


T12 parameters higher
than EN


T1 and EN
T12 can be easily obtained. This is


attributed to the formation of a solvent hydrogen-bond


Table 1. Properties of pure solvents at 25°C2,11,12


Solvent er m (D) nD p* b a EN
T


Formamide 111.0 3.37 1.4468 0.97 0.48 0.71 0.775
N-Methylformamide 182.4 3.86 1.4300 0.90 0.80 0.62 0.722
N,N-Dimethylformamide 36.71 3.86 1.4282 0.88 0.69 0.00 0.386
Water 78.39 1.83 1.3325 1.09 0.47 1.17 1.000
Methanol 32.70 2.87 1.3265 0.60 0.66 0.98 0.762
Propan-2-ol 19.92 1.66 1.3752 0.48 0.84 0.76 0.546
2-Methylpropan-2-ola 12.47 1.66 1.3851 0.41 0.93 0.42 0.389


a Parameters at 30°C or as a supercooled liquid at 25°C.
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complex more polar than either of the two pure solvents
mixed. Since amides are good hydrogen-bond acceptors,
the synergism is also observed here for some of the binary
systems. Formamide andN-methylformamide haveEN


T
values close to that of methanol (Tables 1 and 2), and
therefore synergistic mixtures are obtained for these two
binary systems. However, theEN


T value ofN,N-dimethyl-
formamide is much lower than that of methanol and the
EN


T12 value of this system is not larger than theEN
T1 and


EN
T12 values. Conversely, theEN


T value ofN,N-dimethyl-
formamide is close to theEN


T values of propan-2-ol and 2-
methylpropan-2-ol, and synergism is observed in these
two binary systems, but not in the mixtures of propan-2-


ol or 2-methylpropan-2-ol with formamide orN-methyl-
formamide (which have largerEN


T values). The synergis-
tic behaviour of the methanol–formamide, methanol–N-
methylformamide, propan-2-ol–N,N-dimethylformamide
and 2-methylpropan-2-ol–N,N-dimethylformamide mix-
tures can be also observed in Figs 2–4. Some of the binary
mixtures of these systems showEN


T values larger than
those of the two pure solvents mixed, and this produces a
maximum in theEN


T vs solvent composition plots. No
synergism is observed in the mixtures with water (large
EN


T value) or in the mixtures between two amides.
The results presented in Table 2 also give information


about the solvation of the solvatochromic indicator. We


Table 2. Parameters of the binary mixtures studied


Solvent 1 Solvent 2 EN
T1 EN


T2 EN
T12 f2/1 f12/1 SD n


Water Formamide 1.000 0.775 0.794 0.31 3.0 0.004 23
Water N-Methylformamide 1.000 0.721 0.882 31 19 0.002 56
Water N,N-Dimethylformamide 0.997 0.396 0.702 6.1 7.9 0.003 37
Methanol Formamide 0.762 0.774 0.806 1.8 5.6 0.001 38
Methanol N-Methylformamide 0.764 0.720 0.798 3.7 4.8 0.001 25
Methanol N,N-Dimethylformamide 0.765 0.388 0.465 0.012 0.40 0.003 51
Propan-2-ol Formamide 0.543 0.775 0.671 3.9 6.9 0.001 67
Propan-2-ol N-Methylformamide 0.543 0.722 0.575 351 69 0.001 44
Propan-2-ol N,N-Dimethylformamide 0.541 0.390 0.586 5.6 21 0.003 42
2-Methylpropan-2-ol Formamide 0.411 0.771 0.550 24 21 0.004 54
2-Methylpropan-2-ol N-Methylformamide 0.405 0.720 0.502 749 196 0.001 61
2-Methylpropan-2-ol N,N-Dimethylformamide 0.403 0.392 0.496 0.81 3.4 0.002 45
N-Methylformamide Formamide 0.721 0.776 0.767 0.13 1.1 0.001 44
N,N-Dimethylformamide Formamide 0.395 0.775 0.607 5.9 8.9 0.002 30
N,N-Dimethylformamide N-Methylformamide 0.394 0.719 0.571 125 40 0.001 39


Figure 1. EN
T of binary mixtures of water with amides: (&) formamide; (~) N-methylformamide; (*) N,N-dimethylformamide. x2


is the mole fraction of amide
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can observe that thef2/1 value forN-methylformamide–
formamide is<1, which means that the indicator is
preferentially solvated byN-methylformamide with
reference to formamide. Thef2/1 values for N,N-
dimethylformamide–formamide and forN,N-dimethyl-
formamide–N-methylformamide are>1 (very much
larger for the last system) and this shows thatN,N-
dimethylformamide is the least preferred solvent for


solvation of the solvatochromic indicator. Therefore, the
order of preferential solvation for amides isN-methyl-
formamide > formamide > N,N-dimethylformamide.
The preferential solvation of the indicator byN-
methylformamide is confirmed by the mixtures with
water and alcohols. Thef2/1 values for theN-methyl-
formamide (S2) mixtures are>1 and larger than thef2/1


values for the corresponding mixtures of the same


Figure 2. EN
T of binary mixtures of methanol with amides. Symbols as in Fig. 1


Figure 3. EN
T of binary mixtures of propan-2-ol with amides. Symbols as in Fig. 1
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cosolvents with formamide orN,N-dimethylformamide.
In general, thef2/1 values for the mixtures of amides with
alcohols increase in the order methanol< propan-2-ol<
2-methylpropan-2-ol, which means that the preferential
solvation of the indicator for these cosolvents is


methanol> propan-2-ol> 2-methylpropan-2-ol. A simi-
lar behaviour has already been observed for mixtures of
alcohols with dimethyl sulphoxide, acetonitrile and
nitromethane,3–5 which also form some synergistic
mixtures. Almost allf12/1 values are>1, which means


Figure 4. EN
T of binary mixtures of 2-methylpropan-2-ol with amides. Symbols as in Fig. 1


Figure 5. EN
T of binary mixtures of N,N-dimethylformamide with (&) formamide and (~) N-methylformamide. x2 is the mole


fraction of formamide or N-methylformamide
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that the solvatochromic indicator is largely solvated by
the hydrogen-bond complex solvent formed by the
interaction of the amide with the hydroxylic cosolvent.


Supplementary Material


A table with solvent compositions, wavelengths of
absorption maxima andET(30) and EN


T values of the
studied binary solvent mixtures is available as
supplementary material on the epoc website at
http://www.wiley.com/epoc.
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Kinetics of the reaction of 2-chloro-3-nitro- and
2-chloro-5-nitropyridines with aryloxide ions in methanol
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ABSTRACT: The kinetics of the reaction of 2-chloro-3-nitropyridine (ortho-like) and 2-chloro-5-nitropyridine
(para-like) with a series of aryloxide ions were studied in methanol at different temperatures. Plots ofDH≠ versusDS≠


for both reactions gave good straight lines with isokinetic temperatures of 168 and 195°C. Good linear relationships
were obtained from the plots of logk2 againsts° values with relatively large negativer values indicating the
formation of Meisenheimers-complex intermediates. Plots of logk2 against pKa values gave good straight lines
indicating that the reactions show an appreciable degree of bond formation in the transition state. An addition–
elimination mechanism is suggested. Copyright 1999 John Wiley & Sons, Ltd.


KEYWORDS: chloronitropyridines; aryloxide ions; addition–elimination reaction


INTRODUCTION


Owing to the presence of an electronegative nitrogen
atom in the aromatic ring, pyridine derivatives undergo
nucleophilic substitution much more easily than the
corresponding benzenes, especially at the 2- and 4-
positions.1–8 The increase in liability of pyridines
towards nucleophilic attack reflects the electron-with-
drawing character of rings containing nitrogen.4,9 Thus,
the quantitative aspects of reactivity of heteroaromatic
compounds towards different nucleophiles became of
interest.10–14


Bunnett and Morath15 have previously pointed out that
in nucleophilic displacement reactions,ortho-activation
of the nitro group predominates. However, others have
reported that thepara-nitro group is more effective than
an ortho-group, depending upon the nature of the
nucleophile.16 A large number of papers have appeared
which supported or argued against these proposals.
Accordingly, many factors have been considered regard-
ing theortho:para ratio, namely the simple steric effect
owing to the bulkiness of theortho-nitro group, steric
acceleration and steric exclusion of solvation in the
transition states.10,16–18


In order to investigate the effect of the N-heteroatom
on reactivity, and in continuation of previous studies on
the transmission of the substituent electronic effect in the


nucleophile10,12,14andortho versuspara activation, the
reactions of 2-chloro-3-nitropyridine (1) (ortho-like) and
2-chloro-5-nitropyridine (2) (para-like) with aryloxide
ions 3a–h in methanol were examined. The results
reported in this paper will help to clarify the following
points: (a) the effect of substituents and the applicability
of linear free energy relationships; (b) the nature of the
transition state during the nucleophilic displacement; and
(c) the effect of changes in the reactivity of the
chloronitropyridines on the structure of this transition
state as indicated by theortho:para ratio.


RESULTS AND DISCUSSION


The reaction of1 and2 with aryloxide ions3a–hgave the
corresponding 2-aryloxy derivatives [Eqn. 1]. Elemental
analysis and UV, IR and1H NMR spectra indicated
aryloxy dechlorination processes with the formation of
2-aryloxy-3-nitropyridines (4a–h) and 2-aryloxy-5-nitro-
pyridines (5a–h) (Tables 1 and 2, respectively).
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Table 1. Properties, UV, IR and 1H NMR spectral data and elemental analyses of 2-aryloxy-3-nitropyridines (4a±h)


1H NMR [� (ppm)] in CDCl3


Compound Yield M.p. �a e(l molÿ1 � (cmÿ1) H-2',6' H-3',5' H-5 H-4 H-6 Molecular Calc. (%) (Found)


4 R (%) (°C) (nm) cmÿ1) NO2 C=C C–O–C (d, 2H) (d, 2H) (t, 1H) (d, 1H) (d, 1H) formula C H N


a H 93 75b 207 11110
303 5970


b 4-CH3
c 78 112 227 11340 1507 1587 1260 7.22 7.06 7.13 8.31 8.36 C12H10N2O3 62.60 4.34 12.17


304 4850 1350 1065 (62.57 4.31 12.14)
c 4-OCH3


d 88 122 219.5 14610 1502 1578 1250 7.09 6.94 7.11 8.31 8.35 C12H10N2O4 58.53 4.06 11.38
292 2370 1347 1030 (58.22 4.00 11.12)


d 4-Cl 91 91 228 14520 1510 1581 1271 7.13 7.38 7.18 8.31 8.37 C11H7ClN2O3 52.80 2.80 11.20
301 5180 1352 1020 (52.80 2.79 11.18)


e 4-Br 94 95 228.5 14750 1508 1587 1270 7.07 7.55 7.15 8.31 8.38 C11H7BrN2O3 44.74 2.37 9.49
303 4400 1360 1080 (44.71 2.36 9.48)


f 4-NO2 98 136 227 13750 1511 1587 1260 7.35 8.31 7.28 8.35 8.39 C11H7N3O5 50.57 2.68 16.09
278.5 11370 1355 1060 (50.55 2.67 16.00)
395 5660 H-2' H-4' H-5' H-6'


(s, 1H) (d, 1H) (t, 1H) (d, 1H)
g 3-CH3


e 72 73 226.5 11280 1509 1587 1251 6.98 7.26 7.07 7.33 7.11 8.31 8.35 C12H10N2O3 62.60 4.34 12.17
304 4820 1348 1040 (62.58 4.34 12.09)


h 3-CF3 68 65 228 14520 1510 1589 1245 7.46 7.57 7.40 7.52 7.22 8.33 8.40 C12H7F3N2O3 50.70 2.46 9.81
303 4400 1340 1052 (50.65 2.45 9.76)


a In methanol.
b Lit.28 75°C.
c 4-CH3 appear at� 2.35 (s, 3H).
d 4-OCH3 appear at� 3.80 (s, 3H).
e 3-CH3 appear at� 2.38 (s, 3H).
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Table 2. Properties, UV, IR and 1H NMR spectral data and elemental analyses of 2-aryloxy-5-nitropyridines (5a±h)


1H NMR [� (ppm)] in CDCl3


Compound Yield M.p. �a e (l molÿ1 � (cmÿ1) H-2',6' H-3',5' H-3 H-4 H-6 Molecular Calc. (%) (Found)


5 R (%) (°C) (nm) cmÿ1) NO2 C=C C–O–C (d, 2H) (d, 2H) (d, 1H) (d, 1H) (s, 1H) formula C H N


a H 91 72b 206 11450
294 2770


b 4-CH3
c 88 86 226.5 18580 1508 1587 1265 7.20 7.0 6.80 8.35 9.07 C12H10N2O3 62.60 4.34 12.17


291.5 9120 1350 1038 (62.59 4.33 12.15)
c 4-OCH3


d 91 111 216.5 12620 1507 1585 1260 6.70 6.96 6.75 8.30 9.05 C12H10N2O4 58.53 4.06 11.38
292 16440 1348 1030 (58.47 4.03 11.36)


d 4-Cl 95 90 226.5 7060 1511 1586 1260 7.05 7.40 6.95 8.45 9.00 C11H7ClN2O3 52.80 2.80 11.20
292.5 8290 1349 1082 (52.79 2.80 11.17)


e 4-Br 93 63 227.5 12640 1508 1587 1292 7.02 7.55 7.06 8.45 9.03 C11H7BrN2O3 44.74 2.37 9.49
290.5 16110 1355 1063 (44.70 2.32 9.45)


f 4-NO2 92 77 227 9370 1510 1587 1262 7.33 8.33 6.81 8.44 9.04 C11H7N3O5 50.57 2.68 16.09
290 20890 1352 1035 (50.56 2.66 16.05)


H-2' H-4' H-5' H-6'
(s, 1H) (d, 1H) (t, 1H) (d, 1H)


g 3-CH3
e 81 52 226.5 8820 1506 1582 1260 6.96 7.10 7.33 7.00 6.91 8.44 9.04 C12H10N2O3 62.60 4.34 12.17


291 19390 1350 1045 (62.61 4.32 12.15)
h 3-CF3 73 44 228 14520 1510 1588 1245 7.43 7.35 7.53 7.57 7.09 8.50 9.00 C12H7F3N2O3 50.70 2.46 9.85


303 4400 1340 1052 (50.67 2.46 9.80)


a In methanol.
b Lit. 28 72°C.
c 4-CH3 appear at� 2.35 (s, 3H).
d 4-CCH3 appear at� 3.85 (s, 3H).
e 3-CH3 appear at� 2.37 (s, 3H).
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The kinetics of the reactions of1 and 2 with 3a–h in
methanol were studied spectrophotometrically under
pseudo-first-order conditions at three temperatures (30,
40 and 50°C), except for3f (R = 4-NO2), which was
studied electrometrically at 40, 50 and 60°C. A second-
order reaction was concluded from the straight lines
passing through the origin for the plots of the reaction
rate constant (kobs) versus aryloxide ion concentrations
(in the range of 0.1 –1M), where the concentrations of1
and2 remained constant (1� 10ÿ3 M). Thus the overall
second-order rate constants were calculated using Eqn. 2.
For practical reasons an aryloxide ion concentration of
1 M for the reactions with1 and 2 was chosen for all
comparative experiments.


k2 � kobs=[aryloxide ion] �2�


In the present work, concurrent and consecutive
methanolysis were avoided by adding a tenth of the
original amount of the free phenol, thus shifting the


equilibrium towards the aryloxide ion [Eqn. 3].


�OAr�MeOH� ArOH� �OMe �3�


The absence of a methanolysis reaction was estab-
lished by the substantially quantitative isolation of the
pure diaryl ethers as the sole products in each reaction.
Also, no change in the band spectra of both1 and 2
(1� 10ÿ3 M) at 30°C was observed when an attempt was
made to react them with 1M phenol in methanol.


Examination of the data in Tables 3 and 4 shows that2
(para-like) reacts with3a–hca 4–13 times faster than1
(ortho-like). This ratio is similar to that found for the
reaction of p-chloronitrobenzene (k2 = 1.33� 10ÿ4 l
molÿ1 sÿ1) and its ortho analogue (k2 = 1.46� 10ÿ5 l
molÿ1 sÿ1) these reactions were studied electrometrically
in methanol at 30°C using 0.01M substrate and 0.1M
sodium phenoxide (k2 = kobs/[phenoxide ion]). This is
consistent with the following: (a) steric hindrance may be
a factor inhibitingortho-substitution; this originates from
the retardation of the attack of the nucleophile in the


Table 3. Second-order rate constants, activation parameters and r for the reaction of 2-chloro-3-nitropyridine (1) with aryloxide
ions 3a±h in methanol


k2 (10ÿ5 lmolÿ1 scÿ1) DH# DS#


Compound4 R 30 ° 40°C 50°C (k cal molÿ1) (cal molÿ1 Kÿ1)


a H 3.25 8.12 19.50 17.1 ÿ23.5
b 4-CH3 5.33 11.19 27.05 15.4 ÿ26.9
c 4-OCH3 6.91 14.86 32.82 15.0 ÿ27.8
d 4-Cl 1.12 3.01 7.85 18.4 ÿ20.8
e 4-Br 1.49 3.72 9.31 17.5 ÿ22.3
f a 4-NO2 0.24b 0.81 2.52 21.3 ÿ13.7
g 3-CH3 3.90 10.09 21.27 16.1 ÿ25.1
h 3-CF3 0.69 1.82 5.12 19.8 ÿ16.7
r ÿ1.39� 0.03 ÿ1.23� 0.02 ÿ1.09� 0.02


a k2 at 60°C = 8.92� 10ÿ5 l molÿ1 sÿ1.
b Extrapolated value.


Table 4. Second-order rate constants, activation parameters and r for the reaction of 2-chloro-5-nitropyridine (2) with aryloxide
ions 3a±h in methanol


k2 (10ÿ4 l molÿ1 sÿ1) DH# DS#


Compound 5 R 30°C 40°C 50°C (kcal molÿ1) (cal molÿ1 Kÿ1)


a H 2.69 4.91 10.98 13.2 ÿ31.1
b 4-CH3 4.94 8.57 17.50 11.9 ÿ34.4
c 4-OCH3 7.88 14.02 25.02 10.8 ÿ36.9
d 4-Cl 0.62 1.45 3.31 15.7 ÿ25.8
e 4-Br 0.84 1.82 4.66 14.7 ÿ28.7
f a 4-NO2 0.10b 0.24 0.66 19.1 ÿ18.8
g 3-CH3 4.12 7.71 15.12 12.6 ÿ32.1
h 3-CF3 0.35 0.84 2.21 17.4 ÿ21.5
r ÿ1.84� 0.02 ÿ1.68� 0.03 ÿ1.50� 0.01


a k2 at 60°C = 1.59� 10ÿ4 l molÿ1 sÿ1.
b Extrapolated value.
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transition state; (b) for anys-adduct-forming reactions a
para-nitro group in2 is more stable than anortho-nitro
group in1 by ca6 kJ.19 This largely satisfies the tendency
of the charged atoms in the transition state of2 to attract
polar solvent molecules.11 The higher reactivity of1 and
2 compared with the correspondingo-and p-nitrochlor-
obenzenes towards phenoxide ions is due to the presence
of an aza group in the former compounds, which
stabilizes the negative charge developed in the inter-
mediate.10,11 On the other hand, these ratios (ca 4–13
times) are lower than those found for the reactions of the
same substrates with arenethiolates in methanol (ca 10–
31 times).12 This is due to the nucleophilicity or
arenethiolate ions, which is known to be greater than
that of aryloxide ions containing the same substituents.20


The presence of an aza group instead of a nitro group in
the 5-nitro derivative2 (k2 = 2.69� 10ÿ4 l molÿ1 sÿ1)
(Table 4), causes a decrease in the reaction rate with
phenoxide ion relative to 1-chloro-2,4-dinitrobenzene
(k2 = 15.1� 10ÿ4 l molÿ1 sÿ1)20 [the reaction between
2,4-dinitrochlorobenzene (0.01M) and phenoxide ion
(0.1M) was re-examined in methanol at 30°C and gave a
consistent value of the rate (k2 = 15.6� 10ÿ4 l molÿ1


sÿ1) with that reported earlier20]. Hence anortho-nitro
group is more effective than anortho-aza function. This
may be due to (a) more efficient delocalization of the
negative charge by a nitro group than by an aza group in
the transition state3,4band (b) release of steric strain in the
transition state derived from 1-chloro-24-dinitrobenzene
leading to steric acceleration of the rate.18


The activation parameters show that in each reaction
series the entropy of activation values is negative, as
expected for bimolecular reactions (Table 3 and 4). In
both series the entropy of activationDS≠ is substituent
dependent. Since all the substituents are located inpara
or metapositions, direct steric interaction is unlikely, so
that resonance and/or inductive effects are the operating
factor. The differences in theDS≠ values between the two
series are consistent with greater solvent participation in
the transition state of the reaction of the 5-nitro (2) than
the 3-nitro (1) isomer.21 In the 3-nitro (1) and 5-nitro (2)
reactions, the transition states involve much greater
charge separation than those existing in their reactants.
Moreover, the charge separation in the transition state
derived from the 5-nitro reaction exceeds that of the 3-
nitro reaction. Therefore, the more polar nature of the
transition states derived from the 5-nitro compound is
accompanied by a considerable decrease in entropy
relative to those of the 3-nitro derivative.


Within the same series, electron-donating substituents
in arlyoxide ions, through their resonance and/or
inductive effects, localize the formal charge on the
oxygen atom. This favours the formation of more ordered
transition states reflecting high and negative entropies of
activation. On the other hand, the presence of electron-
withdrawing substituents in the aryloxide ions alters their
nature, leading to much more delocalization of the


change on the oxygen atom, and hence reflecting low and
negative entropies of activation.


Plots ofDH≠ againstDS≠ reactions of both1 and2 with
aryloxide ions3a–hgave good straight lines with slopes
168 and 195°C, which are the values of the isokinetic
temperatures, respectively (the temperature at which the
substituent effect is supposed to be reversed). These
values are not the real temperatures used in the kinetic
runs.


The mechanism for the title reactions is common for
all members in each series as indicated by (a) the good
straight-line plots ofDH≠ versusDS≠, (b) the linear plots
of logk2 at 50°C against logk2 at 30°C (gradient,
1.27� 0.03, r = 0.99 for the reaction of1 and 1.22�
0.03,r = 0.99 for the reaction of2).


At the studied temperatures, an electron-releasing or-
donating substituent in themetaor para position of the
aryloxide ions increases the reaction rates while a
similarly positioned electron-withdrawing substituent
decreases it. This behaviour could be explained by the
observation that the ratiok4-OCH3/k4-NO2


for the 3-nitro
reaction was 28.79, 18.30 and 13.02 and that for the 5-
nitro reaction was 77.25, 58.41 and 37.45 at 30, 40 and
50°C, respectively (Tables 3 and 4). Consequently, the
variation of the rate constant depends on the nature and
position of the substituent in the aryloxide ion. The order
of decreasing reactivity of substituted phenoxide ions
towards1 and2 in methanol is 4-OCH3, 4-CH3, 3-CH3,
H, 4-Br, 4-Cl, 3-CF3, 4-NO2. This order of decrease in
magnitude of the substituent effect is expected on the
basis of both inductive and resonance effects.


It is useful to correlate the effect ofmeta and para
substituents in the substrate or the nucleophile with
reactivity, to investigate the properties of the activated
complex and also the reaction mechanism. A modified set
of substituent constants, known ass°, which better
express a universal substituent character22, will subse-
quently be employed rather than Hammetts-values. Plots
of log k2 values versus thes° constants for the various
substituents in the aryloxide ions gave good straight lines
for 1 and2 at different temperatures. Ther values for the
reaction of aryloxide ions3a–h with 1 varied between
ÿ1.09� 0.02 (r = 0.99) andÿ1.39� 0.03 (r = 0.99),
whereas those for the same reaction with2 ranged
between ÿ1.50� 0.01 (r = 0.99) and ÿ1.84� 0.02
(r = 0.99) (Tables 3 and 4, respectively). This shows that
when the substituents are on the nucleophile, negativer
values are obtained.12 The r values are relatively large
compared with those obtained from the aryloxy dechlor-
ination of 1-chloro-2,4-dinitrobenzene in 80% dioxane–
water at 65°C (� =ÿ1.8)23 and those from the protona-
tion of the aryloxide ions in 95% ethanol at 25°C
(� =ÿ2.36).24 Since in the latter process the aryloxide
ion loses its negative charge completely,24 a large
proportion of the charge on the aryloxide ion has been
transfered to chloronitropyridine in the transition state. In
other words, the approach of the aryloxide ion to C-2
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leads to a cases where the pyridyl ring and the nitro group
attain a negative charge, while C-2 itself exhibits a
positive charge.


These facts are consistent with the concept that the
transition stateI , in which the aryloxide ions have
become appreciably bonded to chloronitropyridine,
closely resembles the Meisenheimers-complex inter-
mediate II.


A significant feature of the results is that a plot of log
(k/ko) for the reactions of1 against log (k/ko) for the
reactions of2 exhibits a linear relationship with a slope
very close to unity (gradient 1.27� 0.03,r = 0.99). This
indicates that the structure of the transition state does not
alter significantly with change in the substituent on the
electrophilic species, despite the difference in reactivity
caused by this change.


Good linear correlations are obtained from the plots of
log k2 for the reactions of aryloxide ions3a–hwith 1 and
2 at 30°C against the pKa values of the corresponding
substituted phenols,24 with b values of 0.86� 0.01
(r = 0.98) and 1.22� 0.02 (r = 0.99), respectively. This
indicates a similar sensitivity of the two reactions to the
change in the nucleophilicity (polarizability) of the
oxygen atom as a function of substituent in the
nucleophile. Sinceb values are generally associated with
bond formation in the transition state, the reactions of1
and 2 with aryloxide ions in methanol show an
appreciable degree of bond formation in the transition
state.25,26


On the basis of experimental observations and kinetic
data, it is evident that the reactions of1 and2 with 3a–h
follow second-order kinetics. The activation parameters
andr values suggest an addition–elimination mechanism
(SNAr) similar to the commonly accepted aromatic


bimolecular two-stage process in which the formation
of the intermediateII is the rate-determining step with
rapid decomposition of this intermediate into pro-
duct20,26,27(k2 k1, k1), Eqn. 4.


The derived rate expression explains the observed
second-order kinetics, Eqn. 5. Hence the measured
second-order rate constants will represent values fork1.


rate� ÿd�1 or 2�
dt


� k1�1 or 2� �3� �5�


EXPERIMENTAL


Melting-points were determined on a Thomas–Hoover
capillary apparatus and are uncorrected.1H NMR spectra
were obtained in CDCl3 using a JEOL EX-270 spectro-
meter with Me4Si as internal standard. IR spectra (KBr
pellets) were measured on a Perkin-Elmer Paragon 1000
instrument. Electronic spectra were measured on a
Shimadzu 160-A UV–visible spectrophotometer. Ele-
mental analyses of the reaction products were carried out
at the Faculty of Science, Cairo University, Egypt.
Analytical thin-layer chromatography (TLC) was carried
out on silica gel using light petroleum–ethyl acetate
(9.5:0.5).


Starting Material. 2-Chloro-3-nitropyridine (1), m.p.
102°C, and 2-chloro-5-nitropyridine (2), m.p. 107°C,
were commercially available (Aldrich) and were purified
by crystallization twice from methanol as yellow crystals.
It was found that the two compounds are unaffected by
boiling methanol, as indicated from their m.p.s and UV
spectra. The phenols3a–h used were phenol, 4-
methylphenol, 4-methoxyphenol, 4-chlorophenol, 4-
bromophenol, 4-nitrophenol, 3-methylphenol and 3-tri-
fluoromethylphenol. These compounds were commercial
products (Aldrich) and were purified by crystallization or
vacuum distillation.
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Synthesis of 2-aryloxy-3-nitropyridines (4a±h) and 2-
aryloxy-5-nitropyridines (5a±h). 2-Chloro-3-nitropyri-
dine (1) and 2-chloro-5-nitropyridine (2) (1 g,
6.31 mmol) were dissolved in absolute methanol (5 ml)
and a methanolic solution of sodium phenolate
(6.33 mmol) (prepared by dissolving 0.59–1.09 g of
phenol in 5 ml of methanol containing 6.3 mmol of
sodium metal) was added. The reaction mixture was
refluxed for 1–2 h, cooled and then poured into 5% cold
aqueous sodium hydroxide. The precipitated solid was
filtered, washed well with cold water, dried and crystal-
lized from benzene–light petroleum. The physical
properties, spectral and elemental analyses are given in
Tables 1 and 2.


Kinetic Measurements. The reactions of 2-chloro-3-
nitropyridine (1) and 2-chloro-5-nitropyridine (2) with
aryloxide ions3a–h in absolute methanol were followed
spectrophotometrically at 30, 40 and 50°C In all the
reactions studied, the recorded spectra at the end of the
reaction were identical with the spectra of the corre-
sponding authentic sample of the substitution product in
the same solvent.


A 1.0� 10ÿ2 M stock solution of1 or 2 in absolute
methanol was prepared and diluted before use to
1.0� 10ÿ3 M). Solutions of various sodium phenoxides
(1 M) were prepared just before use by dissolving a
weighted amount of phenol in a known volume of
methanol and the required quantity (equal molarity) of
standardized sodium methoxide in methanol. A sufficient
excess of phenol over base was used to ensure virtually
complete conversion of methoxide ion into phenoxide.


Solutions of1 or 2 and sodium aryloxide ions were
allowed separately to attain the desired temperature
�0.5°C in a thermostated bath before being mixed. The
change in absorbance with time was recorded on a
Shimadzu 160-A UV–visible spectrophotometer at 350
nm.


Owing to the interference from absorption by 4-
nitrophenoxide (3f) with the wavelength of maximum
absorption of the 4-nitrophenoxy derivatives4f and 5f,
aryloxy dechlorination rate constants were determined by
measuring the liberated chloride ion electrometrically14


using a GVM 22c spot galvanometer. The first-order rate
constants were calculated using Eqn. 6, whereA0, At and
A? are the values of the absorbance at zero time, timet
and at the end of reaction, respectively.


ln�A1 ÿ At� � ÿkobst � ln�A1 ÿ A0� �6�


For each system studied, the values ofkobs measured
with different aryloxides were determined and the
second-order rate constantsk2 = kobs/[aryloxide ion] were
calculated.
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ABSTRACT: The iminium ion forming reactions of YC6H4NHCH2NH3
� (I) and the corresponding carbon analog,


YC6H4CH2CH2NH3
� (II ) were studied theoretically at the MP2/6–31G*//RHF/6–31G* level. The iminium ion-


forming reactions are favored mainly due to a large amount of electron donation (0.05–0.06e) from the nitrogen to the
antibonding orbital of the cleaving bond, nN → s*( r3), by a first-neighbor vicinal charge-transfer interaction. Atca
50% progress of reaction,i.e. bond cleavage in theSN1 transition state (TS), bond contraction of the geminal bond (r2)
is greater byca10% (60%), which is also greater than bond stretching of a vicinal bond (50%). The reaction through
the imbalanced TS provides the minimum energy path in accordance with the basic laws of nature. The Hammettr
values for the iminium ion-forming activation and equilibrium processes arecaÿ1.3 andÿ4.3, respectively. The
negative activation energies for theSN2 processes withI in the gas phase are consistent with the experimental direct
nucleophilic displacement by a strong nucleophile at the iminium ion-forming substrate in water. Copyright 1999
John Wiley & Sons, Ltd.


KEYWORDS: ab initio calculations; iminium ion-forming reactions;SN1–SN2 processes; first-neighbor vicinal
interactions; Hammettr values


INTRODUCTION


Iminium ions are intermediates in many chemical-and
enzyme-catalyzed reactions.1 For example, in the synth-
esis of thymidine the biological reaction proceeds
through an iminium ion derived from tetrahydrofolate.2


The iminium ion has a short lifetime in water and it is
known to have an even shorter lifetime in the presence of
a strong nucleophilic reagent.3 Hence there is no
chemical barrier for reaction of a nucleophile with the
iminium ion intermediate and a concerted bimolecular
substitution (SN2) reaction was observed when a
nucleophilic reagent was added to the substrate.4


In this work, we investigated theoretically the gas-
phase reactivities of iminium ion-forming reactions
involved in the SN1 and SN2 processes ofI (and its
carbon analogII ) in which NH3 is the leaving group: In
direct displacement (SN2) processes, NH3 was used as a
nucleophile. Two types of products are possible in the
SN1 process ofI , a phenonium ion (P1) and arylmethy-
lene ammonium ion (P2), but forII only the phenonium
ion product is formed (Scheme 1).


CALCULATION


Geometries were optimized at the RHF/6–31G* level
using the Gaussian 92 and 94 programs.5 The numbering
of heavy atoms and bonds is shown in Scheme 2.
Vibrational frequency calculations were carried out in
order to confirm stationary states including transition
state (TS) structures.6 The energies were estimated from
MP2/6–31G* calculations on the 6–31G* optimized
geometries, MP2/6–31G*//RHF/6–31G*.6 The differ-
ences in bond lengths in TS between the Hartree–Fock
and MP2 levels were relatively small by about 0.1 A˚ in
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the identitySN2 reactions;7 hence it is expected that the
discussion of N—C bond lengths using HF/6–31G*
optimized geometries is little affected, especially in view
of large differences in bond lengths betweenSN1 andSN2
processes or between reaction systemsI andII .)


RESULTS AND DISCUSSION


We employed a cationic substrate, RNH3
�, which has


NH3 as the leaving group. Because the ionogenic
heterolytic bond cleavage involved in anSN1 process is
computationally difficult to model in the gas phase owing
to the strong endoergic nature in the absence of
stabilization by solvent, we chose a cationic substrate
with a neutral leaving group.


Cationic species with a neutral leaving group are often
used in both experimental and theoretical studies of gas-


phaseSN1 and/orSN2 reactions. For example, experi-
mentally in the gas-phase studies of nucleophilic
substitution reactions, cationic species with HCl, HF
and H2O as leaving groups were used.8 Also, dimethyl-
sulfonium cations with dimethyl sulfide as a leaving
group have been used in solution.9 Various cationic
species with N2 as a leaving group were extensively used
in theoretical work by Simonetta and co-workers.10There
are examples of gas-phaseSN1 studies of cationic species
with H2O and HF as leaving groups.11 Most recently,
Schleyer and co-workers12 reported high-level MO
theoretical studies of the solvolysis of the 2-norbornyl
system (cation) with H2O as a leaving group. We found
that NH3 was most suitable as a leaving group in the
present studies of gas-phase iminium ion-forming reac-
tions.


The optimized bond lengths are summarized in Table
1. The percentage changes of the bond orders, %Dn≠,
defined by the Eqn (1)13 wheren≠, nR andnP are the bond
orders of the TS, reactant and product, respectively, were
calculated and are shown in Table 2. The


%�n6� � f�exp�ÿr 6�=a�
ÿ exp�ÿrR=a��=�exp�ÿrP=a�
ÿ exp�ÿrR=a��g � 100 �1�


Scheme 1


Scheme 2


Table 1. Bond lengths (AÊ ) involved in the iminium ion-forming reactions of YC6H4NHCH2NH3 (I), and YC6H4CH2CH2NH3 (II)
with NH3 as nucleophile


SN1 SN2


R TS P1 P2 TS


System Y r1 r2 r3 r1 r2 r3 r1 r2 r3 r1 r2 r1 r2 r3 r4


I (NH) NH2 1.431 1.383 1.576 1.431 1.315 1.917 1.468 1.410 1.522 1.428 1.265 1.439 1.272 2.797 2.708
H 1.416 1.391 1.551 1.429 1.309 1.984 1.484 1.376 1.616 1.443 1.264 1.439 1.274 2.747 2.694


NO2 1.406 1.394 1.548 1.427 1.303 2.074 1.488 1.350 1.767 1.444 1.265 1.435 1.278 2.704 2.653
II (CH2) NH2 1.513 1.526 1.525 1.529 1.446 2.285 1.553 1.453 1.553 1.514 1.514 2.137 2.222


H 1.513 1.526 1.523 1.561 1.422 2.673 1.609 1.424 1.611 1.517 1.513 2.140 2.216
NO2 1.516 1.527 1.520 1.597 1.412 3.121 1.642 1.412 1.643 1.517 1.512 2.143 2.209
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constanta was fixed at 0.3 forr1 and r2 but for the
cleaving bond,r3, a = 0.6 was used.13 We note that
leaving group (NH3) departure (%Dn≠ for r3) in the SN1


TS for the 2-phenylethyl derivativeII is almost complete
(85%), in contrast toca half-way (51%) towards bond
scission for the iminium ion-forming process ofI . The
later TS along the reaction coordinate forII is due to the
greater endothermicity of the reaction,i.e. the product
(phenonium ion) is relatively unstable in the gas phase so
that the reaction is highly endothermic and hence the TS
resembles closely the product state.14 By contrast, in the
SN2 processes, the TS is later forI (86%) than forII
(64%) because of the greater stability of the iminium-like
TS of I .


Another interesting aspect of the bond order changes in
Table 2 is that the progress of bond cleavage (r3) in the
SN1 TS for I (51%) is surpassed by that of the bond
contraction ofr2 (60%), which is also greater than that of
the bond stretching ofr1 (51%). This sort of imbalance in
the structural reorganization is well known and seems to


Table 2. Percentage bond-order changes, %Dn≠ [Eqn. (1)]
for the SN1 and SN2 processes


SN1 (P2) SN2
System Y r1 r2 r3 r3


I NH2 21.0 53.3 43.3 86.9
H 51.3 59.5 51.4 86.4


NO2 55.4 66.1 58.4 85.4
II NH2 71.8a 64.0


H 85.3 64.3
NO2 93.1 64.7


a For the P1 path.


Figure 1. Geometrical structures of transition state for the SN1 and SN2 processes in systems I and II. Bond lengths and angles
are in angstroms and degrees, respectively
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Table 3. Group charges in electron units by NPA involved in the iminium ion-forming reactions


SN1 SN2


R TS P1 P2 TS


System Y Y-ring
NH


(CH2) CH2 NH3 Y-ring
NH


(CH2) CH2 NH3 Y-ring
NH


(CH2) CH2 Y-ring
NH


(CH2) CH2 Y-ring
NH


(CH2) CH2 NH3


NH3
(Nu)


I (NH) NH2 0.227 ÿ0.310 0.530 0.553 0.255ÿ0.200 0.640 0.305 0.876ÿ0.210 0.334 0.386ÿ0.004 0.618 0.303ÿ0.107 0.748 0.025 0.031
H 0.186 ÿ0.295 0.521 0.588 0.252ÿ0.186 0.667 0.267 0.690ÿ0.165 0.475 0.344ÿ0.022 0.678 0.290ÿ0.115 0.761 0.030 0.034


NO2 0.164 ÿ0.286 0.527 0.595 0.244ÿ0.166 0.700 0.222 0.521ÿ0.171 0.650 0.324ÿ0.030 0.706 0.270ÿ0.123 0.778 0.035 0.040
II (CH2) NH2 0.557 0.017 0.313 0.613 0.275 0.079 0.510 0.136 0.667 0.166 0.167 0.037 0.033 0.578 0.194 0.158


H 0.048 0.019 0.315 0.618 0.328 0.140 0.489 0.043 0.506 0.246 0.248 0.030 0.035 0.580 0.194 0.161
NO2 0.033 0.025 0.317 0.625 0.349 0.204 0.434 0.013 0.425 0.287 0.288 0.014 0.042 0.582 0.195 0.167
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be a universal phenomenon.15 In the so-called imbal-
anced TS, the energy gain by bond contraction is ‘paying’
for the energy loss or energy required in bond stretching
and/or bond cleavage.15g However, the reaction through
such an imbalaced TS in the gas phase is not a higher
intrinsic barrier pathway than that through a balanced TS,
but is a minimum energy path through the fully optimized
transition structure in accordance with the basic laws of
nature.15g


The geometrical structures of transition states with
Y = H for the SN1 andSN2 processes are represented in
Fig 1.


The charges by natural population analysis are shown
in Table 3. The population changes on going from the
reactant to the phenonium ion place cationic charges of
ca�0.50 in the ring for bothI andII . On the other hand,
the cationic charge in the arylmethyleneammonium ion
becomes almost evenly distributed over the ring (�0.16),
NH (�0.27) and CH2 (�0.16).


The energetics are summarized in Table 4. We note
that both theSN1 andSN2 processes are more favored
with I than withII . One of the factors that determines this
lowering of activation barriers forI is the greater stability
of the arylmethylene iminium ion (P2) than the 2-
phenylethyl cation. The iminium ion is more stable with
an electron donor (Y = NH2) in the ring, which no doubt
stabilizes the cationic charge on N (Table 3). It is
interesting that the iminium ion stability decreases byca
5–6 kcal molÿ1 (1 kcal = 4.184 kJ) when the electron
correlation effect is accounted for. This is due to a well
known trend that electron correlation enhances deloca-
lization16 or conversely the localized state is disfavored
energetically by the electron correlation effect; on going
from the reactant to the iminium ion (P2),r1 is stretched
and r2 is contracted so that the system becomes more
localized. A major factor contributing to the lower
activation barriers forI than forII is the facility of bond


cleavage due to a first-neighbor vicinal interaction17


between the lone pair on N ands*( r3), nN → s*( r3),
which is fairly large with second-order charge-transfer
energies;


�E�2� � ÿ2 n
��F̂����
 �2


"�� ÿ "n
�2�


ranging from 41.3 kcal molÿ1 for Y = NH2 to
28.8 kcal molÿ1 for Y = H. This corresponds to a transfer
of 0.05–0.06 unit of electron17b from N to the s*( r3)
orbital. In this type of a strong first-neighbor vicinal
interaction, a geminal bond (r2) is formed while the
vicinal s* bond (r3) is broken. The corresponding
second-order charge-transfer energies forII , s (r2) →
s*( r3), are much lower withca 5 kcal molÿ1, transfer of
less than 0.01e tos*( r3). By comparison, for both
systems theSN2 processes are much more favored over
theSN1 processes in the gas phase.


Experimentally in water, the iminium ion was found to
be highly unstable so that it has a short lifetime.3 In the
presence of a strong nucleophile, the iminium ion is
reported to have an even shorter lifetime and there is no
chemical barrier for reaction of a nucleophile with the
iminium ion. This requires that the reaction ofI with a
nucleophile should proceed as a concerted bimolecular
substitution (SN2) reaction.3,4 Our gas-phase results of


Table 4. Activation energies (DE≠) and reaction energies (DE°) (kcal molÿ1)


SN1


DE° SN2b


System Y E(R)a DE≠ P1 P2 DE≠


I NH2 (RHF) ÿ435.18527 5.53 31.33 12.80 ÿ10.87
(MP2) ÿ436.55927 3.87 40.36 17.89 ÿ6.80


H (RHF) ÿ380.15353 4.77 56.38 15.79 ÿ10.23
(MP2) ÿ381.36211 4.06 60.44 22.01 ÿ6.66


NO2 (RHF) ÿ583.61425 7.07 69.91 21.64 ÿ7.30
(MP2) ÿ585.35408 6.41 68.18 26.37 ÿ5.18


II NH2 (RHF) ÿ419.19726 26.46 20.59 17.88
(MP2) ÿ420.53915 26.64 28.18 16.18


H (RHF) ÿ364.16570 34.73 42.37 17.67
(MP2) ÿ365.34284 35.61 46.12 16.04


NO2 (RHF) ÿ567.62556 44.88 54.64 17.81
(MP2) ÿ569.33564 42.51 53.06 16.16


a In hartree.
b The energies of NH3 areÿ59.18435 (RHF) andÿ56.35371 (MP2) hartree.


Table 5. Hammett r values estimated for various activation
(DE≠) and equilibrium (DE°) processes


Activation Equilibrium


System SN1 SN2 P1 P2


I ÿ1.3 ÿ0.8 ÿ14.0 ÿ4.3
II ÿ8.0 �0 ÿ12.5 —
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negative activation barriers,DE≠ =ÿ5 toÿ7 kcal molÿ1


(MP2) for theSN2 processes in Table 4, are thus in good
accord with the experimental findings in water;3,4 since
solvation/desolvation of such nucleophiles are not
required in the gas phase the barrier will be much lower.
Here again the cationic or more localized nature of the
substrate,I , in the TS raises the correlated barrier
heights,16 by 2–4 kcal molÿ1. The stability of the
phenonium ion is lower forI than II by ca 12–
15 kcal molÿ1, which may be caused by the presence of
a heteroatom N in the three-membered ring ofI (P1)
introducing some strain energies.


Even though we used only three substituents, Y = NH2,
H and NO2, we attempted to estimate Hammettr values
using Eqn. (3a) for the activation and Eqn. (3b) for the
equilibrium processes as shown in Table 5:


ÿ �E6�


2:3RT
� � � �3a�


ÿ �E�


2:3RT
� � � �3b�


The value ofr for the formation of the iminium cation
at equilibrium isca ÿ4.3, which is not much different
from that found in water,�ÿ =ÿ3.3.3a Since in water the
back-reaction of the leaving group anion with the
iminium ion is diffusion controlled,� = 0, �ÿ =ÿ3.3
for the solvolysis reaction, for the activation process of
the iminium ion-formation process and for the equili-
brium process.3a However, in the present work, the
forward reaction is the leaving group departure and the
back-reaction is the reaction of the iminium cation with
the neutral ammonia molecule, so that ther values for the
forward reaction (� =ÿ1.3) and equilibrium process
(� =ÿ4.3) are not the same; ther value for the back-
reaction will beca� 3.0, which is reasonable since the
back-reaction is a reaction between a delocalized cation,
arylmethylene iminium ion, and a neutral molecule, NH3.
Since in the phenonium ion large positive charge
delocalization occurs into the ring, the P1 processes have
large negativer values (ÿ14.0 andÿ12.5 for I and II ,
respectively). For theSN2 process ofI the r value is
relatively low (ÿ0.8) since the positive charge develop-
ment in the TS is relatively small and since the reaction
center is separated by an extra intervening group (a fall-
off of ca2.8 applies),18 NH, from the substituent. For the
corresponding reaction ofII , r is nearly zero, indicating
very low positive charge development at the reaction
center, C-8; this is because the major part of positive
charge is shared by the two NH3 molecules (leaving
group and nucleophile) in the TS.


In summary, the iminium ion-forming reactions are
much more favorable than the corresponding 2-pheny-
lethyl cation-forming reactions, mainly owing to a large
amount of electron donation from the nitrogen atom to


assist leaving group departure. The first-neighbor vicinal
charge transfer from N to the cleaving bond (r3), nN →
s*( r3), corresponds toca. 0.05–0.06 electron unit, which
is over five times larger than the corresponding charge
transfer,s (r2) → s* ( r3), in the 2-phenylethyl system. In
the SN1 TS, the bond contraction ofr2 (60%) is greater
than the progress of reaction,i.e. bond cleavage (51%),
and bond stretching ofr1 (51%). This sort of imbalance in
the structural reorganization nevertheless provides a
minimum energy pathway and is a universal phenomenon
which is in accordance with the basic laws of nature. The
Hammett r values for the rate-limiting step and at
equilibrium arecaÿ1.3 andÿ4.3, respectively. For the
SN2 process, ther values are smaller,ÿ0.8 andca 0 for
the iminium ion-and 2-phenylethyl cation-forming reac-
tions, respectively.


Acknowledgements


We thank Inha University and the MOST-FOTD Project
for support of this work.


REFERENCES


1. W. P. Jencks, ‘Catalysis in Chemistry and Enzymology’. Dover,
New York (1987).


2. (a) R. G. Kallen and W. P. Jencks,J. Biol. Chem.241, 5851 (1966);
(b) C. Walsh, ‘Enzymatic Reaction Mechanisms’. p. 844. Freeman,
San Francisco (1979).


3. (a) S. Eldin and W. P. Jencks,J. Am. Chem. Soc.117, 4851 (1995);
(b) W. P. Jencks,J. Phys. Org. Chem.9, 337 (1996).


4. S. Eldin and W. P. Jencks,J. Am. Chem. Soc.117, 9415 (1995).
5. M. J. Frisch, G. W. Trucks, H. B. Schlegel, P. M. W. Gill, B. G.


Johnson, M. A. Robb, J. R. Cheeseman, T. A. Keith, G. A.
Petersson, J. A. Montgomery, K. Raghavachari, M. A. Al-Laham,
V. G. Zakrzewski, J. V. Ortiz, J. B. Foresman, J. Cioslowski, B. B.
Stefanov, A. Nanayakkaa, M. Challacombe, C. Y. Peng, P. Y.
Ayala, W. Chen, M. W. Wong, J. L. Andres, E. S. Replogle, R.
Gomperts, R. L. Martin, D. J. Fox, J. S. Binkley, D. J. Defrees, J.
Baker, J. P. Stewart, M. Head-Gordon, C. Gonzalez and J. A.
Pople, Gaussian 94. Gaussian, Pittsburgh, PA (1995).


6. W. J. Hehre, L. Radon, P. v. R. Schleyer and J. A. Pople, ‘Ab Initio
Molecular Orbital Theory’, Chapt. 4 and 7. Wiley, New York
(1986).


7. I. Lee, C. K. Kim and B.-S. Lee,J. Phys Org. Chem.8, 473 (1995);
B. D. Wladkowski, K. F. Lim, W. D. Allen and J. I. Brauman,J.
Am. Chem. Soc., 114, 9136 (1992).


8. (a) D. H. Holtz, J. L. Beauchamp and S. D. Woodgate,J. Am.
Chem. Soc., 92, 7484 (1970); (b) R. J. Blint, T. B. McMahon and J.
L. Beauchamp,J. Am. Chem. Soc.96, 1269 (1974); (c) K.
Raghavachari, J. Chandraseklar and R. C. Burnier,J. Am. Chem.
Soc.106, 3124 (1984).


9. D. N. Kevill, S. W. Anderson and E. K. Fujimoto, in
Nucleophilicity, edited by J. M. Harris and S. P. McManus, 269–
283. American Chemical Society, Washington DC (1987) and
references cited therein.


10. (a) A. Gamba, M. Simonetta, G. B. Suffritti, I. Szele and H.
Zollinger, J. Chem. Soc., Perkin Trans 2493 (1980); (b) P.
Demontis, E. S. Fois, A. Gamba, G. B. Suffritti and M. Simonetta,
THEOCHEM, 93, 231; (c) P. Demontis, E. S. Fois, A. Gamba, G.
B. Suffritti and M. Simonetta,J. Chem. Soc., Perkin Trans. 2783
(1982).


11. (a) C. Alema´n, F. Maseras, A. Lledo´s, M. Duran and J. Bertra´n, J.
Phys. Org. Chem.2, 611 (1989); (b) I. Lee, N. D. Kim and C. K.
Kim, Tetrahedron Lett. 33, 7881 (1992); (c) I. Lee, N. D. Kim C.


Copyright  1999 John Wiley & Sons, Ltd. J. Phys. Org. Chem.12, 479–485 (1999)


484 C. K. KIM ET AL.







K. Kim, J. Phys. Org. Chem. 6, 499 (1993); (d) D. S. Chung, C. K.
Kim, B.-S. Lee and I. Lee,Tetrahedron37, 8359 (1993).


12. P. R. Schreiner, P. v. R. Schleyer and H. F. Schaefer, III,J. Org.
Chem. 62, 4216 (1997).


13. (a) J. K. Lee, C. K. Kim, B.-S. Lee and I. Lee,J. Phys. Chem. A
101, 2893 (1997); (b) I.-S. Han, C. K. Kim, C. K. Kim, B.-S. Lee
and I. Lee,J. Comput. Chem., 18, 1773 (1997).


14. A. Pross, Theoretical and Physical Principles of Organic
Reactivity, Chap. 5. Wiley, New York (1995).


15. (a) C. F. Bernascori,Adv. Phys. Org. Chem. 27, 119 (1992); (b) W.
H. Saunders Jr,J. Am. Chem. Soc. 116, 5400 (1994); (c) C. F.
Bernascori and P. J. Wenzel,J. Am. Chem. Soc. 116, 5405 (1994);


(d) W. H. Saunders Jr and J. E. Van Verth,J. Org. Chem. 60, 3452
(1995); (e) C. F. Bernascori and P. J. Wenzel,J. Am. Chem. Soc.
118, 10494 (1996); (f) C. F. Bernascori, P. J. Wenzel, J. R. Keeffe
and S. Gronert,J. Am. Chem. Soc. 119, 4008 (1997); (g) I. Lee,
C. K. Kim and C. K. Kim,J. Phys. Org. Chem.12, 255 (1999).


16. E. D. Glendening and F. Weinhold,J. Comput. Chem.19, 610
(1998).


17. (a) A. E. Reed, L. A. Curtiss and F. Weinhold,Chem. Rev.88, 899
(1998); (b) E. D. Glendening and F. Weinhold,J. Comput. Chem.
19, 593 (1998).


18. I. Lee,Adv. Phys. Org. Chem.27, 57 (1992).


Copyright  1999 John Wiley & Sons, Ltd. J. Phys. Org. Chem.12, 479–485 (1999)


THEORETICAL STUDIES ON IMINIUM ION-FORMING REACTION 485








Mechanisms of elimination and substitution reactions.
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ABSTRACT: The reactions of 4-(4'-nitrophenyl)-4-X-butan-2-one (1-X; X = Cl, OTs) with added bases/nucleophiles
exhibit second-order kinetics. These substitution and elimination reactions are concluded to be of concertedSN2 type
and irreversibleE1cB type, respectively. The spontaneous formation of alkene from the chloride1-CI is suggested to
occur by a water-promotedE1cB reaction. The fraction of elimination product is smaller with the tosylate1-OTs. It is
plausible that the elimination and substitution reactions of1-OTs are carbocation reactions since the Brønsted plot
with substituted acetate anion bases shows a tenfoldpositivedeviation for the ‘water-catalyzed’ elimination reaction,
and there is a trace of substitution reaction with the acetonitrile component of the solvent yielding1-NHCOMe.
These results are consistent with a common, very short-lived, carbocation intermediate. Copyright 1999 John
Wiley & Sons, Ltd.


KEYWORDS: elimination reactions; substitution reactions; solvolysis reactions; carbanion intermediates;
carbocation intermediates


INTRODUCTION


We are interested in mechanistic details of nucleophilic
substitution and elimination reactions and the factors
which can induce a change in reaction path, or induce a
change in reaction mechanism, of a particular reaction.
The aim of this work was to investigate the mechanistic
details of both the spontaneous and the base-promoted
1,2-elimination reactions of a system having strongly
acidic b-hydrogens (Scheme 1). The presence of the
acidic hydrogens favors carbanion formation and,
accordingly, the base-promoted elimination may occur
by an E1cB reaction mechanism. The corresponding
fluoride 1-F has been employed recently in mechanistic
studies of an antibody-catalyzed elimination reaction,
which was concluded to have anE1cBor E2 mechanism.1


Elimination reactions of carbonyl-activated substrates are
common in nature. However, it has recently been
proposed that enzymes do not catalyze ‘simple’E1cB
reactions but involve 1,4-elimination from the enol
intermediate.2


We are also interested in the mechanism of the
spontaneous elimination: does the solvent water abstract
the hydron to give the enolate ion which in a subsequent
step expels the leaving group, i.e. is the reaction a water-
promotedE1cB reaction? An alternative is a concerted
water-promotedE2 reaction. Elimination reactions of


indenyl and substituted fluorenyl substrates have recently
been proposed to occur byE1cB and E2 reaction
mechanisms.3


The putative carbocation intermediate formed from1-
X is expected to be extremely shortlived and Richard and
Jencks4 concluded that the closely related 1-(4-nitro-
phenyl)ethyl carbocation may not have a significant
lifetime in aqueous solution. However, we now report
results which suggest that the tosylate reacts through an
ion pair.


RESULTS


The solvolysis of 4-(4'-nitrophenyl)-4-X-butan-2-one (1-
X; X = Cl, OTs) in 25 vol.% acetonitrile in water yields
the alkene (E)-4-(4'-nitrophenyl)-2-oxobut-3-ene and the
substitution product 4-hydroxy-4-(4'-nitrophenyl)butan-
2-one (1-OH) (Scheme 1). The tosylate1-OTs gives a
small amount of the substitution product 4-acetamido-4-
(4'-nitrophenyl)butan-2-one (1-NHCOMe). No products
other than those shown in Scheme 1 were found. The
amide1-NHCOMe was not isolated but its identity was
inferred from its UV spectrum, the increase in the product
ratio [1-NHCOMe]/[1-OH] with increasing acetonitrile
content of the solvent and the failure to observe this
product in solvolysis of1-OTs in methanol–water. The
solvolysis of1-Cl in aqueous acetonitrile yields a smaller
fraction of alcohol (Table 1) and no traces of1-
NHCOMe were found.
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Added bases/nucleophiles give rise to competing
bimolecular elimination and substitution reactions as
exemplified with azide ion in Fig. 1. The kinetics of the
reactions were studied by a sampling high-performance
liquid chromatographic procedure. The rate constants and
reaction conditions are shown in Table 1. The measured
kinetic data for the reactions with added bases and
nucleophiles are shown in Table 2. The rate constant for


Scheme 1


Table 1. Rate constants for the solvolyses of 1-CI and 1-OTs
in 25 vol.% acetonitrile in water


Substratea,b T (°C) 106kobs
c (sÿ1) 106kE (sÿ1) 106ks (sÿ1)


1-Cl 70 10.9 8.50 2.36
1-OTs 25 140 6.5 133
1-OH 70 0.2


a Substrate concentration 0.01–0.1 mmol dmÿ3.
b [HClO4] = 1 mmol dmÿ3.
c kobs= kE� ks.


Figure 1. Effect of azide ion concentration on the rate
constants kN3, kS and kE for the reaction of 1-OTs in 25
vol.% acetonitrile in water at 25°C. Inset: enlargement of
the plot of kE


Table 2. Rate constants for the reactions of 1-Cl and 1-OTs with bases


Solvent Substratea Base T (°C) 106kE (dm3 molÿ1 sÿ1) 106kNu (dm3 molÿ1 sÿ1)


25 vol.% Acetonitrile in water 1-OTs N3
ÿ 25 217 8578


NCCH2COOÿb 25 10.3 23.8
MeOCH2COOÿc 25 56.2 28.0
AcOÿd 25 389


1-Cl CF3COOÿe 70 13.2
NCCH2COOÿb 70 508
MeOCH2COOÿc 70 2.83� 103


AcOÿf 70 1.33� 104


Methanol 1-OTs DABCOg,h 25 1.46� 105


1-Cl DABCOg,h 25 4.86� 104


a Substrate concentration 0.01–0.1 mmol dmÿ3.
b Measured with 0.10–0.40 mol dmÿ3 buffer, [NCCH2COOÿ]/[NCCH2COOH] = 10.
c Measured with 0.10–0.40 mol dmÿ3 buffer, [MeOCH2COOÿ]/[MeOCH2COOH] = 1.
d Measured with 0.10–0.40 mol dmÿ3 [AcOÿ]/[HOAc] = 4.
e Measured with CF3COOÿ, 0.25–0.75 mol dmÿ3.
f Measured with 0.025–0.100 mol dmÿ3 acetate buffer, [AcOÿ]/[HOAc] = 4.
g Diazabicyclo[2.2.2]octane.
h Measured with 0.01 mol dmÿ3 base, [Base]/[BaseH�] = 1.
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the substitution reaction of1-OTs with acetate ion is
difficult to measure owing to the large amount of
elimination with this base.


The corresponding deuterated compounds
[1,1,1,3,3-2H5]-4-(4'-nitrophenyl)-4-X-butan-2-one
(d-1-X) react slower to give alkene. The measured kinetic
deuterium isotope effects for solvolysis and base-
promoted reactions are shown in Table 3.


DISCUSSION


Base-promoted elimination reactions


The following experimental results show that the base-
promoted elimination reactions of1-Cl and1-OTsdo not
occur via carbocation intermediates but rather areE2 and/
or E1cB type reactions.


The large Brønsted parameters for1-Cl and 1-OTs,
b = 0.67 and 0.68, respectively, measured with substi-
tuted acetate anions (Fig. 2), indicate that the reactions


have either a one-step mechanism (E2) or an irreversible
carbanion mechanism (E1cBI). A very smallb value is
expected for a mechanism in which a reversibly formed
unstable carbocationic intermediate is dehydronated in
the rate-limiting step.5,6 Accordingly, these substantialb
values exclude reactions through ion pairs but are
consistent withE2 and E1cBI reaction mechanisms.
Moreover, only a low concentration of added strong base
is required to give elimination exclusively. It is un-
reasonable that a short-lived ion pair would show such
large selectivity.


Several studies of base-promoted 1,2-elimination
reactions of carbonyl-activated substrates have been
reported.7 With poor leaving groups the elimination
occurs through the reversibly formed enolate ion, which
in the rate-limiting step expels the leaving group.
Accordingly, the elimination reaction exhibits specific
base catalysis. An example is the elimination of MeOH
from CH3COCH2CH2OMe.7a It was shown that the
reaction mechanism changes to an irreversibleE1cB
mechanism if the leaving group is a more efficient one,
e.g. ArCOOÿ.7b It is difficult, of course, rigorously to
exclude the possibility of a concertedE2 mechanism
since the two mechanisms show very similar charac-
teristics such as bimolecular kinetics and general base
catalysis. However, theE1cBI mechanism is indicated by
the low sensitivity of the reaction rate toward the change
of para substituent in the aromatic moiety of the leaving
group, i.e. a small Hammett parameterr was measured.7b


This small sensitivity is attributable to a stepwise reaction
in which the first step, the ionization to the enolate anion,
is rate-limiting. Moreover, the departure of a carboxylate
leaving group from the carbanion intermediate is
expected to have a small but significant barrier.8


With more efficient leaving groups, such as halide ions
and aromatic sulfonates, the mechanism may change to
the concertedE2 type owing to the disappearance of the
barrier for departure of the leaving group and/or to a
significant stabilization of the concertedE2 transition
state by a partial bond-breaking to the leaving group.
However, the mechanistic assignment is not very simple
since also the transition state of the hydron-transfer step


Table 3. Kinetic deuterium isotope effects for the reactions of 1-Cl and
1-OTs in 25 vol.% acetonitrile in water


Substratea Base T (°C) kobs
H/kobs


D kE
H/kE


D kS
H/kS


D


1-Clb Solvent 70 2.0 2.4 1.26
1-Cl AcOÿc 25 4.2 4.2
1-Cl DABCOd,e 25 3.2 3.2
1-OTsb Solvent 25 1.2 2.8 1.18
1-OTs DABCOd,e 25 4.6 4.6


a Substrate concentration 0.01–0.1 mmol dmÿ3.
b [HClO4] = 1 mmol dmÿ3.
c Measured with 0.75 mol dmÿ3 acetate buffer, [AcOÿ]/[HOAc] = 100.
d Diazabicyclo[2.2.2]octane.
e Measured with 0.01 mol dmÿ3 base in methanol, [Base]/[BaseH�] = 1.


Figure 2. Brùnsted plots for the elimination reactions
of 1-Cl (*) and 1-OTs (&) with substituted acetate
anions in 25 vol.% acetonitrile in water at 70 and 25°C,
respectively
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to give the putative carbanion intermediate is stabilized
by hyperconjugative interactions with the leaving
group.8–10


The measured Brønsted parameters for elimination of
1-Cl and1-OTs with substituted acetate ions ofb = 0.67
and 0.68, respectively, show that the hydron is transferred
to the oxygen base to a large extent in the transition state.
A proton transfer of 38% corresponds to the isotope
effect maximum for reaction of an oxygen base with a
carbon acid.11 The moderate values of the kinetic
deuterium isotope effects (Table 3) are consistent with
a large amount of hydron transfer in the transition state.
The very similarb values for the two substrates and the
similar rates of second-order elimination suggest that the
reactions are ofE1cBI type [the measured elimination
rate constant for1-Cl with CNCH2COOÿ ion as base at
70°C using a factor of 2.5 for a decrease in temperature
of 10°C yieldskE� 8� 10ÿ6 Mÿ1 Sÿ1 at 25°C compared
with 10.3� 10ÿ6 Mÿ1 Sÿ1 for 1-OTs (Table 2)]. This is
in accord with the high acidity of theb-hydrogens; the
pKa should be close to that of acetone, which has been
measured as 19.3.12


Only one elimination product, thetrans isomer
(Scheme 1), is produced. This is in accord with the
results of Shokatet al.,1 who showed that an antibody-
catalyzed elimination of HF from1-F gave exclusive
formation of thetrans-alkene. Experiments using speci-
fically deuterated substrates showed bothanti and syn
elimination modes. The kinetic deuterium isotope effect
on the acetate-catalyzed background reaction of1-F was
measured askH/kD = 3.7 at 25°C,1 which is smaller than
that of the acetate-catalyzed reaction of1-Cl (kE


H/
kE


D = 4.2; Table 3).


Spontaneous elimination: solvent-promoted E1cB
elimination reaction and elimination through ion-
pair intermediate


Solvolytic elimination reactions are generally thought to
occur through carbocation ion pairs and free carbocation
intermediates.6 The following experimental results show
that the solvolytic elimination reaction of1-Cl does not
occur via such intermediates but is anE2 or E1cB type
reaction:


(i) Irreversible formation of an ion pair which in
competing subsequent steps undergoes elimination
and substitution (Scheme 2,kÿ1 � k2, k3) is not
consistent with the measured isotope effect of
kobs


H/kobs
D = 2.0. A maximum secondary kinetic


deuterium isotope effect of about 1.3 is expected
for such a mechanism.13


(ii) A similar mechanism but with reversible formation
of the ion pair (Scheme 2,kÿ1 � k2, k3) might
account for the results. However, unreasonable
isotope effect values, e.g. a very small kinetic


isotope effect on the elimination step (k3), are
required to account for the measured isotope effects.


(iii) The catalytic constants for water as the base falls
below the Brønsted lines by a factor of about 4 (see
Fig. 2), which is in accord with what has been
observed previously for water-promotedE1cB/E2
reactions.


We therefore conclude that water abstracts a hydron
from 1-Cl in a concertedE2 reaction or in an irreversible
E1cB process. This conclusion is in accord with our
results for other halides having an acidicb-hydrogen
which have been proposed to react with solvent water by
E2 andE1cBI mechanisms.3 The acidities of these indene
and substituted fluorene substrates are within the pKa


interval of 17.9–22.5. The pKa of 1-Cl is similar since it
should be close to that of acetone (pKa = 19.3).12 The
isotope effect on the elimination is smaller than that with


Scheme 2


Figure 3. Effect of [CNCH2COOÿ] on the substitution rate
constant kS for the reaction of 1-OTs in 25 vol.% acetonitrile
in water at 25°C
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added stronger base which is expected forE1cB
reactions, and may suggest that both the water- and the
base-promoted elimination of1-Cl andE1cBI reactions.


The spontaneous elimination of1-OTs is much less
favored and solvolytic substitution to give1-OH is the
predominant reaction. However,kE for 1-OTs at 25°C is
about 50 times larger than the corresponding estimated
rate constant for1-Cl (asumming a factor of about 2.5 for
a change in temperature of 10°C; Table 1). The large 10-
fold positive deviation of the uncatalyzed elimination
reaction from the Brønsted plot with added bases (open
square in Fig. 2) is different to what is observed for1-Cl
(a fourfold negative deviation; open circle in Fig. 2) and
suggests another mechanism. The second-order rate
constant plotted in the diagram is obtained by dividing
the observed first-order rate constant for the spontaneous
elimination with the concentration of water in the
aqueous solution. However, if an elimination reaction
through a carbocation intermediate is much faster than a
water-promotedE1cBor E2 reaction, a positive deviation
such as that shown in Fig. 2 is expected. We consider this
as a strong indication for a carbocation reaction
mechanism for the spontaneous elimination of1-OTs.


The small kinetic deuterium isotope effect ofkE
H/


kE
D = 2.8 for the spontaneous elimination of1-OTs,


together with the predominant solvolytic substitution
reaction having a secondary isotope effect as large askS


H/
kS


D = 1.18 (Table 3), indicates that the carbocation
intermediate is formed reversibly (Scheme 2,kÿ1� k2,
k3).


We have previously found a similar behavior for some
other acidic substrates, i.e. the bromides react with water
through anE2 or E1cB reaction mechanism but the
corresponding brosylates and tosylates react through the
ion pair.3a–c,eFor example, it was concluded, based upon
the 14-fold positive deviation for the spontaneous
elimination rate constant from the Brønsted plot with
substituted acetate anions, that 9-({[(4'-bromophenyl)-
sulfonyl]oxy}methyl)fluorene reacts through the ion
pair.3eA change in leaving group to bromide ion changes
the mechanism toE2 or E1cBI. A similar change in
mechanism was also observed by decreasing the pKa of
the substrate without changing the brosylate leaving
group.3e


Substitution reactions


Both 1-Cl and 1-OTs show bimolecular substitution
reactions with added good nucleophiles, which is
exemplified in Fig. 1 for the reaction of1-OTs with
azide ion. Basic nucleophiles give rise to competing
bimolecular elimination (Table 2), but the amount of
elimination with the strongly nucleophilic azide ion
(pKa = 4.8) is not large (Fig. 1). The tosylate also yields
second-order substitution with substituted acetate ions, as
shown in Fig. 3 for reaction with CNCH2COOÿ. The


substitution with these acetate ions shows a low
sensitivity toward the pKa of the nucleophile of
bnuc� 0.06 (based upon data for CNCH2COOÿ and
MeOCH2COOÿ, Table 2). The acetonitrile component of
the solvent yields some substitution product1-
NHCOMe; water is about a 50 times better nucleophile
than acetonitrile, i.e.kMeCN/kHOH� 0.02 (ratio of second-
order rate constants). More stable carbocations do not
react with acetonitrile under neutral conditions in
aqueous solvent mixtures.3b


The chloride shows a larger elimination-to-substitution
ratio with nucleophiles/bases and therefore its sensitivity
toward nucleophilicity is more difficult to study.
Chlorides have been found to interact much more
strongly with nucleophiles than tosylates inSN2 reactions
of 1-phenylethyl derivatives.4 No traces of1-NHCOMe
were found in the solvolysis of1-Cl.


What is the mechanism for the nucleophilic substitu-
tion reactions with the solvent components? It was
concluded that the spontaneous elimination reaction of
1-OTs occurs by a carbocation mechanism (see above).
This suggests that the substitution also occurs stepwise
(Scheme 2), through a very unstable carbocation ion pair.
The reactivity of the closely related 1-(4-nitrophenyl)-
ethyl carbocation with solvent water has been estimated
to be roughly of the order of 1013 sÿ1 by extrapolation of
rate constants for less reactive 1-phenylethyl deriva-
tives.4


In summary, the results for the substitution reactions of
1-OTs with weak nucleophiles (such as the solvent com-
ponents) are consistent with a dissociative mechanism
with little or no assistance. BimolecularSN2 substitution
becomes important with stronger nucleophiles.


EXPERIMENTAL


General procedures. NMR spectra were recorded at
25°C with a Varian Unity 400 spectrometer, at 400 MHz
for 1H and at 100.6 MHz for13C. Chemical shifts are
indirectly referenced to TMS via the solvent signal
(chloroform-d1 7.26 and 77.0 ppm). High-performance
liquid chromatographic analyses were carried out on a C8


reversed-phase column (5mm, 100� 3 mm i.d.) using a
Hewlett-Packard Model 1090 liquid chromatograph
equipped with a diode-array detector. The mobile phase
was a solution of acetonitrile in water. The reactions were
studied at constant temperature in a HETO 01 PT 623
thermostated bath. The pH was measured using a
Radiometer PHM82 pH meter equipped with an Ingold
micro glass electrode.


Materials. Merck silica gel 60 (240–400 mesh) was used
for flash chromatography. Diethyl ether was distilled
under nitrogen from sodium and benzophenone. Pyridine
and dichloromethane were distilled under nitrogen from
calcium hydride. Methanol and acetonitrile were of
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HPLC grade. All other chemicals were of reagent grade
and used without further purification.


4-Hydroxy-4-(4'-nitrophenyl)butan-2-one (1-OH) was
synthesized from 4-nitrobenzaldehyde and acetone by a
published procedure.1 The product was purified by flash
chromatography on silica gel with 40–50% ethyl acetate
in pentane and recrystallization from toluene–pentane to
give pure alcohol.


[1,1,1,3,3-2H5]-4-Hydroxy-4-(4'-nitrophenyl)butan-2-
one (d-1-OH) was synthesized as described above using
acetone-d6 (99.8% 2H). The deuterium contents were
measured by1H NMR spectroscopy to be>98 at%2H in
the 1-and 3-positions.


(E)-4-(4'-Nitrophenyl)-2-oxobut-3-ene was synthe-
sized by a published procedure.1


4-Chloro-4-(4'-nitrophenyl)butan-2-one (1-Cl) was
synthesized by two methods.Method 1.The alcohol1-
OH (0.5 g) was added to a stirred solution of phosphorus
pentachloride (1 g) in dry diethyl ether (10 cm3) at 0°C.
The reaction mixture was stirred at room temperature for
about 1 h. The mixture was then hydrolyzed by slow
addition of ice. The ether layer was separated and the
aqueous layer was extracted twice with diethyl ether. The
combined ether solution was washed with brine and dried
over sodium sulfate. The solvent was removed and the
residue oil was purified by flash chromatography on silica
gel with 15% ethyl acetate in pentane as eluent to give the
chloride 1-Cl containing 10% of alkene, but otherwise
free from impurities.Method 2.Dry hydrogen chloride
gas was bubbled through a solution of1-OH in dry
dichloromethane at 0°C for 1 h.


1H NMR, � 8.21 (m, 2 H), 7.61 (m, 2 H), 5.42 (dd,
J = 7.8, 6.2 Hz, 1 H), 3.36 (dd,J = 17.6, 7.8 Hz, 1 H), 3.12
(dd, J = 17.6, 6.2 Hz, 1 H), 2.19 (s, 3 H).


[1,1,1,3,3-2H5]-4-Chloro-4-(4'-nitrophenyl)butan-2-
one (d-1-CI) was synthesized using Method 1 above. The
deuterium contents were measured by1H NMR to be>98
at% 2H in the 1-and 3-positions.


4-[(4'-Methylbenzenesulfonyl)oxy]-4-(4@-nitrophe-
nyl)butan-2-one (1-OTs) was synthesized by stirring a
mixture of 1-OH (1 g), 4-methylbenzenesulfonyl chlor-
ide (3 g), dry dichloromethane (5 cm3) and dry pyridine
(2.5 cm3) at room temperature. The reaction was
quenched after 10 h (about 50% reaction) by addition
of 2 mol dmÿ3 hydrochloric acid. The aqueous phase was
extracted twice with dichloromethane. The combined
organic phases were washed with water and brine and
dried with sodium sulfate. Evaporation of the solvent and
separation by flash chromatography on silica gel with 35–
40% ethyl acetate in pentane, followed by recrystalliza-
tion from ethanol–dichloromethane–pentane, gave pure
1-OTs, m.p. 66–67°C; 1H NMR, � 7.20–8.09 (m, 8 H),
5.92 (dd,J = 6.7, 6.5 Hz, 1 H), 3.26 (dd,J = 17.5, 6.5 Hz,
1 H), 2.93 (dd,J = 17.5, 6.7 Hz, 1 H), 2.40 (s, 3 H), 2.10
(s, 3 H).


[1,1,1,3,3-2H5]-4-[(4'-Methylbenzenesulfonyl)oxy]-4-
(4@-nitrophenyl)butan-2-one (d-1-OTs) was synthesized


using the method described above. The deuterium
contents were measured by1H NMR spectroscopy to be
>98 at%2H in the 1- and 3-positions.


Kinetics and product studies. For reaction at 70°C, the
reaction solutions were prepared by mixing acetonitrile
with water at room temperature (ca 22°C). A few
microliters of substrate dissolved in acetonitrile were
added. Aliquots of this reaction mixture (0.5 cm3) were
transferred to several 2 cm3 HPLC flasks, which were
sealed with gas-tight PTFE septa and placed in an
aluminum block in the thermostated water-bath. The
concentration of the substrate in the reaction solution was
0.01–0.1 mmol dmÿ3. At appropriate intervals, samples
were removed and analysed using the HPLC apparatus.
For reaction at 25°C, a 2 cm3 HPLC flask, sealed with a
gas-tight PTFE septum, was placed in the aluminum
block of the HPLC apparatus thermostated by the water-
bath. The reactions were initiated by fast addition, by
means of a syringe, of a few microliters of the substrate
dissolved in acetonitrile. The rate constants for the
disappearance of the substrates were calculated from
plots of substrate peak area versus time by means of a
non-linear regression computer program. Very good
pseudo-first-order behavior was seen for all the reactions
studied. The separate rate constants for the elimination
and substitution reactions were calculated by combina-
tion of product composition data, obtained from the peak
areas and the relative response factors determined in
separate experiments, with the observed rate constants.


The relative response factors of1-OH and alkene were
determined by analyzing a mixture of the two compo-
nents, prepared by weighing, using HPLC. The relative
response factor for1-Cl to alkene was determined in the
following way: 1-Cl (about 10% alkene) in ethanol (in
the presence of 1 mmol dmÿ3 perchloric acid) was
analyzed at least five times. A volume of 0.5 cm3 of this
solution was transferred in to a 2 cm3 measuring flask and
0.5 mol dmÿ3 HMTA solution (0.5 cm3 in methanol) was
then added. After the reaction was finished, the reaction
mixture was re-analyzed. The results were used to
calculate the relative response factors for1-Cl and the
corresponding alkene product. The estimated errors are
considered as maximum errors derived from maximum
systematic errors and random errors.
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Kinetics and mechanism of oxidation of 1,10-phenanthro-
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ABSTRACT: The kinetics of the oxidation of 1,10-phenanthroline (1,10-phen) by permanganate were investigated in
alkaline medium. A first-order, fractional-order and zero-order dependence of the rate each in [MnO4


ÿ], [1,10-phen]
and [OHÿ], respectively, was observed. The data suggest that the oxidation proceeds via the formation of a complex
between 1,10-phen and MnO4


ÿ which decomposes in a slow step to yield the free radical of 1,10-phen, followed by a
fast step to give 2,2'-bipyridy1 3,3'-dicarboxaldehyde. The reaction constants involved in the mechanism were
evaluated. There was good agreement between the observed and calculated rate constants under varying conditions of
the experiments. The activation parameters were calculated with respect to the slow step of the mechanism. Copyright
 1999 John Wiley & Sons, Ltd.


KEYWORDS: kinetics; mechanism; oxidation; permanganate; 1,10-phenanthroline


INTRODUCTION


During oxidation by permanganate, it is evident that
permanganate is reduced to various oxidation states in
acidic, alkaline and neutral media. Furthermore, the
mechanism by which this multivalent oxidant oxidizes a
substrate depends not only on the substrate but also on the
medium1 used for the study. In strongly alkaline medium
the stable reduction product2,3 of permanganate ion is
manganate ion, MnO4


2ÿ. No mechanistic information is
available to distinguish between a direct one-electron
reduction to Mn(VI) (Scheme 1) and a mechanism, in
which a hypomanganate is formed in a two-electron
reduction followed by rapid oxidation of hypomanganate
ion4 (Scheme 2).


1,10-phenanthroline (1,10-phen) is a well known
complexing agent which forms various coordination
complexes with different metal ions. Its use in analytical
chemistry as an oxidation–reduction indicator is exten-
sive. Fedorova and Berdnikov5 carried out the oxidation
of 1,10-phenanthroline by H2O2 in aqueous solution and
reported that the oxidation product was 2,2'-bipyridyl
3,3'-dicarboxaldehyde. Wimmer and Wimmer6 reported
the facile synthesis of 2,2'-bipyridyl 3,3'-dicarboxylic
acid by vigorous oxidation of 1,10-phen by alkaline
permanganate, but did not carry out a mechanistic study.
In view of the lack of reports in the literature on the
oxidation of 1,10-phen (except Refs 5 and 6) and in
continuation of work in our laboratory7 on alkaline
permanganate oxidation, we selected 1,10-phen as a
substrate for oxidation and obtained the major oxidation
product as 2,2'-bipyridyl 3,3'-dicarboxaldehyde. The
present study involved the title reaction to investigate
the redox chemistry of permanganate in such media and
to arrive at a plausible mechanism.


Mn�VII � � Sÿÿ!k
0
1 Mn�VI� � S


:


Mn�VII � � S
: ÿÿ!k


0
2 Mn�VI� � products


S� substrate; k
0
2� k


0
1


Scheme 1
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0
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0
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EXPERIMENTAL


Materials. 1,10-Phenanthroline and potassium perman-
ganate (BDH) were of analytical grade and their solutions
were prepared by dissolving the requisite amounts in
doubly distilled hot and cold water, respectively. The
concentration of potassium permanganate was ascer-
tained by titrating it against standard oxalic acid.8 A
solution of K2MnO4 was prepared9 as follows: potassium
permanganate solution was refluxed in aqueous 8 mol
dmÿ3 KOH until a green colour developed and the solid
K2MnO4 formed on cooling was recrystallized from the
same solvent. Weighing out an appropriate amount of
sample, a stock solution of K2MnO4 was prepared in
aqueous KOH. The concentration of K2MnO4 was
ascertained by measuring its absorbance at 608 nm
(� = 1530� 20 dm3 molÿ1 cmÿ1) using a Hitachi model
150–20 spectrophotometer.


All other reagents were of analytical grade and their
solutions were prepared by dissolving the appropriate
amount in doubly distilled water. NaOH and NaClO4


were utilized to maintain the required alkalinity and ionic
strength, respectively.


Kinetics. Kinetic measurements were carried out under
pseudo-first-order conditions where [1,10-phen] was
always�10-fold in excess over [MnO4


ÿ] at a constant
ionic strength of 1.0 mol dmÿ3. The reaction was initiated
by mixing the required quantities of previously thermo-
stated solutions of 1,10-phen and permanganate which
also contained appropriate quantities of NaOH and


NaClO4 to maintain the required alkalinity and ionic
strength respectively, at a constant temperature of
23.0� 0.1°C. The progress of the reaction was followed
by measuring the disappearance of MnO4


ÿ in a 1 cm
quartz cell of a Hitachi model 150–20 spectrophotometer
at its absorption maximum of 526 nm. Earlier it was
verified that there is negligible interference from other
reaction species at this wavelength. The application of
Beer’s law for permanganate at 526 nm had earlier been
verified giving� = 2080� 50 dm3 molÿ1 cmÿ1.


The pseudo-first-order rate constants were obtained
from the plots of log[MnO4


ÿ] versus time; the plots were
linear up to 75% completion of the reaction andkobs


values were reproducible within�5%. During the pro-
gress of the reaction, the colour of the solution changed
from violet to blue and further to green. The spectrum of
the green solution was identical with that of an authentic
sample of MnO4


2ÿ. Hence it is concluded that the blue
colour originates from the violet of MnO4


ÿ and green of
MnO4


2ÿ, excluding the accumulation of hypomanganate.
The formation of Mn(VI) was also evidenced by Fig. 1,
where the absorbance of Mn(VII) decreases at 526 nm
and that of Mn(VI) increases at 608 nm during the course
of the reaction.


In view of the modest concentration of alkali used in
the reaction medium, attention was also given on the
effect of the surface of reaction vessel on the kinetics.
The use of polythene or acrylic ware and quartz or
polyacrylate cells gave the same results, indicating that
the surface does not have any significant effect on
reaction rates.


Figure 1. Spectral changes in the oxidation of 1,10-phen by permanganate with [MnO4
ÿ] = 2.0� 10ÿ4, [1,10-phen] =


2.0� 10ÿ3 and [OHÿ] = 0.50, I = 1.0 mol dmÿ3 at 23°C and with a scanning time interval of 2 min
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Some kinetic runs were also carried out in an atmos-
phere of nitrogen to understand the effect of dissolved
oxygen on the rate of reaction. There was no significant
difference in the results obtained under a nitrogen
atmosphere and in the presence of air. In view of the
ubiquitous contamination of carbonate in basic media,
the effect of carbonate was also studied. Added carbonate
had no effect on the reaction rates. However, fresh
solutions were used while carrying out the kinetic study.


RESULTS


Stoichiometry


Different sets of reaction mixtures containing excess
[MnO4


ÿ] over [1,10-phen] were mixed in the presence of
0.5 mol dmÿ3 alkali adjusted to an ionic strength of 1.0
mol dmÿ3 and kept for 12 h. in an inert atmosphere. The
remaining permanganate was then determined spectro-
photometrically. The results indicated that 1 mol of 1,10-
phen consumed 4 mol of permanganate as in Eqn. 1. The
main oxidation products were identified as 2,2'-bipyridyl
3,3'-dicarboxaldehyde and manganate. The aldehyde was
confirmed by the formation of crystalline hydrazone with
2,4-dinitrophenylhydrazine and the formation of a white
crystalline precipitate with dimedone10. The presence of
dicarboxaldelyde was confirmed by formation of a pink
dye on the addition of hydrazine hydrate. Further
confirmation was obtained from the UV–visible spectrum
of the reaction mixture, which showed an absorption
band at 325 nm (n→ p* transitions) due to the carbonyl
group of the aldehyde.


+ 4MnOÿ4 � 3OHÿÿ! � 4MnO2ÿ
4


� H2O� H�
�1�


It was observed that the dicarboxaldehyde did not
undergo further oxidation under the present kinetic
conditions, since the test for the probable oxidation
product of an aldehyde, i.e. acid, was negative.


Reaction order


The reaction orders were determined from the slopes of
logkobs versus log(concentration) plots, by varying the
concentration of MnO4


ÿ, 1,10-phen and alkali in turn
while keeping the others constant.


Effect of permanganate


The permanganate concentration was varied in the range
4.0� 10ÿ5–4.0� 10ÿ4 mol dmÿ3 at a constant concen-
tration of 1,10-phen and alkali maintaining a constant
ionic strength of 1.0 mol dmÿ3. The non-variation of the


pseudo-first-order rate constants at various concentra-
tions of MnO4


ÿ indicate that the order in [permanganate]
is unity (Table 1). This was also confirmed from the
linearity of the plots of log[MnO4


ÿ] versus time.


Effect of 1,10-phenanthroline


The concentration of 1,10-phen was varied in the range
5.0� 10ÿ4–5.0� 10ÿ3 mol dmÿ3 keeping all other
conditions constant. The order in [1,10-phen] wasca
0.5 (Table 1).


Effect of alkali


To study the effect of [OHÿ] on the rate of reaction,
[OHÿ] was varied in the range 0.1–1.0 mol dmÿ3 at
constant concentrations of permanganate and 1,10-phen,
maintaining a constant ionic strength of 1.0 mol dmÿ3.
The rate constants remained constant with increase in
concentration of alkali, indicating that the order in [OHÿ]
is zero (Table 1).


Effect of ionic strength


To study the effect of ionic strength, the concentration of
sodium perchlorate was varied from 0.5 to 1.5 mol dmÿ3


at constant concentrations of oxidant, substrate and


Table 1. Effect of [1,10-phen], [MnO4
ÿ] and [OHÿ] on the


oxidation of 1,10-phen by alkaline permanganate at 23°C,
I = 1.0 mol dmÿ3


[1,10-phen]
� 103


[MnO4
ÿ]


� 104 [OHÿ] kobs� 103 (sÿ1)


(mol dmÿ3) (mol dmÿ3) (mol dmÿ3) Expt.a Calc.a


0.5 2.09 0.5 0.90 1.03
1.0 2.09 0.5 1.91 1.78
2.0 2.09 0.5 2.70 2.81
2.5 2.09 0.5 3.35 3.18
3.0 2.09 0.5 3.60 3.48
5.0 2.09 0.5 4.34 4.30


2.0 0.40 0.5 2.70 2.81
2.0 0.80 0.5 2.71 2.81
2.0 1.55 0.5 2.72 2.81
2.0 2.09 0.5 2.69 2.81
2.0 4.00 0.5 2.71 2.81


2.0 2.09 0.1 2.23 2.81
2.0 2.09 0.3 2.30 2.81
2.0 2.09 0.5 2.68 2.81
2.0 2.09 0.7 2.49 2.81
2.0 2.09 1.0 2.68 2.81


a Experimental and calculated. Error�4%.
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alkali. It was found that the ionic strength had no
significant effect on the rate of reaction.


Effect of solvent polarity


The relative permittivity (D) effect was studied by
varying the percentage oftert-butanol–water content in
the reaction medium with all other conditions being kept
constant. Attempts to measureD failed. However, it was
calculated from the values for pure liquids as described
earlier.11 The inertness of the solvent with respect to the
oxidant was checked under the experimental conditions.
The rate constantskobs increased with increase in the
content of tert-butanol or decrease in the dielectric
constant of the medium (Fig. 2). The plot of logkobs vs
1/D was linear with a positive slope (Fig. 2).


Figure 2. (A) Plot of 1/kobs versus 1/[1,10-phen]. Conditions as in Table 1. (B) Plot of log kobs versus 1/D. Conditions:
[MnO4


ÿ] = 2.09� 10ÿ4, [1,10-phen] = 2.0� 10ÿ3, [OHÿ] = 0.50 and I = 1.0 mol dmÿ3


� MnOÿ4 �
K


Complex (C)
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� MnO2ÿ
4 � H�
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Effect of initial addition of products


The addition of various amounts of reaction products had
no significant effect on the rate of the reaction.


Test for free radicals


To test the intervention of free radicals in the reaction
mixture, the latter was mixed with acrylonitrile monomer
and kept for 24 h in an inert atmosphere. On dilution with
methanol a white precipitate was formed, indicating the
presence of free radicals.


Effect of temperature


The rate of reaction was measured at different tempera-
tures with various [1,10-phen], keeping other conditions
constant. The rate was found to increase with increase in
temperature. The rate constants,k, of the slow step of
Scheme 3 were obtained from the intercept of plots of
1/kobsversus 1/[1,10-phen] at different temperatures. The
values ofk were (6.66� 0.33)� 10ÿ3, (7.26� 0.36)�
10ÿ3, (7.70� 0.38)� 10ÿ3 and (8.35� 0.4)� 10ÿ3 sÿ1


at 23, 28, 33 and 38°C respectively. The activation par-
ameters corresponding to these constants were evaluated
from the plot of logk vs 1/T and are given in Table 2.


DISCUSSION


The permanganate ion, MnO4
ÿ, is a powerful oxidizing


agent in aqueous alkaline medium. At pH> 12 the
reduction product of MnO4


ÿ, viz MnO4
2ÿ, is stable and


further reduction of MnO4
2 ÿ might be stopped.2 Diode-


array rapid scan spectrophotometric (DARSS) studies
have shown that at pH> 12 the product of the reaction of
MnO4


ÿ is MnO4
2 ÿ with no further reduction, as reported


by Simandiet al.2 However, on prolonged standing the
reaction mixture turn brown, indicating the reduction of
MnO4


2ÿ to MnO2 under our experimental conditions.
The reaction between 1,10-phen and permanganate has


a stoichiometry of 1:4, with a first-order dependence on
[MnO4


ÿ], aca0.5 order dependence on [1,10-phen] and a
zero-order dependence on [OHÿ]. The kinetic results


suggest the formation of a complex between permanga-
nate and 1,10-phen followed by decomposition of the
complex in a slow step and a subsequent fast step to yield
products. Attempts to obtain spectral (UV–visible)
evidence for the phenanthroline–permanganate complex
failed. However, the interaction might be feeble, and such
complex formation between oxidant and substrate has
been reported earlier.12 The evidence for complex
formation was obtained kinetically, i.e. from the non-
zero intercept of the plot of 1/kobs versus 1/[1,10-phen]
(Fig. 2). The results are in agreement with Scheme 3.


The structure of the complex might be as illustrated.


The fractional-order dependence on [1,10-phen] reveals
that 1,10-phen undergoes complexation with permanga-
nate or alkali. Since the order in [OHÿ] is zero, a complex
between alkali and 1,10-phen is discounted. The
phenanthroline–permanganate complex decomposes in
a rate-determining step to give a free radical which reacts
further with three molecules of permanganate in subse-
quent fast steps to yield products. Since permanganate is
a one-electron oxidant in alkaline medium, the reaction
between 1,10-phen and permanganate would afford a
radical intermediate. A free radical scavenging experi-
ment revealed such a possibility (see below). This type of
radical intervention has also been observed in the alkaline
permanganate oxidation of various organic substrates.13


Scheme 3 leads to the rate law


ÿ d�MnO4
ÿ�


dt
� kK�1; 10ÿ phen��MnO4


ÿ�
1� K�1; 10ÿ phen� �2�


Strictly, the factor 1� K[MnO4
ÿ] should also be in the


denominator on the right-hand side of Eqn.2, but in view
of the low concentration of MnO4


ÿ used, this term
approximates to unity. Equation 2 can be rearranged to
the following form, which is suitable for verification:


1
kobs
� 1


kK�1; 10ÿ phen� �
1
k


�3�


According to Eqn.3, a plot ofkobs
ÿ1 vs [1,10-phen]ÿ1


should be linear, which is verified in Fig. 2. The slope and
intercept of such a plot lead to the values ofK andk at
23°C of (356� 18) dm3 molÿ1 and (6.66� 0.30)�
10ÿ3 sÿ1, respectively. Using these values, the rate con-


Table 2. Thermodynamic activation parameters (with respect
to slow step of Scheme 3) of oxidation of 1,10-phenanthro-
line by alkaline permanganate


Ea 12.8� 1.3 kJ molÿ1


DS6� ÿ252� 25 J Kÿ1 molÿ1


DH6� 10.3� 1.0 kJ molÿ1
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stants at various experimental conditions were calculated
and compared with experimental data in Table 1. There is
good agreement between the observed and calculated rate
constants.


The negligible effect of ionic strength on the rate may
be attributed to the interaction between neutral and
charged species of 1,10-phen and MnO4


ÿ, respectively,
in the reaction. Increasing the content oftert-butanol in
the reaction medium leads to an increase in the rate of
reaction, which seems to be contrary to the expected
interaction between neutral and anionic species in media
of lower relative permittivity. However, an increase in
the rate of the reaction with decreasing dielectric constant
(D) may be due to the stabilization of the monovalent
complex (C) at low relative permittivity, which is less
solvated than MnO4


ÿ at higher dielectric constant
because of its larger size.


It is interesting that the reactive species of the oxidant,
MnO4


ÿ, required a pH> 12, below which the system is
disturbed owing to the formation of a colloidal solution
since the reaction will proceed further to give the reduced
product of the oxidant, Mn(IV), which slowly develops a
yellow turbidity. Hence it is important to note that, in
carrying out this reaction, the role of pH in the reaction
medium is crucial.
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APPENDIX


Scheme 3 in brief:


1; 10ÿ phen�MnO4
ÿ �K complex (C)


Complex (C)ÿÿÿ!k
slow


1; 10ÿ phen
:�MnO4


2ÿ


1;10ÿ phen
:� 3MnO4


ÿ � 3OHÿ ÿÿÿ!fast
products


Rate� k�C� �A1�


K � �C�=�1; 10ÿ phen��MnO4
ÿ�


Therefore,


�C� � K�1; 10ÿ phen��MnO4
ÿ�


Equation A1 becomes


rate� kK�1;10ÿ phen�f �MnO4
ÿ�f �A2�


�MnO4
ÿ�T � �MnO4


ÿ�f � �C�
� �MnO4


ÿ�f � K�1;10ÿ phen�f �MnO4
ÿ�f


� �MnO4
ÿ�f �1� K�1; 10ÿ phen�f �


�MnO4
ÿ�f � �MnO4


ÿ�T=�1� K�1; 10ÿ phen�f � �A3�


�1;10ÿphen�T��1;10ÿphen�f��C�
��1;10ÿphen�f�K�1;10ÿphen�f �MnO4


ÿ�f
�1;10ÿphen�f ��1;10ÿphen�T=�1�K�MnO4


ÿ�f � �A4�


Substituting Eqns A3 and A4 in Eqn.A2, we obtain
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rate� kK�1; 10ÿ phen�T�MnO4
ÿ�T


�1� K�1;10ÿ phen�f ��1� K�MnO4
ÿ�f �


�A5�


In view of the low concentration of permanganate used,
the term 1� K�Mn04


ÿ�f approximates to unity. Hence
Eqn. A5 becomes


rate�kK�1;10ÿphen�T�MnO4
ÿ�T=�1�K�1;10ÿphen�f �


rate=�MnO4
ÿ�� kobs


� kK�1; 10ÿphen�=�1� K�1;10ÿphen��


In the above equation, the subscripts T and f stands for
total and free, respectively.
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Effects of reactive and non-reactive counterion surfactants
upon acid hydrolysis of hydroxamic acids
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ABSTRACT: Rates of acidic hydrolysis of hydroxamic acids of the type RCON(OH)R' (R = CH3, R' = H,
acetohydroxamic acid; R = C6H5, R' = H, benzohydroxamic acid; R = C6H5, R' = C6H5, N-phenylbenzohydroxamic
acid) were determined in perfluorooctanoic acid as a reactive counterion surfactant and also with sodium 1-
dodecanesulphonate and sodium dodecyl sulphate. The pseudo-first-order rate constants increase with reactive and
non-reactive surfactant concentrations. These kinetic results were explained by means of the pseudo-phase ion-
exchange kinetic model. Activation parameters were also determined. Copyright 1999 John Wiley & Sons, Ltd.


KEYWORDS: hydroxamic acids; hydrolysis; micellar catalysis; reactive and non-reactive counterions


INTRODUCTION


Hydroxamic acids have been successfully used for a large
variety of applications in the analytical, biological and
medicinal fields, such as drug delivery systems, side-
rophores, iron transport and DNA cleavage.1–10 The
hydrolysis of hydroxamic acids to hydroxylamine is an
important first step in the quantitative analysis of
hydroxamate siderophores. It was our intention to
investigate how the incorporation of hydroxamic acids
in molecular assemblies can improve their interest in
these fields. Studies in the presence of micelles would be
of considerable relevance. We are interested11–15 in the
way in which self-assembling ionic colloids influence
reaction rates and equilibria, and their relationship to
colloidal structure. A study of hydrolysis in the presence
of micelles may be a better model and medium than in
water from which to draw conclusions concerning its
biomedical applications. By using as reaction media the
interfaces of direct or reverse cationic or anionic micelles
and microemulsions, whose solvation properties are
adjustable one can achieve and control the selectivities
of these reactions. Many results16–20have been published
showing different catalytic and inhibitory effects of
various types of surfactants in chemical reactions such as
acid- and base-catalysed hydrolysis of esters, amides,
anilides, acetals, etc. Nevertheless, there appear to have
been very few studies analysing the influence of


fluorocarbon and hydrocarbon anionic micelles on
hydrolysis reactions of hydroxamic acids.21Fluorocarbon
surfactants behave in a similar way to hydrogenated
surfactants in the formation of micellar aggregates, but
they have some specific properties different from those of
the corresponding hydrocarbon type.


Previous work by Berndt and co-workers21 on the
micellar catalysis of hydroxamic acid has shown that
perfluorooctanoic acid is a potential reactive counterion
surfactant for acid-catalysed reactions. some kinetic
investigations of rates of hydrolysis of octano-, decano-
and phenylacetohydroxamic acids employing reactive
and non-reactive counterion surfactants have been
reported.21d However, there appear to have been no
kinetic studies ofN-substituted hydroxamic acids in
fluorocarbon micelles. We chose to study the hydrolysis
of some carbon- and nitrogen-substituted hydroxamic
acids (I ) in perfluorooctanoic acid (PFOC) as a reactive
counterion surfactant and in sodium dodecyl sulphate
(C12H25OSO3


ÿNa�; SDS) and sodium 1-dodecanesul-
phonate (C12H25SO3


ÿNa�; SDOS) as non-reactive coun-
terion surfactants.


The kinetic results can be explained by means of the
pseudo-phase ion-exchange model.22 One of its basic
assumptions is that in systems containing two ions
capable of acting as counterions to the micelle, their
competition for micellar charges is governed by an
equilibrium similar to that governing the behaviour of
ion-exchange resins. In this model, water and micelles
are regarded as distinct reaction regions. The overall
reaction rate is the sum of the rates in each pseudo-phase
and depends upon the rate constants and reactant
concentrations in each pseudo-phase.
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RESULTS AND DISCUSSION


Most hydroxamic acids are hydrolysed by anA-2
mechanism in which hydronium ion is transferred in
the transition state and reactions are specifically hydro-


gen ion catalysed.23 In the simplest description the first
step is a pre-equilibrium protonation and the second step
is rate-determining attack of water on the protonated
substrate:


We are interested in the ability of aqueous micelles to


Table 1. Dependence of k on ¯uorocarbon and hydrocarbon anionic micelles for the hydrolysis of hydroxamic acids


k (105sÿ1)


Surfactant Acetohydroxamic acid Benzohydroxamic acid
N-Phenylbenzohydroxamic


acid


(102 mol dmÿ3) PFOCa,b SDSa,c SDOSa,c SDSa,c SDOSa,c SDSa,c SDOSa,c


0 — 18.3 45.2 1.22 1.22 0.935 —
0.02 — 19.7 — 1.26 — 1.04 —
0.03 — 19.8 — 1.30 — 1.18 —
0.05 — 20.0 — 1.40 — 1.23 —
0.10 — 20.3 — 1.90 — 1.34 —
0.12 0.45 — — — — — —
0.18 0.51 — 47.8 — 1.24 — 1.01
0.36 0.75 — 48.2 — — — —
0.50 — 20.8 — 2.10 1.28 1.41 1.12
0.60 1.04 — 48.8 — — — —
0.90 1.25 — 49.4 — 1.30 — —
1.00 — 21.8 — 2.28 — 1.42 1.23
1.20 1.74 — 50.5 — — — —
1.34 1.89 — — — — — —
1.83 2.10 — 54.2 — — — —
2.00 — 26.0 — 2.24 1.41 1.51 1.43
2.29 — — — — — — —
2.41 3.42 — 55.3 — — — —
2.75 — — — — — — —
3.00 — 35.0 — 2.36 1.57 1.64 1.56
3.21 — — 55.9 — — — —
4.00 3.91 40.0 56.1 2.40 — 1.81 —
5.00 4.01 40.3 58.5 2.43 1.62 1.89 1.57
6.00 — 42.6 — 2.45 1.90


10.0 — 54.1 — 2.47 2.03
15.0 — 55.1 — 2.85 2.04
17.0 — 55.5 — 2.88 2.06
20.0 55.9 — 2.86 2.08


a PFOC = perfluorooctanoic acid; SDS = Sodium dodecyl sulphate; SDOS = Sodium 1-dodecanesulphonate.
b At 65°C in 1.91M acetonitrile.
c At 55°C in 5% (v/v) dioxane, 0.35M HCl.


Scheme 1.
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Table 2. Kinetic parameters and binding constants obtained in the presence of ¯uorocarbon and hydrocarbon micelles [Eqn. (1)]


Perflurooctonoic acida Sodium dodecyl sulphatea Sodium 1-dodecanesulphonatea


R R'
105 km
(sÿ1)


Ks
(Mÿ1) CD� 102 rb n


105 km
(sÿ1)


Ks
(Mÿ1) CD� 102 rb n


105 km
(sÿ1)


Ks
(Mÿ1) CD� 102 rb n


CH3 H (AHA) 481 54.7 0.12 to 5.0 0.970 8 5.66 12.89 0.02 to 20 0.970 11 68.8 28.4 0.12 to 5.0 0.981 6
C6H5 H (BHA) — — — — — 2.98 37.2 — 0.970 7 172 33.7 — 0.970 5
C6H5 C6H5(PBHA) — — — — — 2.27 40.9 — 0.990 9 1.81 70.3 — 0.991 5


a cmc: PFOC, 2.5� 10ÿ3; SDS, 1.0� 10ÿ3; SDOS, 1.32� 10ÿ3 mol dmÿ3.
b r = Correlation coefficient.
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control reaction rates and equilibria. The kinetic data for
acetohydroxamic acid with perfluorooctanoic acid are
reported in Table 1. Although perfluorooctanoic acid
serves as a source of hydrogen ions, it does not initiate
BHA and PBHA for hydrolysis. In non-micellar acidic
hydrolyses of hydroxamic acids, pseudo-first-order rate
constants increase with acid concentration at low to
moderate acidity. For AHA a pseudo-first-order rate
constant surfactant profile is observed with a rise in rate
constant occurring. For reactive counterion surfactants,
the pseudo-phase ion-exchange model is expressed21aas


k � kw�Nt� � ��kmKsÿ kw��Ct ÿ cmc�
Ks�Ct ÿ cmc� � 1


�1�


wherek , kw andkm are the observed pseudo-first-order,
aqueous phase and micellar phase rate constants,
respectively,Ks (Mÿ1) is the substrate–micelle binding
constant,b is the degree of counterion binding to the
micelle,Ct is the total surfactant concentration and cmc is
the critical micelle concentration.Nt is the total
concentration of surfactant counterion and is equal to
Ct with no added salts. Equation (1) can be rewritten and
rearranged in the form


k � kwCt ÿ k 
Ks�Ct ÿ cmc� � b �2�


whereb = b (kmKsÿkw)/Ks.
A graph ofk vs (kw Ct-k )/(Ct-cmc) is a good linear


plot, within experimental error. Evaluation of the slope
and intercept for PFOC yieldsKs= 37.2Mÿ1 and b =
6.46� 10ÿ5 sÿ1. With sufficiently largeKs, kmKs4 kw


and b = b km. The reaction was carried out at 65°C in
aqueous acetonitrile. The reaction of aromatic hydro-
xamic acids (no hydrolysis) in perfluorooctanoic acid
micelles is considerably less than for aliphatic com-
pounds.24 Perhaps at higher surfactant concentrations a


micellar effect on the rates for the aromatic hydroxamic
acids might be observable.


To test for possible specific interactions between
substrate and surfactant and to elucidate the effect of
non-reactive counterion surfactants, AHA, BHA and
PBHA acid hydrolysis with sodium dodecyl sulphate and
sodium 1-dodecanesulphonate as surfactants with HCl
(0.35M) was studied. Table 1 and Fig. 1 present the data.
In all the cases the pseudo-first-order rate constants
increase with increasing [SDS] and [SDOS] and slow at
higher concentrations of surfactant. SDOS is more
reactive than SDS. The hydrolysis mechanism in the
micellar environment can be explained by two functions.
The first function is an orientation effect in which the
micelles attract the neutral substrate and a reagent, such
as H3O


� of charge opposite to the charge of the micelle.
The other function is micellar stabilization of a transition
state of charge opposite to that of the micelle relative to
its stabilization of the reagent, in turn relative to
stabilization by water, leading to rate enhancement. At
high concentrations of surfactant, small changes relative
to the micellar effect on reaction were observed. The
fraction of organic substrate incorporated into the micelle
increases more rapidly with increasing surfactant con-
centration than the fraction of hydrogen ion incorporated.


Figure 1. Pseudo-®rst-order rate constants for the acidic
hydrolysis of hydroxamic acids in surfactants


Table 3. Kinetic parameters and binding constants obtained in the presence of SDS [Eqn. (2)]


Substrate kw (105 sÿ1) 105 km (sÿ1) Ks (Mÿ1) n ra


Acetohydroxamic acid 18.3 5.86 56.2 10 0.934
Benzohydroxamic acid 1.22 2.90 104.6 7 0.880
N-Phenylbenzohydroxamic acid 0.935 2.17 116.0 8 0.978


a r Correlation coefficient.


Scheme 2.
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Values forKs were obtained from the slope and intercept
of the linear relationship between 1/kw-k and 1/(CD-
cmc) using the following equation, and are given in
Table 2:


1
kw ÿ k 


� 1
kw ÿ km


� 1
kw ÿ km


� �
1


Ks�Ct ÿ cmc�
� �


�3�


As one can see, both SDS and SDOS micelles produce a
catalytic effect over the entire concentration range used,
but the effect is different depending on the hydroxamic
acid.


The kinetic results can be explained by means of the
micellar pseudo-phase ion-exchange model.22 This
model considers the micelle to be separate from the
aqueous phase and that the reaction occurs in both
phases. The concentration of H� at the micellar surface of
SDS and SDOD depends upon competition with the inert
counterion, Na�, and this competition can be treated
quantitatively by the ion-exchange equilibrium:


H�m � Na�w
KH


Naÿÿÿÿ*)ÿÿÿÿH�w � Na�m


where H�m, Na�w, H�m and Na�m denote the reactive
ions and micellar counterions in the aqueous and micellar
phases, respectively. The value ofKH


Na= 0.82, which is
nearly 1, indicates there is no difference between specific
absorption of these ions in the micellar surface, and the
ions can be considered to be statistically distributed
between the aqueous and micellar phase, Hm


�, given by
the following quadratic equation:


�H�m�
�Dn�


� �2


� �H�m�
�Dn�


� � �H�T� � KH
Na�Na�T�


�KH
Naÿ 1��Dn� ÿ �


� �
�


�H�T�
�KH


Naÿ 1��Dn� � 0 �4�


which depends onKH
Na and the fraction of micellar head


groups neutralized,b = ([H�m] � [Na�m])/[Dn], or for
the expression in the caseKNa


H= 1


�H�m� � �H
�


T���Dn�
�H�T��Na�T� �5�


This variation inKH
Na, between 0.82 and 1, does not


produce any significant variation in the fitting of the
kinetic results.b values were obtained by conductivity
measurements as the ratio of the slopes above and below
the cmc. The concentration of micellized surfactant, [Dn],
can be represented as [Dn] = [DT] ÿ cmc, where [DT] is
the stoichiometric surfactant concentration and the cmc is
that obtained under the experimental reaction conditions.
[H�T] and [Na�T] are the total concentration of hydrogen
and sodium ions, respectively.


The first-order rate constant for the overall reaction,k ,
is given by the following equation, and data are given in
Table 3:


k � k2
w�H�w� � �k2


mKsÿ k2
m��H�m�


1� Ks�Dn� �6�


where k2
w and k2


m are the second-order reaction rate
constants in the aqueous and micellar phases, respec-
tively. Experimental kinetic values can be adapted to this
model. The experimental data were fitted to the model to
estimate the best values ofKs, KNa


H and k2
m by using


constant values ofb and cmc. We found that values of
KNa


H in the range 0.82–1.0 all gave good fits to the
experimental points, yielding similar values of the
optimized parameters in Fig. 1. The values are given in
Table 3.


Effect of temperature


We studied the influence of temperature on the reaction
rate in the presence and absence of surfactant in the range
55–75°C. Variations ofk with temperature in water and
in surfactants follow the Eyring equation and values are
given in Table 4. The conclusion to be drawn from Table
1 is that the reaction is slower in water than micelles as a
result of the entropy difference. The enthalpies of
activation and free energies of activation are not very
different. This is evidence that (i) the proton is in the
same state in both media because there is no indication of
specific interaction with the micellar surface and (ii) in
the micelle the reaction takes place in a highly hydrated
region, i.e. the Stern layer. The difference in activation
entropy between the aqueous and micellar phase can be


Table 4. Activation parameters for acetohydroxamic acid in different surfactants


Surfactant
Concentration


(102 mol dmÿ3) DH≠ (kJ molÿ1) DG≠ (kJ molÿ1) DS≠ (J Kÿ1 molÿ1)


None — 86.1 102.5 ÿ56.0
Perfluorooctonoic acid 0.18 70.0 112.4 ÿ129.0


1.83 65.3 107.5 ÿ142.0
Sodium 1-dodecanesulphonic acid 0.18 69.7 100.5 ÿ104.0


1.83 63.9 99.4 ÿ120.0
Sodium dodecyl sulphate 0.18 70.5 108.8 ÿ102.0
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attributed in terms of the mobility of the transition state.
The mobility of the transition state at the micellar surface
is restricted by interaction between the negatively
charged micelle head and the positive charge. The
restriction of mobility lowers the entropy of the transition
state.


EXPERIMENTAL


N-Phenylbenzohydroxamic acid, acetohydroxamic acid
and benzohydroxamic acid were prepared by the standard
method.25 The surfactants were commercial samples
(PFOC, Fluka; SDS, BDH; SDOS, Fluka) and used
without further purification. The acids used were of
analytical-reagent grade. Dioxane (Qualigens-AR) and
acetonitrile (Merck) were used as received. All solutions
were prepared with doubly distilled water. Reaction
kinetics were followed spectrophotometrically with a
Systronics Type 108 UV–VIS spectrophotometer, mea-
suring the change in absorbance of the iron(III)–
hydroxamic acid complex at 520 nm due to the
disappearance of hydroxamic acid. Beer’s law is obeyed
by the system. The cmcs were determined under the
reaction conditions by conductivity measurements using
a Systronics Type 304 conductivity meter with a cell
constant 1. Least-squares analysis was carried out on a
WIPRO Pentium Acer computer under MS-DOS.


Acknowledgements


Support of this work by the Department of Science and
Technology, New Delhi, and the M.P. Council of Science
and Technology, Bhopal, India, is gratefully acknowl-
edged. The authors are indebted to Professor Emilia
Iglesias, Universidad de La Coruna, Spain, for continued
advice and suggestions.


REFERENCES


1. P. Chittari, V. R. Jadhav, K. N. Ganesh and S. Rajappa,J. Chem.
Soc., Perkin Trans.1 1319 (1998).


2. B. A. Holmen, M. I. Tejedor-Tejedor and W. H. Casey,Langmuir
13, 2197 (1997).


3. S. Hashimoto and Y. Nakamura,J. Chem. Soc., Perkin Trans.1
2623 (1996).


4. P. O’Sullivan, J. D. Glennon, E. Farkas and T. Kiss,J. Coord.
Chem.38, 271 (1996).


5. J. J. Chen and A. F. Spatola,Tetrahedron Lett.38, 1511 (1997).
6. I. Thondorf, W. Brandt, A. Stockel and H. U. Demuth,Protein


Pept. Lett.3, 113 (1996).
7. M. Novak and J. Lin,J. Am. Chem. Soc.118, 1302 (1996).
8. J. Golenser, C. Chik and Z. Ioav,Antimicrob Agents Chemother.


10, 2088 (1995).
9. M. J. Miller and F. Malouin, inThe Development of Iron Chelators


for Clinical Use, edited by R. J. Bergeron and G. M. Brittenhan,
Chapt. 13, CRC Press, Boca Raton, FL (1994).


10. X. Hu and G. L. Boyer,Anal. Chem.68, 1812 (1996).
11. K. K. Ghosh and S. K. Sar,Indian J. Chem., Sect. A33, 51 (1994).
12. K. K. Ghosh and S. K. Sar,J. Indian Chem. Soc.72, 597 (1995).
13. K. K. Ghosh and S. Roy,J. Surf. Sci. Technol.10, 41 (1996).
14. K. K. Ghosh and S. Roy,Bull. Chem. Soc. Jpn.69, 3417 (1996).
15. K. K. Ghosh and S. Roy,Indian J. Chem., Sect. B36, 324 (1997).
16. S. J. Froehner, F. Nome, D. Zanette and C. A. Bunton,J. Chem.


Soc., Perkin Trans.2 673 (1996).
17. G. Cevasco and S. Thea,J. Org. Chem.70, 60 (1995).
18. J. E. Douglas, G. Campbell, D. C. Wigfield,Can. J. Chem.71,


1841 (1993).
19. H. S. Tilk, A. J. Bennet, H. J. Hogg and R. S. Brown,J. Am. Chem.


Soc.113, 1287 (1991).
20. S. D. Yoh, D. Y. Cheong and Y. Tsuno,J. Phys. Org. Chem.23, 6


(1993).
21. (a) D. C. Berndt, Z. He and M. E. Ayoub,Int. J. Chem. Kinet.24,


695 (1992); (b) D. C. Berndt. C. A. Rossman, C. L. Hach and D. J.
Fillar, Int. J. Chem. Kinet.22, 483 (1990); (c) D. C. Berndt, N.
Utrapiromsuk and D. E. Conran,J. Org. Chem.49, 106 (1984); (d)
D. C. Berndt, M. G. Pamment, A. C. M. Fernando, X. Zhang and
W. R. Horton,Int. J. Chem. Kinet.29, 729, (1997).


22. (a) L. S. Romsted, inSurfactants in Solution, edited by K. L. Mittal
and B. Lindman, Vol.2, p. 1015. Plenum Press, New York (1984);
(b) C. A. Bunton, F. Nome, F. H. Quina and L. S. Romsted,Acc.
Chem. Res.24, 357 (1991); (c) C. A. Bunton,J. Mol. Liq.72, 231
(1997).


23. (a) K. K. Ghosh,Indian J. Chem., Sect. B36, 1089 (1997); (b) K.
K. Ghosh and S. Ghosh,J. Org. Chem.59, 1369 (1994).


24. (a) J. Carlfors and P. Stilbs,J. Colloid Interface Sci.103, 332
(1985); (b) C. Treiner and A. R. Chattopadhyay,J. Colloid
Interface Sci.98, 447 (1984).


25. U. Priyadarshini and S. G. Tandon,J. Chem. Eng. Data, 12, 143
(1967).


Copyright  1999 John Wiley & Sons, Ltd. J. Phys. Org. Chem.12, 493–498 (1999)


498 K. K. GHOSH, A. PANDEY AND S. ROY








1:1 crystal complexes of 2',6'-dimethoxy¯avone with
trichloroacetic and chloroacetic acids. Correlation between
pKa values and x-ray hydrogen bond data


E. Espinosa,1 E. Molins,1 C. Miravitlles1 and J.-C. Wallet2*
1Institut de CieÁ ncia de Materials de Barcelona, CSIC, Campus de la UAB, 08193 Cerdanyola, Spain
2Laboratoire de Phytochimie, Case 412, FaculteÂ des Sciences et Techniques de Saint-JeÂ roÃ me, 13397 Marseille Cedex 20, France


Received 29 October 1998; revised 1 February 1999; accepted 3 February 1999


ABSTRACT: The structures of two solid inclusion compounds with the 2',6'-dimethoxyflavone host molecule (1)
were investigated by single-crystal x-ray analysis. Both compounds,1�trichloroacetic acid (1:1) and1�chloroacetic
acid (1:1) crystallize in non-centrosymmetric groupsPna21 andP212121, respectively. The complexation involves an
intermolecular hydrogen bond between the oxygen of the carbonyl group of the flavone and the acidic hydrogen of the
substituted acetic acid. The results were used to improve a previous relationship between O� � �O distances and pKa


values. Copyright 1999 John Wiley & Sons, Ltd.


KEYWORDS: 2',6'-dimethoxyflavone–trichloroacetic acid complex; 2',6'-dimethoxyflavone–chloroacetic acid
complex; crystal structure; pKa values; hydrogen bond
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INTRODUCTION


The synthesis of new host molecules that form crystalline
host–guest inclusion compounds is a topic of increasing
attention.1 They have applications in molecular recogni-
tion1,2 and solid materials.3 Good host molecules should
pack with voids and contain appended sensors to bind
with guest molecules.4 One of the most important types
of formation is through hydrogen bonding. In 2',6'-
dimethoxyflavone, the dimethoxyphenyl ring is situated
approximately perpendicular to theg-benzopyrone moi-
ety. Such a conformation favours the formation of
cavities that can include appropriate guest molecules. It
has been known for a long time that flavones have basic
properties. They form crystalline compounds with a wide
variety of acids, giving with the stronger ones flavylium
cations whose structure has been the subject of
controversy.5


We have already reported the ability of the 2',6'-
dimethoxyflavone to form host–guest complexes.
Brønsted acid molecules are hydrogen bonded to the
carbonyl of the flavone6–10 and Lewis acids form
adducts.11


We describe in detail two new inclusion compounds
with Brønsted acids having the same stoichiometry.


EXPERIMENTAL


Preparation of crystalline inclusion compounds. The
crystalline inclusion compound with CHCl2COOH was
prepared by dissolving the host molecule, 2',6'-dimeth-
oxyflavone (1), in dichloroacetic acid. The resulting
solution was allowed to stand for a few days to deposit
crystals of a 1:1 inclusion compound which seemed
suitable for x-ray analysis.


Crystalline inclusion compounds1�CH2ClCOOH and
1�CCl3COOH were prepared by dissolving equimolar
amounts of the respective acid and the host molecule,1,
in ethanol. The solution was allowed to evaporate at room
temperature and after a few days crystals of 1:1 inclusion
compounds were obtained.


The host–guest stoichiometry ratios were determined
by 1H NMR integration for 1�CH2ClCOOH and
1�CHCl2COOH. For 1�CCl3COOH, elemental analysis
was used. Analysis: calculated for C19H15O6Cl3, C 51.16,
H 3.36; found, C 50.96, H 3.39%. Crystal data and
selected experimental details are given in Table 1.


Structure analysis and re®nement. The structure of
1�CH2ClCOOH was solved without difficulty. For the
structure of1�CCl3COOH, we observed a large decay of
the intensity standards during data collection (34.9%)
which was definitively linear and from the results
obtained adequately corrected. The structure of
1�CHCl2COOH could not be solved owing to a strong
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decay of the crystal by x-ray irradiation during data
collection.


Structures were determined by direct methods with
SHELXS-8612 and refined by full-matrix least-squares on
F2 with SHELXL-97.13 All non-hydrogen atoms were
refined anisotropically. In 1�CCl3COOH, hydrogen
atoms were introduced in calculated positions and refined
riding on their bonded atom with global isotropic
temperature factors except for H121. In1�CH2ClCOOH,
H atoms were found by difference Fourier synthesis and
refined with their temperature factors fixed to 1.2 times
the Ueq value of their corresponding bonded atoms.
Pluton-93 was used for structure drawings.14


RESULTS AND DISCUSSION


Perspective views of1�CCl3COOH and1�CH2ClCOOH


with their crystallographic numbering scheme are shown
in Fig. 1(a) and (b), respectively.


Molecular structure


In 1�CCl3COOH, H121 was located by difference Fourier
synthesis and was refined isotropically. Results of this
refinement confirmed that trichloroacetic acid, which is a
strong acid (pKa = 0.70), is non-ionized in the present
crystal (Table 2). This is consistent with three structural
data from the literature: the pure acid,15 the complex with
triphenylphosphine oxide16 and the trichloroacetate
anion of a pyrilium salt.17 The trichloroacetate anion is
characterized by similar carbon–oxygen bond distances
associated with a larger O—C—O bond angle. In the
non-ionized forms of trichloroacetic and chloroacetic


Table 1. Crystal data, summary of intensity data collection and structure re®nement for the compounds 1�CCl3COOH and
1�CH2ClCOOH


Parameter 1�CCl3COOH 1�CH2ClCOOH


Crystal data:
Compound C17H14O4�C2HO2Cl3 C17H14O4�C2H3O2Cl
Colour/shape Pale yellow/parallelepiped Colourless/parallelepiped
Formula weight 445.66 376.78
Space group Pna21 P212121
F(000) 912 784
Cell constants:


a (Å) 6.790(2) 5.237(1)
b (Å) 28.060(4) 17.649(1)
c (Å) 10.356(1) 19.327(3)


V (Å3) 1973.1(6) 1786.4(5)
Z 4 4
Dc (g cmÿ3) 1.500 1.401
m(cmÿ1) 4.98 2.47
Crystal dimensions (mm) 0.56� 0.12� 0.10 0.58� 0.20� 0.17


Intensity measurements:
Diffractometer/scan Enraf-Nonius CAD-4/!ÿ 2�
Radiation,� (nm) Mo Ka (0.71069 Å)
Temperature (K) 293(2) 293(2)
Reflections measured 1980 2999
Range of 2�(°) 2.10–25.62 1.56–29.97
Range ofh,k,l 0 to 8, 0 to 34,ÿ12 to 0 0 to 7, 0 to 24, 0 to 27
No. of standard reflections 3 3
Interval between the standards (min) 60 60
Max. decay correction (linear) 1.238 1.038


Structure refinement
No. of reflections included 1980 2999
No. of refined parameters 260 286
R(F) 0.0421 0.0688
Weights w = 1/[s2(Fo


2)� (aP)2 with P = [Fo
2� 2Fc


2]/3
a = 0.0633 a = 0.0302


wR(F2) 0.0953 0.0896
Goodness of fit 0.908 0.812
Weighted agreement factor including all


unique non-zero reflectionswRtot


0.1199 0.1162


FinalDrmax/Drmin (eÿÅÿ3) 0.259/ÿ0.247 0.262/ÿ0.218
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acid,18–20carbon–oxygen bond distances of the carboxyl
group are well differentiated (Table 3).


Correlation of d(O� � �O) versus pKa


The previous relationship of pKa vs x-ray hydrogen bond
data that we had proposed was established in a short
range of pKa and we included the pKa value of
orthophosphoric acid.10 Now the stoichiometry in the
flavone–orthophosphoric acid complex is 1:2. Since the
orthophosphate anion that is bound to the flavone is also
H-bonded to another orthophosphoric acid molecule, the
latter molecule may help in the ionization of the former.
Accordingly, the structure with orthophosphoric acid
must be excluded of the data to keep only host:guest
stoichiometric ratio equal to one. To support this
assertion, we note that in the urea–orthophosphoric acid
(1:1) complex the urea carbonyl is not ionized and the
acid hydrogen atom involved in the hydrogen bond is
nearly centred.21–23With these new experimental results,
a polynomial regression was applied to the data in Table
4. The curve giving the variationd(O� � �O) versus pKa


is represented in Fig. 2. The regression isdO� � �O =
0.0033pKa


2� 0.0089pKa� 2.520 with a correlation
coefficient r2 = 0.9249. The precision of this structural
approach is lower than that of the method associated with


Table 2. Geometry of intermolecular hydrogen bonds (eds in
parentheses)a


Distance (Å) Angle
D—H� � �A


Compound D�A D—H H� � �A (°)


1�CCl3COOH 2.527(6) 1.01(8) 1.57(8) 156(8)
1�CH2ClCOOH 2.589(5) 0.79(6) 1.84(6) 159(7)


a D—H…A is O121—H121…O4. Symmetry code:1�CCl3COOH,
x,y,z; 1�CH2ClCOOH,x� 3/2,ÿy� 1/2,ÿz.


Table 3. Bond distances (AÊ ) and bond angles (°) for trichloroacetic and chloroacetic acids and their acetate anions


Distance (Å) Angle O=C—O
Compound C—C C=O C—O (°) Ref.


CCl3COOH 1.539(4) 1.205(4) 1.290(4) 125.9(3) 15
TPPO�CCl3COOHa 1.554(4) 1.185(4) 1.292(4) 127.8(3) 16
1�CCl3COOH 1.533(9) 1.179(9) 1.267(9) 125.9(8) This work
CCl3COOÿ 1.579(7) 1.225(6) 1.233(6) 131.0(5) 17
CH2ClCOOH-ab 1.502(5) 1.201(4) 1.316(5) 124.3(3) 18


1.501(5) 1.199(5) 1.315(4) 123.8(3)
CH2ClCOOH-b 1.508(8) 1.212(6) 1.297(5) 124.9(5) 19
CH2ClCOOHc 1.524(10) 1.196(9) 1.309(8) 125.5(5) 20
CH2ClCOOHÿc 1.520(10) 1.239(8) 1.254(8) 126.4(5) 20
1�CH2ClCOOH 1.502(9) 1.180(7) 1.307(7) 123.1(7) This work


a TPPO = triphenylphosphine oxide.
b Two independent molecules in the asymmetric unit.
c From the structure of adeninium chloroacetate–chloroacetic acid solvate.


Figure 1. ORTEP drawings of the molecules with the atom-
labelling schemes for the compounds (a) 1�CCl3COOH and
(b) 1�CH2ClCOOH. The thermal ellipsoids are drawn at 50%
probability
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a free energy relationship owing to the relatively large
errors in the measurement of bond distances. In addition,
the introduction of the data related to the 2,6-dimethox-
ybenzoic acid complex is questionable since the pKa


value of this acid (which is poorly soluble in water) is not
definitely known. Experimental pKa values are 3.44 by a
titration procedure24 and 3.60 obtained potentiometri-
cally from dioxane–water mixtures by extrapolation to
0% dioxane.25 Calculated values are 3.31 using ioniza-
tion data for 2,4,6-trimethoxybenzoic acid andp-
methoxybenzoic acid24 and 3.99 using ionization data
for benzoic acid ando-methoxybenzoic acid.24 This
curve (Fig. 2) should reach a limit at ad(O� � �O)
characteristic of the basicity of the flavone. From the
empirical equation, one can deduce the coordinates of the
minimum value of the curve that would correspond to a
symmetric O� � �H� � �O hydrogen bond. In that case the
acid should have a pKa of caÿ1.3 and the hydrogen bond
length should be 2.51 A˚ . The shortestd(O� � �O) hydrogen
bonds found in crystals are around 2.39 A˚ .26


Probably with stronger acids, protonation of the
carbonyl oxygen would occur. Corresponding data would
lie on the left part of the curve with respect to the
minimum value.


This hypothesis could be confirmed with stronger acids
such as nitric or sulphuric acid. We have already reported


the structure of the complex with perchloric acid,9 but in
this case a water molecule was involved in the hydrogen
bond. For this reason, it was not included in the present
data. Work is in progress in order to improve the
correlation and confirm our results.
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Figure 2. Dependence of hydrogen-bond distances on pKa


values


Table 4. pKa values and hydrogen bond distances used in
the regression for the different complexes


Acid in the complex No. pKa d(O� � �O) Ref.


Formic 1 3.75 2.601(6) 7
Acetic 2 4.75 2.646(6) 6
Propionic 3 4.87 2.638(4) 7
2,6-Dimethoxybenzoic 4 3.44 2.571(2) 10
Chloroacetic 5 2.85 2.589(5) This work
Trichloroacetic 6 0.7 2.527(6) This work
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ABSTRACT: endo-Bicyclo[2.2.2]oct-5-ene-2-carboxylic acid, in acidic solution, cyclizes to give a mixture of three
isomeric lactones. These three isomers have different stabilities and are partly interconvertible, but their simultaneous
decomposition makes the experimental study of these equilibria difficult. In the present work, these three lactones
were studied using MM3. The relationship between the O—C(O)—C bond angles and the C=O stretching
frequencies of these compounds was investigated. Based partly on the thermodynamic data calculated by MM3, the
mechanism of the interconversion of the three lactones was proposed. Copyright 1999 John Wiley & Sons, Ltd.


KEYWORDS: molecular mechanics; MM3; lactonization;endo-bicyclo[2.2.2]oct-5-ene-2-carboxylic acid; heat of
formation; free energy of formation


INTRODUCTION


Molecular mechanics is an efficient tool for studying and
understanding a variety of structural problems in
chemistry. The importance of molecular mechanics is
enhanced when the experimental study of the problem is
either tedious or impossible. One such case is the
lactonization of endo-bicyclo[2.2.2]oct-5-ene-2-car-
boxylic acid. Under acidic conditions, this carboxylic
acid is converted to a mixture of three isomeric
lactones.1,2 When these lactones rearrange from one to
another, the process is accompanied by decomposition.3,4


Therefore, the experimental study of their interconver-
sion has been difficult. A previous molecular mechanics
study reported5 that calculations carried out using the
MM2 molecular mechanics program,6 which was the
precursor of MM3,7 could not explain either the
stabilities or the interconversion process of these
lactones. Therefore, we believed that it would be
worthwhile to investigate these lactones using MM3. In
addition, with the help of MM3, unlike MM2, one can
calculate the vibrational spectrum of a molecule. It is well
known8 that in cyclic ketones the C=O stretching
frequency is inversely related to the number of atoms in
the ring. It would be interesting to examine this
relationship in the present lactones. In the present work,
the three lactones obtained experimentally fromendo-
bicyclo[2.2.2]oct-5-ene-2-carboxylic acid were studied
using MM3. Several additional lactones that are possible


isomerization products, but that are not observed
experimentally, were also studied.


RESULTS AND DISCUSSION


The structures of the lactones fromendo-bicy-
clo[2.2.2]oct-5-ene-2-carboxylic acid that were reported
by Moriarty et al,4 are shown in Scheme 1. The lactones
3, 4 and 5 were studied using MM3 and their C=O
stretching frequencies were compared with the experi-
mental values. However, the experimental infrared
spectroscopic analysis was carried out in chloroform
solvent, whereas MM3 calculates values that correspond
to the isolated, gas-phase molecules. It was observed that
the C=O stretching frequencies of esters in general (and
methyl acetate in particular) are about 32 cmÿ1 higher in
the gas phase than the corresponding frequencies in
chloroform solution, mainly as a result of hydrogen
bonding.9 Therefore, the experimental frequencies were
adjusted for this solvent effect. From Table 1, it is clear
that the vibrational frequencies calculated by MM3 are
comparable to the adjusted experimental values.


It is well known8 that for cyclic ketones, as the number
of atoms in the ring increases the C=O stretching
frequency decreases. The same phenomenon is also
observed for lactones and lactams.10 This observation led
to the belief that the C=O stretching frequencies are
dependent on, and inversely related to, the number of
atoms in the ring. The following explanation was
provided for this phenomenon. As the number of atoms
in the ring decreases below six, the carbonyl carbon
deforms from its ideal sp2 geometry. Therefore, the p
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character in the two C—C bonds increases and thes
character in C=O bond must therefore increase. The
increaseds character leads to a stronger C=O bond,
resulting in a higher C=O stretching frequency.8


However, the study of more complicated ketones
revealed that it is not the number of atoms in the ring
that dictates the C=O stretching frequency but the angle
made by the carbonyl carbon with its neighboring atoms
in the ring.11 Even though the increase in thes character
of the C=O bond may contribute to the increase in C=O
stretching frequency, it is only a minor contribution.12


The actual phenomenon is more physical than chemical.
The C=O stretching and O–C and C–C stretchings act
analogously to the pendulums connected to a common
point. Each influences the vibrations of the other, and
depending on the O—C(O)—C angle, the vibrations
couple with one another to varying degrees. As the C—
C(O)—C angle becomes smaller and the O—C and C—C
bonds become more colinear with the C=O, and there is
an increased coupling of C=O stretching with the other
stretchings. When such a coupling increases, the higher
frequency is expected to increase and the lower
frequency to decrease. As a result, the C=O stretching
frequency, which is higher than the C–O C–C stretching
frequencies, increases.11,12 In the case of the lactones
under study, the O—C(O)—C angle has a strong
influence on the C=O stretching frequency. From Table
1, it can be seen that the values for the O—C(O)—C
angles in the lactones increases in the order3< 5< 4,
and the values for the C=O stretching frequencies
decrease correspondingly,3> 5> 4. The smaller the
O—C(O)—C angle, the greater is the O—C and C—C


bond coupling with the C=O bond, and hence the higher
the C=O stretching frequency.


The experimental study of the acid-catalyzed cycliza-
tion of endo-bicyclo[2.2.2]oct-5-ene-2-carboxylic acid
over a wide range of acid concentrations revealed that the
reaction yielded three lactones (3, 4 and 5) in varying
amounts, and no other identifiable products were
detected. Lactone3 was found to be the kinetic product
initially produced, its concentration decreasing as the
acidity of the reaction mixture was increased.5 In the
acidic medium, lactone3 partially rearranged to lactone
4. Lactone5 was found to be the minor product and was
readily interconvertible with lactone4 in acidic medium.4


However, all these reactions were accompanied by a
simultaneous decomposition of the lactones, so the
kinetic studies of these interconversions were tedious
and the results only qualitative.


In order to carry out MM3 studies on these lactones,
the following strategy was adopted. First, it was reported
by Moriarty et al.4 that the exo- and endo-bicy-
clo[2.2.2]oct-5-ene-2-carboxylic acids do not intercon-
vert via a keto–enol tautomerism under the experimental
conditions, and that both theendo- and exo-acids give
lactone3. From Scheme 2, the formation of lactone3
from acid1 is evident. However, once the possibility of
the interconversion of acids has been excluded, acid2
would not give lactone3, as the position of the carboxyl
group makes such a reaction sterically impossible. We
believe that the carbocation formed undergoes rearrange-
ment as shown in Scheme 2 to yield lactone3', which is in
fact the enantiomer of lactone3. The structure identifica-
tion techniques reported by Moriartyet al.4 did not
include the measurement of optical rotation. None of the
techniques that they reported could distinguish between
the two enantiomers.


We considered the rearrangement of lactone3 to
lactones4 and5 using a physical model, but the process
involved considerable twisting of the bonds which we
believe to be improbable. However, if we start from
lactone3, the formation of4' and5', the mirror images of
lactones4 and 5, appeared to be straightforward, as
shown in Scheme 3. The mechanism involves hydride
and C—C bond shifts. Similarly, lactone3' could be
rearranged to lactones4 and 5. Once again, the
identification techniques reported by Moriartyet al.


Scheme 1. Lactonization of endo-bicyclo[2.2.2]oct-5-ene-2-carboxylic acid to 3, 4 and 54


Table 1. Relationship between the OÐC(O)ÐC bond angle
and C=O stretching frequency of lactones 3, 4 and 5 (all
have C1 symmetry)


Parameter 3 4 5


O—C(O)—C bond angle (°) 108.66 114.39 110.33
C=O stretching frequency (cmÿ1):


Exptl4 (CHCl3 solution) 1760 1730 1755
Exptl (corrected to gas phase) 1792 1762 1787
MM3 1786 1766 1783
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could not distinguish between lactones4 and 4' or
between lactones5 and5'. We suggest that, in the future,
the experimental study of the interconversion of these
lactones should consider the fact that all of these lactones
are chiral and can exist as enantiomers. Theendo- and
exo-acids can be synthesized1,4 and, if these acids are not
spontaneously interconvertible, then the enantiomers
should be separable.


Brecknell et al.5 reported a study of these lactones
using the MM2 force field. They compared the final steric
energies of the lactones and concluded that these values
did not reflect the relative stabilities of the lactones. We
repeated the MM2 calculations of the steric energies of
these compounds but could not reproduce the relative
final steric energies reported by them.5 Our MM2
program calculated the final steric energies of the
lactones3, 4and5 as 25.27, 27.89 and 24.56 kcal molÿ1


and the heats of formation asÿ100.0, ÿ97.4 and
ÿ100.7 kcal molÿ1 (1 kcal = 4.184 kj) respectively, in-
dicating a stability order of 5� 3> 4. As MM3 is a better
force field than MM2, in the present work similar
calculations were carried out using MM3. With MM3, in
addition to the final steric energy and the heat of
formation, one can calculate other thermodynamic
quantities such as enthalpy, entropy and free energy.
MM3 analysis of the three lactone structures revealed
that3, 4and5 have final steric energies 38.26, 37.22 and
43.11 kcal mol,ÿ1 respectively, and these convert to heats


of formation ofÿ89.76,ÿ90.79 andÿ90.42 kcal mol,ÿ1


respectively, as shown in Table 2. The final steric energy
values in any molecular mechanics calculations are
relative to a somewhat arbitrary zero point. For these
lactones, the zero point of reference is different for
lactone5 than for lactones3 and4. The connectivity of
the atoms in lactone3, 4and5 is different, which makes
them constitutional isomers. Lactone5 contains one more
five-membered ring than do3 and4. Therefore, their final
steric energies cannot be directly compared to determine
the relative stabilities of these compounds. The correct
way to compare their stabilities would be by calculating
and comparing their heats of formation.


A more exact analysis of the thermodynamics of this
system can be performed as follows. First, the MM3
calculations are for an isolated (gas-phase) molecule,
whereas the experiments were conducted in strongly
acidic solutions. Under these conditions, the molecules
are largely protonated; however, since lactones3, 4and5
are all unhindered bicyclic lactones, we might hope that
protonation and solvation problems will largely cancel
out, and the relative calculated energies should be close
to the experimental values, if the experiment could be
conducted without causing the product decomposition. In
order to determine whether the reaction is favorable to
the formation of lactones, MM3 calculations were also
carried out on acid1. Lactones3, 4 and5 are compact
structures lacking rotatable bonds, so each has only one


Scheme 2. Mechanism of formation of lactones 3 and 3'
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conformation. However, various conformations of acid 1
are possible, owing to the rotation of the carboxyl group.
There are two rotatable bonds, namely, the C—C(O)
bond and the C(O)—OH bond. MM3 calculations (using
the double angle driver) revealed that in the case of the
latter, the hydrogen atom preferred to be eclipsed by the
carbonyl oxygen by more than 5.0 kcal molÿ1. Hence


there is only one conformation about the C(O)—OH bond
with a significant equilibrium concentration, which is the
trans conformation. On the other hand, the C—C(O)
bond can assume various conformations. A plot of the
final steric energy versus Cbridgehead—C—C(O)—O
torsional angle is shown in Fig. 1. This graph revealed
two conformations, one with a Cbridgehead—C—C(O)—O
torsional angle of about 180°, which is the global
minimum, and the other of about 310°. The graph also
showed a very small dip at about 70°. However, we
believe that the well depth here is too small for the well to
contain a vibrational level, thus excluding the possibility
of a stable conformation with this geometry. Our study of
the saddle points of this particular minimum revealed that
for the conformation with the Cbridgehead—C—C(O)—O
torsional angle of 50°, the distance between C(2) and
O(11) was 2.844 A˚ , indicating a significant repulsion
between these two atoms. This saddle point showed a
higher van der Waals energy by about 0.42 kcal molÿ1


for this specific interaction. In an effort to minimize this


Scheme 3. Rearrangement of lactone 3 to lactones 4' and 5'


Table 2. Comparison of MM3 energies (kcal molÿ1) of
lactones 3, 4 and 5 at 298.16 K


Parameter 3 4 5


Final steric energy 38.26 37.22 43.11
Total enthalpy 165.97 165.21 170.59
Total entropy (eu) 89.13 87.55 89.33
Relative entropy (eu) 1.58 0.0 1.78
Heat of formation ÿ89.76 ÿ90.79 ÿ90.42
Relative heat of formation 1.03 0.0 0.37
Free energy of formation ÿ116.33ÿ116.89ÿ117.05
Relative free energy of formation 0.72 0.16 0.0
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strain, the C(3)—C(7)—C(9) bond angle widened by
about 2.5°. Similarly, for the conformation with
Cbridgehead—C—C(O)—O torsional angle of 105° (the
other saddle point), the distance between O(11) and
H(22) was 2.270 A˚ , indicating a repulsion between these
two atoms. Here the van der Waals repulsion energy
corresponding to the O(11)—H(22) interaction was about
0.37 kcal molÿ1 for the saddle point. In this case, the
C(7)—C(9)—O(11) bond angle widened slightly (by
about 0.4°). We believe that the interactions of O(11)
with C(2) and H(22) are the major contributors to the
high energy of this minimum.


Each of the lactones and each conformer of acid 1 has a
symmetry number of 1 and exists as a pair of
enantiomers. When the entropy values are mentioned in
tables or otherwise, they are the total entropy values for
the enantiomeric mixtures. We carried out MM3
calculations on the two real conformers of acid 1, and
the results are shown in Table 3. The free energy values
were used to calculate the Boltzmann populations of the
respective conformers. The heat of formation for acid 1


was calculated to beÿ81.37 kcal mol.ÿ1 The entropy of
acid 1 was calculated using the equation


S�
X


NiSi ÿ R
X


Ni ln Ni


where Ni is the Boltzmann population andSi is the
entropy of conformeri. The last term is the entropy of
mixing and R is the universal gas constant. Using the
above equation, the entropy of acid 1 was calculated as
98.09 eu. Using the entropy and heat of formation values,
the free energy of formation was calculated from the
equation


�G�f � �H�f ÿ T�S�


and had the valueÿ110.62 kcal molÿ1 at 298.16 K. This
value is 6–7 kcal molÿ1 more positive than the free
energies of formation of the lactones3, 4 and5, so the
lactonization of acid 1 is thermodynamically favored.


Next, we tried to understand the relative stabilities of
the lactones3, 4and5. From Table 2, it can be seen that
with respect to the heats of formation, lactone4 has the
lowest value and lactone5 is 0.37 kcal molÿ1 higher.
Lactone3 is still higher, 1.03 kcal molÿ1 above lactone 4.
The numbers and kinds of bonds in these isomers are
similar, and each hasC1 symmetry, so we expected that,
at a given temperature, they would have similar
entropies, which was found to be the case. The calculated
values for the total entropies for the lactones3, 4 and5
were 89.13, 87.55 and 89.33 eu, respectively. If we wish
to compare the equilibrium data, only the relative
entropies of the compounds need to be considered, and
these are 1.58, 0.00 and 1.78 eu, respectively, at
298.16 K. The relative free energies of formation
calculated by MM3 are thus 0.72, 0.16 and
0.0 kcal molÿ1 for lactones3, 4and5, respectively. Even
though these values indicate that lactone5 is more stable
than lactone 4, they are actually indistinguishable within
the computational limits of MM3. These calculations are


Figure 1. Torsional energy por®le of acid 1


Table 3. MM3 energies (kcal molÿ1) of acid 1 at 298.16 K


Conformera


Parameter I II


Cbridgehead—C—C(O)—O angle 175.70 313.60
Final steric energy 22.19 22.61
Enthalpy 148.80 148.95
Free energy 120.14 119.96
Boltzmann population 0.423 0.577
Entropy (eu) 96.10 97.23
For the equilibrium mixture:


Molar entropy (eu) 98.09
Heat of formation ÿ81.37
Free energy of formation ÿ110.62


a See Fig. 1.
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consistent with the experimental observation that lac-
tones4 and 5 are readily interconvertible. Lactone3 is
higher in free energy but by less than 1 kcal molÿ1. In
addition, when we compare the free energy of formation
of acid 1 with those of the lactones3, 4and5, it is evident
that all of the lactones have more negativeDGf values
than acid 1 (by 6–7 kcal molÿ1; actually this amount may
be reduced by solvation). Hence the reaction certainly is
in favor of the formation of the lactones from the acid.


The thermodynamic stabilities of3, 4 and 5 parallel
their heats of formation. Furthermore, the isomers3, 4
and5 all have the same number and kinds of substitutions
(primary, secondary, etc.), so that the differences in their
heats of formation should give approximate estimations
of their stabilities. Moriartyet al.4 concluded that lactone


4 was the most stable, and that lactone3 is a kinetic
product which rearranged to lactone4. The free energies
of formation of these lactones calculated by MM3
support those conclusions. Lactone3 has a higher free
energy of formation than lactone4, which is why lactone
3 is rearranged to lactone4 in acidic medium. Lactone5
has a similar free energy of formation to lactone4, which
is the reason for their interconvertibility under acidic
conditions. Based on their free energies of formation, we
calculated the equilibrium concentrations of3, 4and5 to
be 14, 37 and 49%, respectively, at 298 K.


Lactonization of endo-bicyclo[2.2.2]oct-5-ene-2-car-
boxylic acid can proceed by multiple pathways. If the
reaction were to follow all of these pathways, it might be
expected that several cyclized lactones could be formed,


Scheme 4. Structures of some of the possible lactones


Table 4. Comparison of MM3 energies (kcal molÿ1) of lactone structures 3±13 at 298.16 K


Parameter 3 4 5 6 7 8


Final steric energy 38.26 37.22 43.11 40.18 38.62 51.19
Total enthalpy 165.97 165.21 170.59 167.76 166.08 178.75
Total entropy (eu) 89.13 87.55 89.33 86.98 88.36 88.92
Relative entropy (eu) 1.58 0.00 1.78 ÿ5.70 0.81 1.37
Heat of formation ÿ89.76 ÿ90.79 ÿ90.42 ÿ82.32 ÿ88.62 ÿ82.34
Relative heat of formation 1.03 0.0 0.37 8.47 2.17 8.45
Free energy of formation ÿ116.33 ÿ116.89 ÿ117.05 ÿ108.25 ÿ114.96 ÿ108.85
Relative free energy of formation 0.72 0.16 0.0 8.64 1.93 8.04


9 10 11 12 13


Final steric energy 38.52 49.72 61.40 49.44 55.69
Total enthalpy 166.44 177.14 188.27 176.83 182.73
Total entropy (eu) 87.59 87.26 87.48 87.21 87.05
Relative entropy (eu) 0.04 ÿ0.29 ÿ0.07 ÿ0.34 ÿ0.50
Heat of formation ÿ88.72 ÿ78.30 ÿ72.12 ÿ78.58 ÿ77.83
Relative heat of formation 2.07 12.49 18.67 12.21 12.96
Free energy of formation ÿ114.87 ÿ104.31 ÿ98.20 ÿ104.58 ÿ103.78
Relative free energy of formation 2.02 12.58 18.69 12.31 13.11
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in addition to those discussed above. Some of these
lactone structures are shown in Scheme 4. While
designing these hypothetical structures, we followed
only the simplest mechanisms and also avoided any
structures with extreme steric strain, such as those
containing four-membered rings, or those whose forma-
tion involved an exocyclic carbocation. It should be noted
that this list is not exhaustive and, theoretically, many
more different structures are possible. However, experi-
mentally only lactones3, 4 and 5 have been found. In
order to understand why these lactones are preferred over
the rest, we carried out MM3 calculations on structures
6–13. The various thermodynamic quantities for these
compounds are shown in Table 4. It can be seen that all of
these lactones (6–13) have much more positive free
energies of formation than lactones3–5. In other words,
lactones3–5are more stable than any of the lactones6–
13. Only lactones7 and9 have energies that are anywhere
near those of3–5, being about 2 kcal molÿ1 higher (the
others are 8–18 kcal molÿ1 higher). These two should be
formed in small amounts,ca 2%, and might be found if
kinetically stable, and if searched for). However, the
previous failure to find6–13 appears to have been
essentially a thermodynamic, not a kinetic, matter.


Lactonization of endo-bicyclo[2.2.2]oct-5-ene-2-car-
boxylic acid can lead directly to either lactone3 or
lactone6 depending on to which carbon atom the initial
proton is added. Lactone3 is ag-lactone and lactone6 is a
�-lactone. Traditionally,g-lactones are observed to be
more stable than�-lactones,5 so this case is unexcep-
tional. The heats of formation from MM3 indicate that
lactone 3 is more stable than lactone6 by
7.44 kcal molÿ1. This led us to conclude that between
the two expected kinetic products, lactone3 is greatly
favored over lactone6. Lactone3 then further rearranges
to lactone4', which is the thermodynamic product. As
shown in Scheme 3, the formation of4' and 5' from
lactone 3 involved a common intermediate, which
supports the ready interconversion of4' and5'. Similarly,
exo-bicyclo[2.2.2]oct-5-ene-2-carboxylic acid cyclizes to
lactone 3', which undergoes further rearrangement to
more stable lactone4. Since the experiment started with
3, and 4' is the most stable structure which is readily
convertible to5, the mechanism for interconversion must
be 3→4' � 5', which is in accord with the mechanism
suggested by Moriartyet al.4


CONCLUSIONS


MM3 is a very helpful tool for the study of problems in
structural chemistry, especially those which are challen-
ging to study experimentally. The lactonization ofendo-
bicyclo[2.2.2]oct-5-ene-2-carboxylic acid is one such
problem. In this work, with the help of the calculations
carried out using MM3, we could study the relationship
between C=O stretching frequencies and the O—C(O)—
C bond angles. In addition, the energies calculated by
MM3 were used to explain the mechanism for inter-
conversion of these lactones.
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ABSTRACT: The highly charged tetraanion of the unsubstitutedp-bistyrylbenzene (1) and the hexaanion of 1,3,5-
tristyrylbenzene (4) were generated and studiedin vacuoat low temperatures. The various reduction steps were
followed by UV and several NMR techniques. Extensive folding resulting from quinoid forms, determined to exist in
the dianion ofp-bistyrylbenzene,12ÿ, are absent in the highly charged tetraanion14ÿ. Copyright 1999 John Wiley
& Sons, Ltd.
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INTRODUCTION


The field of oligo(p-phenylenevinylene) (1) has been
explored extensively in recent years in connection with
the design and synthesis of photo- or electrically
conducting polymers.1 The demand for significantly
better and improved polymeric systems capable of
conducting electricity and still amenable for research
sent researchers back to basics. A multitude of anionic
and cationic conjugated systems, small enough to be
studied, yet still polymer-like in character, have been
investigated, only to generate a host of spectroscopic and
theoretical conclusions. Conjugative interactions in these
anionic systems were found to play a key role in the
systems’ ability to mobilize their charge. The tendency of
the charge density to concentrate at the far ends of ap-
segment by means of resonance delocalization was found
to increase the charge mobility over the major domain of
the system and thus reduce its redox power. Interruption
of the resonance mobility by means of placing con-
jugative insulators, such asmeta-substituted phenyl
groups as in2, was found by Mu¨llen et al.2 to affect
the redox capability of the system. Traditionally, the
increase in the redox ability of2 was attributed to the
absence of interaction between two stilbene units, which
may, therefore, be considered as consisting of two
distinct polaron segments. For this reason, while2 is
reduced to a tetraanion,1 with n = 1 was found to be
reduced to the dianionic stage, exclusively.3 The puzzling


finding that the o-distyrylbenzene3 is capable of
accepting four electrons, and thus be reduced to the
tetraanion was explained by the cation solvation effect.4


Owing to their close proximity, the two charge centers of
34ÿ should be better solvated by the cationic shell, thus
allowing a higher redox potential. Another system for
which solvation of the counter-ion was found to play an
important role is 1,4-diphenylbutadiene.5 Reduction of
the ap-Z,Z-diastereomer was found to cause rapid
conversion to the more stablesp-E,E-diastereomer. In
the latter, the increased stabilization imposed by the
cation residing near the terminal units of the butadiene
segment reduced the destabilization imposed by the
electron transfer process.


The charge alternation concept as suggested by Klein
and co-workers6 supplies an additional, more basic,
explanation to the above observations. In an alternating
carbon framework the formation of a charged center
should proceed in such a way as to place a charge on
alternating carbons of the same type. Owing to the
anionic character of a certain system, one should expect
all carbons in the framework to sustain negative charges.
Nevertheless, it is the magnitude of the charge that holds
alternating qualities. Such alternations originating from
coulombic repulsions result in charge distributions of
donor–acceptor character and are thus of greater stability.
In the described cases, the charge alternation rule predicts
that charge distribution in systems such as3 would be to
carbons of similar nature. Therefore, it follows that they
can maintain a greater redox power. In systems such as1
and2, in which the alternating tendency places charges
on carbons of different sets, the degree of the reduction
potential is decreased. This is in complete agreement
with the reported observations regarding the polymethy-
lation of p-, m ando-xylenes.6
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Here, we describe the reduction of unsubstitutedp-
distyrylbenzene (1) and of (E,E,E)-1,3,5-tristyrylbenzene
(4). Compounds1 and 4 were prepared in 88% and
82% yields fromp-dibromobenzene and 1,3,5-tribromo-
benzene, respectively, adopting our published procedures
for multiple Heck coupling of oligohaloarenes.7,8 Semi-
empirical studies on both compounds were carried out
utilizing the AMPAC 5.0 (1994) program.


EXPERIMENTAL


Chemical reductions of1 and 4 were carried out in
specially constructed 5 mm NMR tubes equipped with a
reduction chamber. The alkali metal, either lithium or
potassium, was introduced into the reduction chamber as
a thin wire (in the case of lithium) or as a mirror of
metallic potassium produced by high vacuum distillation.
Into the NMR tube containing 4–5 mg of the sample to be
reduced and the metal, doubly distilled THF-d8 was
transferred under vacuum and the tube was then flame-
sealed. Reduction proceeds when the THF-d8 solution is
brought into contact with the metal by inversion of the


NMR tube. All reductions were carried out at dry-ice
temperature.


The distinction between the various redox stages was
accomplished by the utilization of UV–visible and
several NMR techniques. The appearance or disappear-
ance of a paramagnetic radical stage was evident from the
appearance or disappearance of the NMR spectrum and
the loss of the relevant UV–visible band (see Table 2).
All NMR and DNMR spectra were recorded on a Bruker
DRX-400 spectrometer at 20 K intervals between 190
and 310 K. The spectral assignments result from a
multitude of correlation experiments such as COSY,
NOESY, CH-correlation and LRCH-correlation. Thep-
charge density,Dqn, on each carbon atomn was
estimated from the chemical shift difference observed
for that atom prior to and upon doping,D�n, and the
proportionality constant measured for the specific carbon
framework,Kc [Eqn. 1].9


��n � Kc�qn �1�


The identity of the various final reduction stages was
confirmed by quenching with D2O or methyl bromide.
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Quenching with O2 was also employed in order to show
that rearrangements and inter- or intramolecular reactions
did not take place. In no case were skeletal modifications
observed.


RESULTS AND DISCUSSION


Treatment of1 with alkali metal (Li, K) in THF-d8


yielded a fluorescent blue solution, which exhibited UV
bands at 566 and 630 nm and no NMR spectrum, and was
thus characterized as the radical anion stage. Longer
exposure to the metal (95 min with potassium andca 3
days with lithium atÿ40°C) resulted in the formation of
the dianion as a deep matt-blue solution. In both the1H
NMR and13C NMR spectra of12ÿ/2Li� the existence of
a dynamic process (Fig. 1) is evident. At 200 K, two sets
of 1H and13C signals are present, in a 7:3 ratio, possibly
corresponding to the two conformers of12ÿ labeled here
as A and B. As the temperature is raised (265 K) the
barrier to rotation about the formal single bonds C-1—
C-7 is overcome, resulting in the complete broadening of
the phenyl-proton signals. This results in the signal


unification corresponding to theortho andmetaprotons.
Protons H-10 and H-11 remain a pair of dissimilar
doublets even at higher temperatures suggesting that
rotation around the formal single bonds C-8—C-9 is not
overcome. The potassium salt of12ÿ exhibits a dynamic
process in which the rotational barrier around the C-1—
C-7 bond is overcome at approximately 250 K. A
complete coalescence was not achieved and therefore
barrier energies are not reported.


Close inspection of the NOESY spectrum reveals
strong NOE interactions between H-10–H-2 and H-10–


Figure 1. Variable temperature 1H NMR of dianion 12ÿ/2Li+
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H-6. Other NOEs determined between H-10–H-8, H-10–
H-2, H-11–H-7, H-11–H-2 and H-11–H-6. Such a
correlation, more specifically the NOE between H-10–
H-2 and the absence of NOE interaction between H-8–
H-2 or H-8–H-6, rules out bothA andB. It is reasonable,
however, to predict that such NOE interactions would
arise from a conformer such asC resulting from the
quinoid form. Interaction between the anionic centers at
C-7 and C-10 with the cationic species, as expected to
exist in the s-cis conformerC, should reduce the energy
involved with the dianion and stabilize the system. Such
stabilization which is clearly temperature dependent
would place H-10 and H-2 close enough to produce such
NOE interactions. The duality of1H and13C signals are
thus attributed to the existence of s-cis/s-cis and s-cis/s-
transspecies. In1a2ÿ and1b2ÿ such folding is obviously
minimized as a result of steric interaction. In fact, in
1a2ÿ/2Li� folding does not exist at all.10 Compound
1b2ÿ/2K� exhibits a dynamic process involving species
similar to A and B, exclusively.11 The chemical shifts
assigned to H-10 in both1a2ÿ/2Li� and1b2ÿ/2K� is at
5.77 and 5.35 ppm, respectively, whereas the resonance
observed for that same proton in12ÿ (in both the
potassium and lithium salts) is 4.30 ppm. This higher
field resonance along with the downfield resonance of H-
2 hints at the variations in the electronic effects imposed
on the central benzene ring as a consequence of
substitution, as with1a2ÿ, and more importantly they
point to the presence of a coulombic compression
between H-10 and H-2 of the folded charged phenyl
ring, now lying side by side to the central ring. Further
support for the existence oftrans–cis interchange comes
from the decrease in coupling constants of the formal


olefinic bonds. Whereas upon reduction both1a2ÿ and
1b2ÿ clearly exhibit no change in the vicinal coupling
constants, a reduction ofca 3 Hz is observed in12ÿ as
compared with1 (Table 1). However, owing to the
complete overlap of the olefinic signals of both s-cis/s-cis
and s-cis/s-transspecies alternations in the2Jvic could not
be measured.


Two distinctive observations can be made upon
comparing the lithium and the potassium salts of12ÿ:
the increased resolution and temperature sensitivity
observed for the1H NMR spectrum of the potassium
salt of 12ÿ versus its lithium salt. These are consistent
with the presence of a strongly held ion pair in both the
potassium and lithium salts, yet with a strongly polarized
K� system. The polarization effect of the potassium
cation compared with that of the lithium counterion is
clearly exhibited in the nicely resolved proton spectrum
of the salt. This is further supported on grounds of the
lowered rotational barrier observed for the potassium salt,
as illustrated by the phenyl ring barriers. A bathochromic
shift in the UV spectrum of the lithium salt of12ÿ


compared with that of the potassium salt (Table 2) leads
to the conclusion that the lithium salt is less compact and
thus tends to exhibit the behavior of a solvent-separated
ion pair (SSIP).13 This rationalizes a higher rotational
barrier of the phenyl rings in the lithium salt. The
polarization effect has been shown to be smaller for
potassium salts than for the smaller lithium and sodium
cations and thus contradicts the observations made
here.13 However, these effects should not be dismissed
on the grounds of cation size arguments only. Here, the
polarization observed for the potassium salt stems from
strong contact ion-pair (CIP) interactions which are


Table 1. 1H and 13C NMR chemical shifts for the Li and K salts of 12ÿ and 14ÿa


Compound Parameter 1 2 3 4 5 6 7 8 9 10 11


1 (300 K) �H — 7.59 7.34 7.23 7.34 7.59 7.26 7.26 — 7.59 7.59
(6.28) (12.5)


�C 138.2 127.0 128.8 128.0 128.8 127.0 128.5 129.1 137.4 127.3 127.3
12ÿ/2Li� (200 K) �H — 6.08 6.27 5.22 6.11 5.87 5.47 5.61 — 4.30 5.28


(8.96) (9.06) (9.36) (12.5) (12.7)
Conformer I �C 143.1 111.9 129.1 104.9 127.6 120.7 114.4 128.4 116.6 84.7 112.2
12ÿ/2Li� (200 K) �H — 6.06 6.26 5.21 6.10 5.86 5.47 5.61 — 4.32 5.29


(8.09) (9.06) (9.06) (12.0) (12.7)
Conformer II �C 143.0 111.7 129.1 104.7 127.6 120.5 114.4 128.4 116.1 84.3 112.3


D�H — 1.51 1.07 2.01 1.23 1.72 1.79 4.65 — 3.29 2.31
D�C ÿ4.9 15.1 ÿ0.3 23.1 1.2 6.3 14.1 0.7 20.8 42.6 15.1


12ÿ/2Li� (300 K) �H — 6.11 6.29 5.37 6.29 6.11 5.53 5.70 — 4.33 5.36
(7.55) (9.06) (9.06) (12.1) (13.1)


�C 143.9 116.3 128.2 106.5 128.2 116.3 114.1 128.7 116.0 82.7 111.5
12ÿ/2K� (200 K) �H — 6.21 6.36 5.38 6.21 5.98 5.37 5.70 — 4.30 5.38
Average �C 143.1 111.7 129.2 107.7 127.6 120.5 114.3 128.4 116.6 84.6 112.2
12ÿ/2K� (300 K) �H — 6.19 6.40 5.40 6.40 6.19 5.40 5.71 — 4.37 5.40
14ÿ/4K� (230 K) �H — 4.59 5.87 4.10 5.87 4.54 3.15 3.02 — 5.37 5.54


D�H — 3.00 1.47 3.13 1.47 3.05 4.11 4.24 — 2.22 2.05
14ÿ/4K� (300 K) �H — 4.61 5.93 4.15 5.93 4.52 3.18 3.07 — 5.55 5.55


a Chemical shifts given in�, ppm (coupling constants, Hz).
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smaller in the less compact lithium salt. The overall
chemical shift resemblance of the1H NMR spectrum of
12ÿ/2Li� at 300 K to the corresponding potassium salt at
200 K may serve as additional evidence for the SSIP
character of the lithium salt. This resemblance is
temperature dependent and results from the destruction
of the solvation shell and the formation of a tighter ion
pair. As the temperature is reduced to 200 K the solvent
shell is regenerated and delocalization increases. A
diminutive yet consistent upfield shift of all protons in
12ÿ/2Li� accompanies such variation in the delocaliza-
tion and results in a more homogeneous and a more
paratropic system.


Quenching of the dianion solution with molecular
oxygen under anhydrous conditions resulted in the
retrieval of the parent compound1 having a molecular
ion in the mass spectrum atm/z282 and exhibiting a1H
NMR spectrum consistent with the structure of1.
Quenching with liquid methyl bromide under similar
conditions resulted in the isolation of the dimethylated
product1-Me2 showing a molecular ion atm/z312.


The charge distribution on12ÿ/2M� as calculated from
the corresponding1H NMR spectrum shows that 59% of
the total charge resides on the central benzene ring, 29%
on the two phenyl rings and only 12% on the double
bonds. Both alkylation and protonation reactions, never-
theless, occur on the double bonds, exclusively. The large
charge distribution at the central benzene ring is due to a
resonance form of typeD as shown in Fig. 2. The
possibility of a further reduction to the tetraanion is
therefore striking. A 16 h continuous exposure with the
metallic potassium mirror resulted in the disappearance
of the characteristic blue color of12ÿ/2K� and the
appearance of a dirty-red colored solution. The dis-
appearance of the dianionic species was followed by UV–
visible spectroscopy that showed a gradual increase in the
480 nm band corresponding to the13ÿ radical-anion


species and a decrease in the dianion bands at 740 and
799 nm. An even longer exposure time to the metallic
surface (for an additional 20 h) resulted in a purple
solution exhibiting a UV–visible band at 504 nm and a
well resolved1H NMR spectrum at 240 K, characterizing
the highly charged and unexpected tetraanion14ÿ. The
appearance of the tetraanion was proved by quenching
with D2O under inert conditions. This resulted in a
tetradeutero species (C22H18D4) having a molecular mass
of 290. Slow admission of oxygen under cold (5°C),
anhydrous conditions proved the reversibility of the
reduction process. All attempts at acquiring13C NMR
data proved futile. Such behavior had been observed
previously in our laboratory in connection with numerous
annelated corrannulenes (M. Rabinovitz, E. Shabtai and
A. Weitz, unpublished results). Exposure of1 to lithium
metal under identical reduction conditions resulted in no
color change beyond the dianionic stage or in the
disappearance of the dianionic species.


The 1H NMR spectrum observed exhibits high-field
shifts for all protons with the exception of H-10 and
H-11, as compared with12ÿ. This expected tendency
results from the reduction in negative-charge magnitudes
in the tetraanion at these carbon centers. In fact, the
largest charges in14ÿ are hosted on carbon atoms C-1,
C-4, C-8 and C-10 (Fig. 3). Electron transfer to the
s-transsegment which remains almost neutral (structure
D) results in the alternation of the charge at positions C-8
and C-1 and the positioning of an identical charge, in both
sign and magnitude, on C-10 and C-11. The polarization
of the two segments, results in the doubling of the charge
residing at thepara position of either of the two phenyl
rings as compared with the charges found on C-10 and
C-11. The charge delocalization of the tetraanion may,


Table 2. UV±visible bands measured in THF at 298 K


Compound � (nm)


Stilbene 295a


(Stilbene)ÿ 492, 699
(Stilbene)2ÿ 504
1 316
1ÿ/Li� 566, 630
12ÿ/2K� 799
12ÿ/2Li� 810
13ÿ/3K� 480
14ÿ/4K� 504
4 436
4ÿ/Li� 608, 753
42ÿ/2Li� 497, 634
43ÿ/3Li� 643
44ÿ/4Li� 477, 618
45ÿ/5Li� 360, 486, 595
46ÿ/6Li� 478


a Ref. 12.


Figure 2. Reduction of a p-distyrylbenzene polaron to a
tetraanion
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therefore, be described as fully quinoidal in character,
while that of the preceding dianion exhibits some degree
of charge partitioning.


The reduction of compound4 with lithium metal
resulted in a brownish solution, exhibiting no NMR
spectrum. A reddish-brown solution was obtained after a
prolonged exposure to the metal. Both the1H and 13C
NMR spectra clearly suggest the formation of the
hexaanion46ÿ (Kc = 143) with a total proton shift of
�D�H = 74.85 and a total carbon shift of�D�C =
857.10 ppm (Table 3). When4 is reduced with potas-
sium, a faster, yet more defined, reduction process is
observed. After an initial fine-tuned exposure to the
metal, monitored exposures yield a full spectrum of
colors: light blue (4ÿ), navy (42ÿ), deep brown (43ÿ),
green (44ÿ), brown (45ÿ) and red–brown (46ÿ). In their
UV–visible spectra mixed stages (where two species are
present at one time) are observed. The NMR spectra of
neither the dianion nor the tetraanion were obtained at
various temperatures. Semiempirical computations point
to the fact that a two-electron transfer to the neutral
molecule reduces one of the stilbene units, creating a
dianionic polaron segment attached to two nearly neutral
phenylene arms. With the dianion triplet state lying only
0.035 eV higher than the singlet state, the system exits in
a triplet–singlet equilibrium with an overall paramagnetic
character. Introduction of two electrons to the dianion
results in triplet state species, having a stilbene dianion
and two phenylene arms each charged with a single
electron. There is no spin pairing at this stage and the
tetraanion also remains paramagnetic. These paramag-
netic systems do not yield high-resolution NMR spectra
and it is only at the very final stage (i.e. 46ÿ) when spin


pairing occurs that an NMR spectrum is observed
(evidence for the hexaanionic stage was given by
quenching with D2O, resulting in the hexadeuturo4-d6


having a molecular ion peak in the mass spectrum ofm/z
396).


Similarly to the charge profile observed for14ÿ, the
charge distribution in46ÿ is concentrated at the internal
ends of the olefinic bonds. As estimated from the13C
NMR spectrum, 44% of the total charge residing in46ÿ is
found at the olefinic bond, with 35% of the charge
distributed over the phenyl rings and 21% on the central
benzene ring. As with alkylation of14ÿ, alkylations and
protonations of the hexaanion46ÿ proceed exclusively to
the olefinic positions.


CONCLUSIONS


The unexpected, highly charged systems described here
are unprecedented. The high electron-per-carbon values
of 0.36 and 0.4 in14ÿ and46ÿ, respectively are clearly
the highest of their type. Although a value of 0.36 eÿ per
carbon atom was also calculated for them- and
o-distyrylbenzenes, a value of only 0.18eÿ per carbon
was measured for the substitutedp-distyrylbenzenes1a2ÿ


and1b2ÿ described above. With an increasing number of
styryl segments fused to substituents of the central
benzene ring, the charge per carbon atom decreases as the
system is capable of distributing the charge over a larger
carbon skeleton (see, for example, ref. 11: compound5
0.28 eÿ per carbon, compound2b 0.26 eÿ per carbon,
compound3 0.28 eÿ per carbon). The accommodation of
charge with a predetermined capacity of two electrons
per styryl branch is a resultant of charge distribution over
a system where conjugative insulators are present.
Substitutions on the styryl branches should assist in the
distribution of the charge in a way similar to that
observed with thepara-, ortho- andmeta-topologies. The
absence of substitution on the inner and terminal benzene
rings of1 contributes to the increased redox power of the
system by allowing extensive folding in the dianionic
stage. This results in a highly localized stilbene moiety
and a nearly neutral styryl group to which a second pair of
electrons may be transferred. The higher redox activity of


Figure 3. Calculated charge distribution in 12ÿ and 14ÿ


Table 3. 1H and 13C NMR data and charge densities of the lithium salt of 46ÿa


Compound Parameter 1, 3, 5 2, 4, 6 7 8 9 10 11 12 13 14


4(240 K) �H — 7.76 7.32 7.40 — 7.62 7.38 7.26 7.38 7.62
(16.6) (16.7)


�C 138.7 124.5 128.6 129.4 138.0 127.1 129.2 128.2 129.2 128.2
46ÿ (240 K) �H — 3.57 2.42 3.59 — 4.82 5.89� 4.22 5.31 4.97


(10.6) (10.6)
�C 130.0 70.7 57.6 75.0 128.6 99.4 128.9 85.0 124.2 116.0


Measured Dqc ÿ0.06 ÿ0.37 ÿ0.50 ÿ0.38 ÿ0.07 ÿ0.19 ÿ0.0 ÿ0.30 ÿ0.04 ÿ0.08
Calculated Dqc �0.11 ÿ0.34 ÿ0.45 ÿ0.32 ÿ0.02 ÿ0.21 ÿ0.10 ÿ0.61 ÿ0.14 ÿ0.14


a Chemical shifts are given in�, ppm (coupling constants, Hz).
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the potassium metal as compared with lithium assists in
the final stage of reduction. Owing to the reduced CIP
character of the lithium salt, no reduction beyond the
dianionic stage,12ÿ, was observed when lithium was
employed.
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and K. Müllen, J. Am. Chem. Soc., 113, 2634–2647 (1991); (c) R.
Erckel and H. Frubeis,Z. Naturforsch Teil H371, 1472–1480
(1982); (d) H. Meier,Angew. Chem., Int. Ed. Engl.31, 1399–1420
(1992); U. Scherf and K. Mu¨llen, Synthesis, 23–38 (1992); (e) A.
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Müllen, Angew. Chem., Int. Ed. Engl.31, 1653–1655 (1992).


3. (a) H. Gregorius, M. Baumgarten, R. Reuter, N. Tyutyulkov and
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ABSTRACT: The rates of formation and yields of products from the dediazoniation ofp-nitrobenzenediazonium
tetrafluoroborate (PNBD) in aqueous solutions over a range of HCl, NaCl and CuCl2 concentrations at 60°C were
examined. Two main products were observed:p-nitrophenol (ArOH) andp-nitrochlorobenzene (ArCl). Trace
amounts of nitrobenzene (ArH) andp-nitrofluorobenzene (ArF) were detected. Added CuCl2 speeds the reaction and
both the rate of dediazoniation and ArOH yield (unlike ArCl) are very sensitive to pH. The results are completely
consistent with the heterolytic dediazoniation mechanism, i.e. rate-determining formation of a highly reactive aryl
cation followed by competitive formation of dediazoniation products. PNBD kinetics are first order (with respect to
PNBD) in the absence of and presence of CuCl2, except at low acidity and in the presence of low to moderate CuCl2


concentrations. The non-first-order kinetics are attributed to a competing reaction between PNBD and the ArOH
product. The results suggest a simple method for preparing halobenzenes in high yield. Copyright 1999 John Wiley
& Sons, Ltd.


KEYWORDS: p-nitrobenzenediazonium tetrafluoroborate; catalytic dediazoniation; reaction rate; product
distribution


INTRODUCTION


Aromatic diazonium compounds became industrially
important1 after Griess discovered the azo-coupling
reaction, i.e. replacement of an electrofugic atom or
group at a nucleophilic carbon atom by an arenediazo-
nium ion. Scheme 1 shows the coupling reaction between
p-nitrobenzenediazonium ion (PNBD) and 2-naphthol-6-
sulfonic acid (sodium salt),1 which was used to trap
unreacted PNBD in the experiments described here.
Aromatic diazonium salts are also as important in
preparative and synthetic chemistry.2–4


Dediazoniations occur with a wide variety of nucleo-
philes3 via both spontaneous, e.g. Griess (Nu = Clÿ, Brÿ,
Iÿ) and Schiemann (Nu = Fÿ) reactions, and by catalyzed
reactions, e.g. the Sandmeyer reaction (Nu = Clÿ, Brÿ,
CNÿ, etc.). In all these reactions aryl cation or radical


intermediates may be involved, depending on the
structure of the arenediazonium ion and experimental
conditions such as solvent and nucleophiles [Scheme 2A
and B]. In aqueous acid, in the dark, dediazoniation is
believed to proceed via rate-determining loss of nitrogen
to generate a highly reactive aryl cation that reacts with
low selectivity with available nucleophiles [Scheme 2A].
Evidence for aryl cation intermediates in dediazoniations
have been reported by numerous workers.5–12 Swain et
al.9,10 suggested that the aryl cation is formed reversibly
and a molecular orbital study of the benzenediazonium
cation in water is consistent with the formation of stable


Scheme 1. Coupling reaction between p-nitrobenzenedia-
zonium ion (PNBD) and 2-naphthol-6-sulfonic acid (sodium
salt)


JOURNAL OF PHYSICAL ORGANIC CHEMISTRY
J. Phys. Org. Chem.12, 130–140 (1999)


Copyright  1999 John Wiley & Sons, Ltd. CCC 0894–3230/99/020130–11 $17.50


*Correspondence to:C. Bravo-Dı́az, Universidad de Vigo, Facultad de
Quı́micas, Departamento de Quı´mica Fisica y Quı´mica Organica,
36200 Vigo-Pontevedra, Spain. E-mail: cbravo@uvigo.es
Contract/grant sponsor:Spanish Ministry of Education (DGICYT);
Contract/grant number:PB94-0741.
Contract/grant sponsor:Xunta de Galicia;Contract/grant number:
XUGA 38305A94.
Contract/grant sponsor:University of Vigo.







molecule–ion pairs.11 Bergstromet al.12 concluded that
molecular nitrogen reacts reversibly with aryl cation
intermediate.


Arenediazonium salts are believed to undergo homo-
lytic clevage to produce aryl radicals in the presence of
certain electron donors, e.g. Cu(I).13 In non-aqueous
solvents,3,4products associated with free radicals are also
observed, especially when electron-withdrawing groups
are attached to the arenediazonium ion [Scheme 2B].
Evidence for the involvement of free radicals in
dediazoniations has been obtained primarily by product
analyses (primarily by gas chromatography–mass spec-
trometry) and from EPR measurements.13–15


Scheme 2. Dediazoniation mechanisms: (A) heterolytic
mechanism; (B) homolytic mechanism


Sandmeyer16 first reported enhanced yields of haloar-
enes on addition of Cu(I) salts. Since then, catalysis by
copper metal, Cu(II) and other metal salts has been
reported.13 Galli17 pointed out that good yields of
chlorobenzene are obtained by adding Cu(II) (as nitrate)
in the presence of NaCl and stimulants such as SnCl2, but
that Cu(II) is ineffective by itself. Later investigations by
Galli13 and Hansonet al.14 suggested that the copper salt
in the Sandmeyer reaction has a dual role, first as an
electron transfer reagent and second as a ligand transfer
oxidant. However, initiators such as ascorbic acid13, p-
benzohydroquinone18 or metal halides17 with suitable
half-wave reduction potentials [e.g. Sn(II), Cu(I) or
Fe(II)] must be present to generate aryl radicals.
Reductive fragmentation of arenediazonium salts has
also been shown to occur in the presence of catechol with
intentionally added metal ions such as Cu2�.14 The
primary function of catechol is to reduce the metal ion,
which then reacts with the ArN2


�, but the possibility that
catechol can directly reduce the ArN2


� was not
considered, as already pointed out by Reszka and
Chignell.19


Few studies involving arenediazonium salts and CuCl2


alone (i.e. without initiators or ligand transfer agents) in
water have been reported. Zollinger3 did not mention the
use of CuCl2, without reductants or without ligand
transfer agents, to obtain halo-dediazoniation or hydro-
dediazoniation products. There is also some controversy
about the kinetic behavior ofp-nitrobenzenediazonium
ion (PNBD). Lewis and Hinds20 detected non-first-order
kinetics in water, which they ascribed to a second-order
reaction with a nucleophilic solute (Br). Maskill and
McCrudden21 found in some experiments that the rate


and mechanism of solvolysis of PNBD in TFE–H2O
mixtures is not cleanly first order. However, in earlier
reports, the observation of non-first-order kinetics was
not mentioned.22–24


To clarify this problem, we investigated the kinetics
and mechanism of the PNBD dediazoniation reaction in
aqueous acidic solution in the presence and absence of
CuCl2 but without added reductant or ligand transfer
agent. Kinetics were studied both spectrophotometrically
(UV–visible) and by quenching the dediazoniation
reaction with a suitable coupling agent at periodic time
intervals and measuring the product yields.25 The
quenching method allows the simultaneous determina-
tion of the yields of all dediazoniation products, the rate
constants for their formation and, indirectly, the rate
constant of the disappearance of arenediazonium ion.


EXPERIMENTAL


Instrumentation. Absorption spectra were measured and
some kinetic experiments were performed using Beck-
man DU-640 and Perkin-Elmer 559A spectrophot-
ometers equipped with thermostated cell carriers
attached to computers for data storage. Product analyses
were carried out on a Waters high-performance liquid
chromatographic (HPLC) system, which included a
model 560 pump, a Model 717 automatic injector, a
Model 486 UV–visible detector and a computer for data
storage, and on a Perkin-Elmer HPLC system, which
included a Model 410 quaternary pump, a Model ISS 200
LC autosampler, a Model LC-235 diode-array detector
and a computer for data storage. Products were separated
by using a Microsorb-MV C-18 (Rainin) reversed-phase
column (25 cm� 4.6 mm i.d., particle size 5mm) with a
mobile phase of MeOH–H2O (65:35, v/v) containing
10ÿ4 M HCl. The injection volume was 25ml in all runs
and the UV detector was set at 220 or 250 nm. pH was
measured by using previously calibrated Metrohm Model
713 and Corning Model 130 pH-meters.1H NMR spectra
were obtained on a Varian VXR 200 spectrometer.


Materials. Reagents were of the maximum purity
available and were used without further purification.p-
Nitrophenol (ArOH), p-nitrochlorobenzene (ArCl),p-
nitrofluorobenzene (ArF),p-nitrobenzene (ArH), cop-
per(II) chloride (99.999%) and the reagents used in the
preparation of PNBD (see below) were purchased from
Aldrich. 2-Naphthol-6-sulfonic acid, sodium salt (2N6S)
was purchased from Pfaltz & Bauer. Other materials
employed were obtained from Fisher or Riedel-de Hae¨n.
All solutions were prepared by using Milli-Q grade water
(millipore).


PNBD was prepared as its tetrafluoroborate salt under
non-aqueous conditions26 and stored in the dark at low
temperature to minimize its decomposition. The UV–
visible spectrum of 1.0� 10ÿ4 M PNBD in 3.0� 10ÿ3 M
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HCl solution shows two broad bands, the main one
centered at 258 nm and a shoulder at 310 nm, consistent
with literature results.20 The Beer’s law plot up to
9.3� 10ÿ4 M PNBD in 3.36� 10ÿ4 M HCl is linear
(correlation coefficient = 0.999) yieldinge258= 16400
Mÿ1 cmÿ1, in agreement with the literature value.20


The1H NMR spectrum of PNBD in CD3CN at 25°C is a
pair of doublets of equal area centered at� 8.72 ppm
(j = 5 Hz) and� 8.86 ppm (j = 5 Hz).


Methods. As noted above, kinetic data were obtained
both spectrophotometrically and chromatographically.
Observed rate constants were obtained by fitting
absorbance–time or concentration–time data to the
integrated first–order equation


ln�Mt ÿM1� � ln�M0ÿM1� ÿ k0t �1�


using a commercial non-linear least-squares method,
whereM is the measured magnitude of the absorbance or
HPLC peak area. All measurements were made at
60� 0.1°C with PNBD as the limiting reagent.


Spectrophotometric kinetic data were obtained by
following ArOH formation at 350 nm to minimize
interferences primarily from chlorocuprate(II) com-
plexes. Stock standard solutions were prepared by
dissolving the appropriate amount of PNBD in aqueous
HCl (to minimize diazotate formation) to give final
concentrations of about 1� 10ÿ4 M and [HCl] = 3.6�
10ÿ3 M. The stock standard solutions were generally used
immediately or stored in an ice-bath to minimize
decomposition until needed, but for not more than 10 h.


Calibration graphs for converting HPLC peak areas
into concentrations were obtained simultaneously for all
dediazoniation products, ArOH, ArCl, ArH and ArF, by
using commercial samples dissolved in solutions of
similar composition to those used in the HPLC analysis
of dediazoniation products (see below). Table 1 lists the
slopes and intercepts obtained by linear least-squares fits
for each product and their typical retention times under
the chromatographic conditions used.


Percentage yields of each dediazoniation product were


obtained from the dediazoniation product concentration,
[analyte], and the initial PNBD (by weight), using the
equation


Y � 100�analyte�=�PNBD� �2�


(Note that hereafter percentage yield will be shortened to
‘yield’ and represented byY in figures and equations.)


Chromatographic kinetic data for all dediazoniation
products were obtained by using an established metho-
dology,25 i.e. by quenching the dediazoniation reaction at
convenient time intervals with an aliquot of a stock
standard quenching solution. This solution was prepared
by dissolving 2-naphthol-6-sulfonic acid sodium salt
(2N6S) in NaOH and acetic acid–sodium acetate buffer
to give final concentrations of 0.01M 2N6S, 0.1M NaOH,
0.035M AcOH and 0.007M NaOAc. After addition of the


Table 1. Values of slopes, intercepts, correlation coef®cients (r) and typical retention times (tR) for converting peak areas into
concentrations obtained by linear least-squares ®tsa


ArX 10ÿ9 slope 10ÿ4 intercept r tR (min)


ArOH 5.00� 0.02b 2.0� 3.0b 0.9996 5.3
11.97� 0.03c 9.2� 9.4c 0.9994


ArF 3.20� 0.01b ÿ4.0� 3.0b 0.9997 7.7
ArH 2.60� 0.01b 0.1� 4.0b 0.9999 8.6


7.18� 0.06c 5.0� 3.7c 0.9991
ArCl 5.70� 0.02b ÿ2.0� 3.0b 0.9997 11.3


11.70� 0.01c 4.8� 2.2c 0.9989


a Products were dissolved in 50% (v/v) MeOH–H2O containing 1.0M NaCl and 0.01M HCl. The highest concentrations were about 1� 10ÿ4 M or
sufficient to ensure that the peak areas were converted to concentrations by interpolation.
b � = 220 nm.
c � = 250 nm.


Table 2. Effects of added HCl and NaCl on k0 for
dediazoniation of PNBD at 60°Ca, � = 350 nm


104[PNBD](M) [HCl](M) [NaCl](M) 105 k0(s
ÿ1)


1.30 0.02 — 3.68
1.30 0.10 — 3.67
1.30 0.20 — 3.56
1.30 0.30 — 3.54
1.30 0.40 — 3.58
1.30 0.50 — 3.64
1.30 0.70 — 3.67
1.30 0.90 — 3.83
1.30 1.00 — 3.67
1.30 1.20 — 3.74
1.30 0.02 — 3.58
1.30 0.02 0.10 3.67
1.30 0.02 0.20 3.53
1.30 0.02 0.30 3.71
1.30 0.02 0.40 3.58
1.30 0.02 0.50 3.64
1.30 0.02 0.60 3.54
1.30 0.02 0.70 3.74
1.30 0.02 0.83 3.40
1.30 0.02 1.00 3.58
1.30 0.02 1.10 3.56


a ArOH formation was followed spectrophotometrically at 350 nm for
3–4 half-lives with correlation coefficients�0.999.
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quenching solution, the final 2N6S concentration was in
about a 10-fold excess over that of the arenediazonium
salt and the final pH was 4.5–5.0. After dediazoniation
was complete, the solutions were cooled to room
temperature and diluted with MeOH to ensure that the
ArOH and particularly ArCl, which has a limited
solubility in water, were completely dissolved. Aliquots
of these solutions were transferred to HPLC vials and
analyzed in triplicate. The relative standard deviation of
the peak areas was less than 2%. Details about the
protocol have been published.25


Control experiments show that pH� 4.5 is the
optimum value for ther coupling reactions under these
conditions. The coupling rates change dramatically with
pH because naphthoxide ions are much more reactive
than their parent naphthols,1,3,4 but as the pH increases,
Cu(II) hydroxide formation becomes significant, as does
the competing reaction of arenediazonium ions with OHÿ


to form diazotates.27 The use of a coupling reaction to
stop the dediazoniation reaction requires that its rate be
significantly faster than the dediazoniation rate. Control
experiments performed by following azo dye formation


spectrophotometrically show that at pH 4.5 at 25°C the
quenching reaction is over one order of magnitude faster
than the fastest CuCl2-catalyzed reaction observed. To
check for possible interactions between 2N6S and Cu(II),
we monitored the effect of added 2N6S on the absorbance
at 800 nm [�max for Cu(II)28]. The spectrum remained
unchanged, indicating that added 2N6S had no effect on
Cu(II) absorbance under the experimental conditions
used.


RESULTS


Dediazoniation in the absence of CuCl2. Effect of
HCl and NaCl on the observed rate constant, k0,
and on product yields


Values of k0 were obtained by monitoring ArOH


Figure 1. Variation of product yield with time and ®rst-order
plot for ArOH formation obtained from quenching experi-
ments. (A) *, ArOH; *, logarithmic plot. T = 60°C;
[PNBD] = 1.64� 10ÿ4


M; [HCl] = 0.01 M. (B) *, ArOH; *,
ArCl; &, total; & logarithmic plot of ArOH. T = 60°C;
[PNBD] = 1.64� 10ÿ4


M; [HCl] = 1.0 M


Figure 2. (A) Variations in product yields obtained from
quenching experiments (*, ArOH; *, ArCl; &, total) with
time and logarithmic plot for ArOH formation (&). T = 60°C;
[PNBD] = 1.0� 10ÿ4


M; [HCl] = 0.01 M; [NaCl] = 1.0 M. (B)
Typical plots of ln(Atÿ A?) versus time for formation of
the azo dye. T = 60°C; [PNBD] = 1.64� 10ÿ4


M; *,
[HCl] = 0.01 M; *, [HCl] = 1.0 M
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formation spectrophotometrically and were independent
of acidity (0.02–1.2M HCl) and Clÿ concentra-
tion([Clÿ] = [HCl] � [NaCl] = 0.02–1.10M) (Table 2).
The average value ofk0 is (3.6� 0.2� 10ÿ5 sÿ1, in
agreement with literature values ofk0 = 3.3� 10ÿ5 sÿ1


obtained by N2 evolution22 (T = 60.0°C, pH = 1.6–1.8)
and k0 = 3.22� 10ÿ5 sÿ1 (T = 60.3°C), obtained by
measuring changes in rate with pressure.23


Rates of formation of dediazoniation products and,
indirectly, the rate of decomposition of arenediazonium
ions were also obtained by quenching the dediazoniation
reaction at increasingly longer periods of time and


measuring product yields by HPLC. Figures 1 and 2A
show the variation of product yields with time and
logarithmic plots based on Eqn 1 (only for ArOH) under
different experimental conditions. From the slopes of
these linear plots we obtained values ofk0 for ArOH
formation, yielding an average value ofk0 = 3.8� 10ÿ5


sÿ1, in good agreement with the average value obtained
spectrophotometrically (Table 2).


Values ofk0 for loss of arenediazonium ion were also
obtained from the decrease in absorbance of the azo dye
obtained from PNBD coupling with 2N6S [Fig. 2B]. The
average value isk0 = (3.54� 0.27)� 10ÿ5 sÿ1 for four


Figure 3. Effect of pH, de®ned as pH =ÿlog[H�], on product yields in the absence of CuCl2. *, ArOH; *, ArCl; &, total.
T = 60°C; [PNBD] = 1.0� 10ÿ4


M; [NaCl] = 1.0 M


Table 3. Effect of added CuCl2 on k0 for dediazoniation of PNBDa


104[PNBD](M) [HCl](M) [NaCl](M) 103 [CuCl2](M) 105k0(s
ÿ1) t1/2 (min)b


1.40 1.00 — 0.66 3.31
1.40 1.00 — 1.00 3.49
1.40 1.00 — 1.30 3.62
1.40 1.00 — 2.98 3.74
1.40 1.00 — 6.60 3.79
1.40 1.00 — 8.95 4.22
1.40 1.00 — 12.00 5.48
1.40 1.00 — 15.00 5.96
1.00 0.01 1.00 0.00 363
1.00 0.01 1.00 0.57 150
1.00 0.01 1.00 1.27 80
1.00 0.01 1.00 2.87 50
1.00 0.01 1.00 3.40 30
1.00 0.01 1.00 4.00 25
1.00 0.01 1.00 4.60 25
1.00 0.01 1.00 5.20 20


a Formation of ArOH was monitored spectrophotometrically at 350 nm and 60°C.
b Half-lives for formation of ArOH in 0.01M HCl (see text).
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runs and is the same, within experimental error, as those
obtained spectrophotometrically and chromatographi-
cally. Figures 1 and 2A also show that only ArOH and
ArCl are formed with ArOH being the major product. The
total yield is almost 100% in all cases.


We also determined the effect of H� on product yields.
Preliminary experiments in dilute H2SO4 in the absence
of NaCl (not shown) indicate a large decrease in the
ArOH yield at about pH 5–6, suggesting a change in
mechanism. A careful study in 1.0M NaCl across a range
of HCl concentrations (Fig. 3) shows that quantitative
conversion to ArOH is achieved at [H�] � 0.1M and that
the total and ArOH yields drop significantly above about
pH 2.5 (unlike ArCl). The chromatograms showed no
extra peaks other than the ArOH and the void volume
peak, so the unknown product probably elutes with the
salts in the void volume. This decrease in the ArOH yield
is probably caused by a competing reaction between
unreacted arenediazonium ion andp-nitrophenol (see
below).


Dediazoniation in the presence of CuCl2. Effect of
pH and CuCl2 on the observed rate constant and
product yields


The effect of added CuCl2 on k0 was obtained by
monitoring ArOH formation at 350 nm (see Experimen-
tal) as a function of different [H�], but keeping the total
chloride ion concentration constant ([Clÿ]tot = 1.0M).
Clÿ forms a number of complexes with copper ions that
depend on [Clÿ]29,30and to ensure that the distribution of
complexes was the same in all experiments, sufficient
NaCl was added such that [Cl]tot = 1.0M. The spectro-


photometric method is only useful over a limited range of
solution compositions because (a) CuCl2 chloro com-
plexes absorb strongly across the wavelength region in
which ArOH absorbs29 and (b) the yield of ArOH
decreases significantly with added CuCl2.


Table 3 shows the effect of added CuCl2 at [H�] = 1 M


and [H�] = 0.01M. At [H�] = 1 M, k0 almost doubles on
going from 0 to 15� 10ÿ3 M CuCl2. At this acidity, all
runs showed first-order behavior. At lower acidities,
CuCl2 is more catalytically active and the rate of ArOH
formation depends more strongly on added CuCl2.
Compare Figs 1 and 2A (in the absence of CuCl2) with
Fig. 4 (in the presence of 15� 10ÿ3 M CuCl2), in which
reactions are first order, and Fig. 5 (chosen as
representative), in which non-first-order behavior is
observed at intermediate CuCl2 concentrations
([H�] = 0.01M and [CuCl2] = 2.46� 10ÿ3 M). For this
reason, we report approximate half-lives instead of
observed rate constants with added CuCl2 in 0.01M


HCl (Table 3), simply to ilustrate that added CuCl2


catalyzes the dediazoniation of PNBD.
All HPLC traces in both 0.01 and 1M HCl showed


signals for only two dediazoniation products, ArOH and
ArCl, and small amounts of ArH. Figures 6 and 7 show
the effect of added CuCl2 on product yields at
[H�] = 0.01 and 1M respectively ([Cl]tot = 1.0M). At
both acidities, added CuCl2 increases the relative amount
of ArCl formed with a concomitant decrease in the yield
of ArOH. Figure 6 shows that in the absence of CuCl2 and
at low CuCl2 concentrations ArOH is the major product,
but at high CuCl2 concentrations ArCl is the major
product. The total yields are essentially quantitative,
>90%, except at low CuCl2 concentrations at
[H�] = 0.01M (Fig. 6). At this acidity, the ArOH yield


Figure 4. Variation of product yields (*, ArOH; *, ArCl; &, total) with time and a ®rst-order plot for ArCl (&). T = 60°C;
[PNBD] = 1.0� 10ÿ4


M; [HCl] = 0.01 M; [NaCl] = 1.0 M; [CuCl2] = 15� 10ÿ3
M
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decreases rapidly at low CuCl2 concentrations from an
initial yield of 86% in the absence of CuCl2 and then
more gradually at higher CuCl2 concentrations to about
6% at 50 mM CuCl2. The yield of ArCl is 8.2% in the
absence of CuCl2 but it rises rapidly and then more
slowly up to 92% at 50 mM CuCl2. The total yield passes
through a minimum of about 60% conversion at 0.3–0.4
mM CuCl2 (about 3–4 times [PNBD]). Figure 7 shows
that when the acid concentration is increased 100-fold up
to [H�] = 1.0M, the minimum in the total yield


disappears and ArCl again becomes the major product
at higher CuCl2 concentrations. As noted before, the
chromatograms showed only peaks for ArOH and ArCl,
so whatever product is formed it probably comes off with
the salts in the void volume, which is why it is not
observed in the chromatograms. These strong pH-
dependent product distributions have not been reported
previously and were investigated further.


Figure 8 shows the effect of increasing pH at
3.96� 10ÿ4 M CuCl2, the concentration at the minimum


Figure 5. Variation of product yields (*, ArOH; *, ArCl; &, total) with time and ®rst-order plot for ArOH (&). T = 60°C;
[PNBD] = 1.0� 10ÿ4


M; [HCl] = 0.01 M, [NaCl] = 1.0 M; [CuCl2] = 2.46� 10ÿ3
M


Figure 6. Variation of product yields (*, ArOH; *, ArCl; & total) with [CuCl2]. T = 60°C; [PNBD] = 1.0� 10ÿ4
M;


[HCl] = 0.01 M; [NaCl] = 1.0 M. Inset shows yields between [CuCl2] = 0 and 1.6� 10ÿ3
M


Copyright  1999 John Wiley & Sons, Ltd. J. Phys. Org. Chem.12, 130–140 (1999)


136 C. BRAVO-DÍAZ ET AL.







of total yield in Fig. 6. The yield of ArCl increases
significantly above pH 2 and the decrease in ArOH yield
follows a sigmoidal curve with an inflection point at
about pH 2. A similar pH dependence is observed in the
absence of CuCl2 (Fig. 3), but the inflection point is
higher. Note that total yields are almost quantitative
below pH 1 (Figs 3 and 8). Whatever reaction is
responsible for this decrease in total yield, the yields of
ArOH and ArCl are the same as those in Figs 1 and 2A in
1.0 and 0.01M HCl, respectively.


One possible explanation for the decrease in total yield
(Fig. 8) and the observation of non-first-order behavior
(Fig. 6) is that PNBD reacts with ArOH as it is formed.
To demonstrate this assumption, we ran several experi-
ments in the presence of added ArOH at two different
CuCl2 concentrations at pH 2. If PNBD reacts with
ArOH, then added ArOH should reduce the ArOH yield.
The net ArOH yield was determined by subtracting the
added ArOH concentration from the total ArOH
concentration as measured by HPLC, i.e.Y= 100([Ar-
OH]measuredÿ [ArOH]added)/[PNBD]. Figure 9 shows
that the yield of ArCl is constant but that of ArOH
decreases significantly. This result confirms our assump-
tion that a competing side-reaction is taking place.


DISCUSSION


Substituents have marked effects on the stability of
arenediazonium ions in solution.3 Substituent effects are
not correlated by the Hammett equation, but they fit the
Swain–Lupton equation, which separates resonance and
polar effects.9,10. Our experiments were carried out at


Figure 7. Variation of product yields (*, ArOH; *, ArCl; &,
total) with [CuCl2]. T = 60°C; [PNBD] = 1.0� 10ÿ4


M;


[HCl] = 1.0 M. (B) shows yields between [CuCl2] = 0 and
1.0� 10ÿ3


M


Figure 8. Effect of pH, de®ned as pH =ÿlog[H�], on product yield in the presence of 3.96� 10ÿ4
M CuCl2 at [Clÿ]tot = 1.0 M


(*, ArOH; *, ArCl; &, total). T = 60°C; [PNBD] = 1.0� 10ÿ4
M
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60°C becausepara and meta substituents, including
electron-withdrawing, e.g.p-NO2, and electron-donating
groups, e.g. N(CH3)2 and CH3, usually slow dediazonia-
tion.3,31


All our results are consistent with Cu(II) catalysis of
the heterolytic dediazoniation of PNBD (Scheme 1).
Cu(I) catalyzes homolytic dediazoniation reactions.3,14


To prevent the reduction of Cu(II) to Cu(I) we carefully
purified thep-nitrobenzenediazonium tetrafluoroborate,
avoided using organic solvents that may act as reducing
agents, and did not deoxygenate the water because
disolved O2 rapidly oxidizes Cu(I) to Cu(II) in aqueous
solutions.32 Consequently, insignificant amounts of Cu(I)
should be present. Dediazoniations in the presence of
reductants and Cu(II) are known to proceed homolyti-
cally, generating significant yields of reduction products
such as ArH, ArAr, ArN=NAr and tars13,14[Scheme 2B].
The only two products formed in significant yields in
these experiments in aqueous HCl solutions in the
presence and absence of CuCl2 are ArOH and ArCl.
Small amounts (<1.5%) of ArH are sometimes formed,
but its yield is independent of the CuCl2 concentration.


Thus our results are consistent with the competitive
formation of dediazoniation products via the heterolytic
[Scheme 2A] and not the homolytic pathway [Scheme
2B].


In the absence of CuCl2, dediazoniation of PNBD is
first order. Spectrophotometric and HPLC kinetic data
show that the rate constant for the formation of
dediazoniation products is the same as that of the
disappearance of arenediazonium ion and that it is not
affected by [H�] or [Clÿ]. The ko values obtained are in
agreement with those in the literature.22 In the absence of
CuCl2, the yield of ArOH decreases and that of ArCl
increases with increasing [Clÿ], HPLC kinetic data [Figs
1 and 2A] show that the observed rate constants for the
formation of ArCl and ArOH are essentially the same, but
the yields of ArCl are low compared with that of ArOH,
consistent with the low selectivity of arenediazonium
ions towards different nucleophiles compared with water
as shown in other dediazoniation reactions.25 A yield of
86% for ArOH at [Clÿ]:[H2O] = 1:55 agrees with that of
Pfeil,24 who reported a yield of 81% at a [Clÿ]:[H2O]
ratio of 1:47. The selectivity of this reaction was
estimated from product yields [Figs 1 and 2A] by using
the equation25


SCl
w �


�YArCl��H2O�
�YArOH��Clÿ� �3�


yielding a value ofSw
Cl = 5.2 ([H2O] = 54.5 in 1.0M


NaCl33). This low selectivity is similar to literature
values ofSw


Cl = 3 for benzendiazonium ion,Sw
Cl = 4 for


2,4,6 -trimethylbenzenediazonium ion andSw
Cl = 1.7 for


p-methylbenzenediazonium ion.25 The selectivities are
dependent on ionic strength, as found by Chauduriet al.34


All these results are consistent with rate-determining loss
of N2 to give a highly reactive aryl cation intermediate
that is trapped by a nucleophile in a subsequent, fast step
[Scheme 2A].


It has been reported29,30 that the stepwise formation
constants,Kn, for the replacement of H2O by Clÿ in the
coordination sphere of Cu(II) are low, but appreciable
concentrations of the chlorocomplex CuCl4


2ÿ�2(H2O) are
present in solution containing excess of Clÿ.35,36Added
CuCl2 increases the ArCl yield at the expense of ArOH
(Figs 4–7) and the dediazoniation reaction is accelerated
about 18-fold from [CuCl2] = 0 to 5.2� 10ÿ3 M in 0.01M


HCl (Table 3). At high CuCl2 concentrations (Figs 6 and
7), the formation of ArCl is almost quantitative and the
yield of ArOH approaches zero, suggesting that ArCl
formation takes place primarily through the interaction of
PNBD with the chlorocuprate complex CuCl4


2ÿ�2(H2O).
A small fraction of ArCl is probably produced by reaction
of PNBD with Clÿ as observed in the experiments in
absence of CuCl2 (Figs 1 and 2). ArOH is probably
formed primarily by reaction of water with the ‘free’
arenediazonium ions.


The one conundrum in these results is why the kinetics


Figure 9. Effect of added ArOH on product yields (*, ArOH;
*, ArCl; & total) at two CuCl2 concentrations. T = 60°C;
[PNBD] = 1.0� 10ÿ4


M; [HCl] = 0.01 M; [NaCl] = 1.0 M; (A)
[CuCl2] = 2.64� 10ÿ3


M; (B) [CuCl2] = 1.23� 10ÿ3
M
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become non-first order and the ArOH yields decrease at
low acidities. Lowering the acidity reduces the ArOH
yield in the absence and in the presence of CuCl2, but
increasing the acidity of the medium leads to quantitative
conversion to products (Figs 3 and 8). The sigmoidal
decrease in ArOH yield with increasing pH in the
presence of CuCl2 (Fig. 8) and the shift in the inflection
point in its absence (Fig. 3) suggest that PNBD is reacting
with a nucleophile whose concentration is increased by
chlorocuprate(II) complexes, e.g. the conjugate base of
ArOH, pKa = 7.14. One possible explanation for the loss
of ArOH at lower acidities is that PNBD couples with
ArOÿ and that chlorocuprate complexes accelerate the
reaction, perhaps enhancing the acidity of ArOH.
Arenediazonium salts are electrophiles that react with
benzene derivatives having at least one nucleophilic
center.3,4This coupling reaction is facilitated by electron-
withdrawing groups such as NO2 in ortho or para
positions of the arenediazonium ring. Coupling reactions
between arenediazonium salts and phenols have been
known for over 100 years.1,3 The coupling reaction is
probably much faster with ArOÿ because rate constants
for some coupling reactions with ArOÿ approach
diffusion control.3 Thus, because dediazoniation of
PNBD is slow even at 60°C (t1


2 = 30–150 min, Table 3)
and that the pKa of ArOH is about 7, the coupling reaction
might compete with dediazoniation at pHs that are orders
of magnitude below the pKa of ArOH, i.e. pH 2–3.
Indeed, the ArOH yield is very sensitive to solution
acidity, as shown in Figs 3 and 8. The strongest evidence
of a competing side reaction is demonstrated by the
addition of ArOH (Fig. 9). Added ArOH reduces the
ArOH yield from dediazoniation at two different CuCl2


concentrations. A competing bimolecular reaction be-
tween ArOÿ and PNBD also accounts for the non-first-
order kinetics observed at low acidities spectrophotome-
trically and by HPLC at low to moderate CuCl2


concentrations (Fig. 5). The effect of the competing
reaction is negligible at high acidities, at low CuCl2


concentrations, and at high CuCl2 concentrations when
the ArOH yield is low.


CONCLUSIONS


Our results show the following characteristics of the
Cu(II)-catalyzed dediazoniation: (a) reducing agents and
ligand transfer agents are not needed to obtain quantita-
tive yields of the haloarene using CuCl2; (b) CuCl2
catalyzes the dediazoniation of PNBD and the increase in
the rate constant is pH dependent; (c) dediazoniation of
PNBD is first order in acidic solutions in the absence of
CuCl2 but in the presence of CuCl2 a competing, pH-
dependent reaction occurs and in 0.01M HCl and at low
to moderate CuCl2 concentrations the reaction is not first
order; and (d) the non-first-order kinetics are attributed to
a competing bimolecular reaction between PNBD and


ArOÿ formed during dediazoniation. The methodology
works with Cu(II)-catalyzed dediazonation reactions and
should be applicable to other metal-catalyzed dediazo-
niation reactions that are not too fast. The results should
provide a more detailed picture of the Sandmeyer
reaction. Our results do not provide information on
which of the possible chlorocomplexes CuCln


(2ÿn)�
(6ÿn) (H2O), with n = 0–4, are catalytically active.
Determining the identity of the unknown product and
the details of the mechanism in the pH 2–6 region is part
of future work.


The results also suggest a new approach for preparing
haloarenes from arenediazonium salts in high yields
under mild conditions, i.e. low acidity and using Cu(II)
instead of Cu(I) as catalyst, avoiding the use of reducing
or ligand transfer agents. For example, a low molecular
weight chloroarene such as ArCl might be produced
almost quantitatively by gradually adding a diazonium
salt solution to a boiling solution at optimum pH, NaCl
and CuCl2 concentrations. The chlorocuprate(II) com-
plexes will always be in large excess and the chloroarene
can be removed continuously by steam distillation.
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ABSTRACT: Methods of distinguishing between the field and inductive modes of electrical effect transmission are
derived and applied. They show clearly that neither the classical inductive effect nor the Exner–Fiedler inductive
effect can be the mode of transmission of electrical effects. This transmission is best described by a modified field
effect model. Copyright 1999 John Wiley & Sons, Ltd.
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INTRODUCTION


For many years, the mode of transmission of electrical
effects has been a problem of great significance to those
interested in structural effects on chemical reactivities,
chemical and physical properties and biological reactiv-
ities. By 1950, two different models had been suggested,
the classical inductive effect (CIE)1,2 and the classical
field effect (CFE).3–5 Reynolds6 has reviewed the mode
of transmission. Bowden and Grubbs7,8 have reviewed
the evidence for the angular dependence of the electrical
effect. This evidence supports some type of field effect as
the mode of transmission. Exner and Fiedler9 suggested a
modified inductive effect model. Exner and Friedl10 have
argued that the evidence is unclear and can be just as well
accounted for by this modified form of the inductive
effect (EFIE model). We have shown (M. Charton and B.
I. Charton, unpublished results) that a modified field
effect (MFE) model can account for the available data on
the transmission of electrical effects. The dependence of
substituent electrical effect transmission on substituent–
reaction site distance was studied in the systems X–G–Y
and X–Y where X is a variable substituent, Y a reaction
site and G a skeletal group. Reaction types were
molecule–molecule (MM), molecule–ion (MI) and mol-
ecular ionization (Mi). MM reactions include proton
transfer equilibria (pKas) of compounds with Y = CO2H,
OH, SO2H, NR2H


�, azarenes, PO2(OH)ÿ and SH, gas-
phaseDGacid values for Y = CO2H and OH and proton
affinities for NR2H


�, proton transfer reaction rates for
XGCO2H with Ph2CN2 and hydrogen bonding equilibria


for XGCN (pKHB). Mi include rates of base-catalyzed
ester hydrolysis, nucleophilic substitution of
PhCOCH2Br by XGCO2


ÿ and protodetritiation of T-
substituted arenes. All Mi reactions were solvolyses of
XGCHLgMe (Lg is a leaving group) and XGCMe2Cl.
The measure of electrical effect magnitude used wasL,
the coefficient of the localized (field and/or inductive)
effect obtained from correlation of appropriate data sets
with linear free energy relationships. The substituent–
reaction site distance was parameterized byn, the number
of bonds between the substituent and the nearest atom of
the reaction site undergoing bond change (Y1). Correla-
tions ofL with 1/n2 and 1/n and of logjLj with log n by
simple linear regression analysis determined the depen-
dence ofL onn. Data sets with very large values of�, the
angle between the X–G bond and the line joining X and
Y1 were excluded. Data in aqueous–organic solvent
mixtures can be combined into a single data set regardless
of the solvent composition, probably due to preferential
solvation by water. The results support a modified field
effect as the mode of transmission. This model differs
from that of Kirkwood and Westheimer3 asm seems to
depend on the charge difference between initial and final
states. In this paper we do not intend to review the
dependence of electrical effect transmission on� as
Bowden and Grubbs7,8have already described it in detail.
Here we present the results of several tests which should
distinguish between the two types of model.


Our objective in this work may be summed up as
follows. There is auniversal electrical effect which
occurs in all XGY systems (where X, G and Y are
substituent, skeletal group and reaction site, respec-
tively). It is due to the action of X on Y. It is the only
electrical effect observed when X is bonded to an sp3-
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hybridized C atom of G. The universal effect of X can be
represented by a substituent constantsU. Our 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 (Kirkwood–Westheimer);
(b) the classical inductive effect;
(c) the modified inductive effect (Exner–Fiedler);
(d) the modified field effect (Charton);
(e) a new model, neither field nor inductive, required


owing to the failure of all of the other models.


DISTINGUISHING THE MODE OF ELECTRICAL
EFFECT TRANSMISSION


The meta±para ratio


Let us define the ratio


rm=p � Lm=Lp �1�


where Lm and Lp are the localized electrical effect
coefficients for skeletal groups1 and2. 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,
Y1. Values ofrm/p are reported in Table S1 (supplemen-
tary material). There are now two models of the inductive
effect; the classical (CIE) model and the Exner–Fiedler
(EFIE) model. In both models transmission through an
acyclic skeletal group is given simply by the equation


ta � f n �2�


whereta is the contribution to the overall transmission,f
is the fall-off factor andn 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 transmission: (1)
ta1, due to the acyclic bonds between X and the ring; (2)
tc, the sum of the paths through the ring bonds, each paths
contribution being given by Eqn. (2); The total contribu-
tion tc is


tc �
Xl


j�1


� f n�j �3�


(3) ta2, the contribution due to the acyclic bonds between
the ring and Y1.


The overall transmission, of whichL is a measure, is
then the product of thetai and thetci. Thus, in the general
case form rings separated bymÿ 1 acyclic segments the
maximum total number of acyclic segments ismÿ 1� 2
or m� 1. L will be given by


LG �
Yl


i�1


taj


Ym
j�1


tcl �4�


From Eqns (2), (3) and (4) we have


LG �
Yl


i�1


� f b�i
Ym
j�1


Xn


k�1


� f b�j;k �5�


The EFIE model differs in its treatment of rings.
Kirchoffs laws are assumed to apply to G that include
rings.


For rm/p, we have from structures1 and2


Lm � fbm f n0 �6a�


Lp � fbp f n0 �6b�


and


rm=p � Lm


Lp
� fbm f n0


fbp f n0 �
bm


bp
�7�


wherebm andbp represent the contributions of transmis-
sion through themeta- and para-substituted benzene
rings, respectively, andn' is the number of bonds between
the benzene ring and the nearest reacting atom of the
reaction site. The classical inductive effect (CIE) model
predicts thatrm/p is constant for all values ofn'.


The EFIE model represents transmission through two
or more paths by an expression analogous to Kirchoff’s
law for the resistance of parallel resistors. Transmission
through a single path is represented in the same manner as
the CIE model. We may represent transmission through
the benzene ring in this model asBm andBp. Then,


rm=p � Lm


Lp
� fBm f n0


fBp f n0 �
Bm


Bp
�8�


Again, the model predicts thatrm/p is constant for all
values ofn'.


Both the classical field effect model and any
modification of it require that the transmission of the
field effect have a dependence on both the angle� and on
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the distance parameterrÿm and thereforerm/p need not be
constant as a function ofn'. Values of rm/p are best
compared for reactions of the same type. As the largest
number of values available for proton transfer equilibria
this reaction was chosen. The available values are re-
ported in Table S1. It seems clear from these results that
rm/p is not constant. Mean values and their standard devia-
tions in parentheses ofrm/p for proton transfer equilibria
with n' = 1, 2 and 4 are 0.834 (�0.0739), 0.996 (�0.111)
and 0.784 (�0.144), respectively. The distribution ofrm/p


values is shown in Fig. 1 and a plot of the mean values
againstn' is shown in Fig. 2. The results are in accord
with the MFE but not with either the CIE or the EFIE.


The L,L relationship


Consider the MFE equation:


L � Ĉnÿm� a0 �9�


whereĈ is the slope,a0 the intercept,m the exponent and


n the number of bonds between the first atom of the
reaction site and the first atom of the substituent. In each
case the first atom is that closest to the skeletal group;m
may have values of 1 or 2.


If it is written for a reaction site Y and a reference
reaction site Y0:


LGY � CYnÿm� a0Y �10�
LGY0 � CY0nÿm� a0Y0 �11�


Solving Eqn. (11) for 1/nm gives


nÿm � �L0
GY ÿ a0Y0�=CY0 �12�


Substituting Eqn. 12 in Eqn. 10, we have


LGY � �CY=CY0��LGY0 ÿ a0Y0� � a0Y �13�
� �CY=CY0�LGY0 � a0Y ÿ a0Y0=CY0 �14�


or


LGY � a1LGY0 ÿ ao �15�


Equation (15) predicts a linear relationship between theL
values for data sets XGY having some reaction site of
interest and those of data sets XGY0 of reference reaction
sites which have the same geometry. Data sets are
considered to have the same geometry when each atom of
XGY can mapped on to a corresponding atom of XGY0.
Three such pairs of data sets are shown in3–8. Clearly, if


XGY0 and XGY have the same geometry they will have
the same values ofn and�. As the reference reaction site
we have chosen the nitrogen atom of azarenonium ions in
water. We have obtained significant correlations with


Figure 1. The distribution of rm/p as a function of n', the
number of bonds between the ring and the reaction site


Figure 2. The variation of the mean values of rm/p at constant
n' with n'
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Eqn. (15) for pKas of carboxylic acids in water, aqueous
ethanol, aqueous methyl Cellosolve, aqueous methanol
and methanol,DGacid values in the gas phase and logk
values for the reaction of carboxylic acids with Ph2CN2.
The data used in correlations with Eqn. (15) are given in
Table 1, the results of the correlations in Table S2
(supplementary material). All of the seven sets studied
gave significant results. We now derive a similar
relationship from the classical inductive effect for
XGY0 and XGY sets withk paths of the same length.


LGY = ÇGYkGYf n (16a)


LGY0 = ÇGY0kGY0f n (16b)


(LGY=ÇGYkGY) = f n = (LGY0=ÇGY0kGY0) (17)


LGY = (ÇGY=ÇGY0)(kGY=kGY0)LGY0 (18)


whereÇGY andÇGY0 are constants andkGY andkGY0 are
variables. If the CIE is valid, a significant correlation
should not be observed as the ratiokGY/kGY0 varies from
data point to data point. This is equally true in the case
where the paths are of different length.


XÐ ZCH2ÐCO2H data sets


Another test for the validity of the CIE and EFIE results


Table 1. Data sets correlated with Eqn. (15)a


CA1. pKa, XGCO2H vs pKa XGAzrn, water, 20–25°C. GCO2H, pKaCO2H
, GAzrn, pKaAzrn


: none, 9.63,2-Py, 11.3; none, 9.63,2-Qu, 11.1;
CH2, 4.05,3-Py, 6.54; CH2, 4.05,3-Py, 6.2220; CH2, 4.05,2-CH2Py, 5.51; CH2, 4.05,3-Qu, 4.87; CHMe, 4.04,3-Py, 6.54; CHMe,
4.04,3-Py, 6.2220; CHMe, 4.04,2-CH2Py, 5.51; CHMe, 4.04,3-Qu, 4.87; 1-Vn, 4.14,3-Py, 6.54; 1-Vn, 4.14,3-Py, 6.2220; 1-Vn,
4.14,2-CH2Py, 5.51; 1-Vn, 4.14,3-Qu, 4.87; E-2-Vn, 2.41,4-Py, 5.22; E-2-Vn, 2.41,4-Qu, 5.27; E-2-Vn, 2.41,5-Qu, 3.13; E-2-Vn,
2.41, 7-Qu, 3.63; (E)-2-Vn, 2.41,3-CH2Py, 3.15; (E)-CMe=CH—, 2.84; 4-Py, 5.22; (E)-CMe=CH—, 2.84; 4-Qu, 5.27; (E)-
CMe=CH—, 2.84;5-Qu, 3.13; (E)-CMe=CH—, 2.84;7-Qu, 3.63; (E)-CMe=CH—, 2.84;3-CH2Py, 3.15; (E)-VnCH2, 1.18;4-
CH2Py, 3.19; 3-Pn, 0.943,4-CH2Py, 3.19; 4-Pn, 0.976,6-iQu, 2.50; (E)-4'-Pn-2-Vn, 0.446, (E)-4@-Pn-2'-Vn-2-Py, 0.949.


CA2. pKa, XGCO2H vs pKa, XGAzrn, AE, 20–25°C.GCO2H, pKaCO2H
, GAzrn, pKaAzrn


: none, 12.0,2-Py, 11.3; none, 12.0,2-Qu, 11.1; CH2,
4.52,3-Py, 6.54; CH2, 4.52,3-Py, 6.2220; CH2, 4.52,2-CH2Py, 5.51; CH2, 4.52,3-Qu, 4.87; CH2, 4.47,3-Py, 6.54; CH2, 4.47,3-Py,
6.2220; CH2, 4.47,2-CH2Py, 5.51; CH2, 4.47,3-Qu, 4.87; CH2, 5.44,3-Py, 6.54; CH2, 5.44,3-Py, 6.2220; CH2, 5.44,2-CH2Py, 5.51;
CH2, 5.44,3-Qu, 4.87; (E)-2-Vn, 2.89,4-Py, 5.22; (E)-2-Vn, 2.89,4-Qu, 5.27; (E)-2-Vn, 2.89,5-Qu, 3.13; (E)-2-Vn, 2.89,7-Qu, 3.63;
(E)-2-Vn, 2.89,3-CH2Py, 3.15; CH2CH2, 2.24,4-Py, 5.22; CH2CH2, 2.24,4-Qu, 5.27; CH2CH2, 2.24,5-Qu, 3.13; CH2CH2, 2.24,7-
Qu, 3.63; CH2CH2, 2.24,3-CH2Py, 3.15; 3,1-And, 1.47,4-CH2Py, 3.19; 3-Pn, 1.58,4-CH2Py, 3.19; 3,1-Azn, 1.61;4-CH2Py, 3.19; 4-
Pn, 1.57,6-iQu, 2.50; 4,1-Nn, 1.75,6-iQu, 2.50; (Z,E)-4@-Pn-2'-Vn-2-Vn, 0.527,(E)-4@-Pn-2'-Vn-4-Py, 0.813;(E)-4'-Pn-2-Vn, 0.809,
(E)-4@-Pn-2'-Vn- 2-Py, 0.949.


CA3. pKa, XGCO2H vs pKa, XGAzrn, AMCS, 25°C. GCO2H, pKaCO2H
, GAzrn, pKaAzrn


: none, 11.8,2-Py, 11.3; none, 11.8,2-Qu, 11.1;
CH2, 4.58,3-Py, 6.54; CH2, 4.58,3-Py, 6.2220; CH2, 4.58,2-CH2Py, 5.51; CH2, 4.58,3-Qu, 4.87; (E)-2-Vn, 3.41,4-Py, 5.22; (E)-2-
Vn, 3.41,4-Qu, 5.27; (E)-2-Vn, 3.41,5-Qu, 3.13; (E)-2-Vn, 3.41,7-Qu, 3.63; (E)-2-Vn, 3.41,3-CH2Py, 3.15; CH2CH2, 1.81,4-Py,
5.22; CH2CH2, 1.81, 4-Qu, 5.27; CH2CH2, 1.81, 5-Qu, 3.13; CH2CH2, 1.81, 7-Qu, 3.63; CH2CH2, 1.81, 3-CH2Py, 3.15; 3,1-
bc[2.2.2]Ocn, 1.38,4-CH2Py, 3.19; 3-Pn, 1.80,4-CH2Py, 3.19; 4-Pn, 1.89,6-iQu, 2.50.


CA4. pKa, XGCO2H vs pKa, XGAzrn, AM, 20–25°C. GCO2H, pKaCO2H
, GAzrn, pKaAzrn


: none, 7.47,2-Py, 11.3; none, 7.47,2-Qu, 11.1;
CH2, 4.15,3-Py, 6.54; CH2, 4.15,3-Py, 6.2220; CH2, 4.15,2-CH2Py, 5.51; CH2, 4.15,3-Qu, 4.87; CH2, 3.74,3-Py, 6.54; CH2, 3.74,3-
Py, 6.2220: CH2, 3.74,2-CH2Py, 5.51; CH2, 3.74,3-Qu, 4.87; 3-Pn, 1.66,4-CH2Py, 3.19; 4-Pn, 1.39,6-iQu, 2.50.


CA5. pKa, XGCO2H vs pKa, XGAzrn, MeOH, 20–25°C. GCO2H, pKaCO2H
, GAzrn, pKaAzrn


: none, 9.20,2-Py, 11.3; none, 9.20,2-Qu, 11.1;
CH2, 3.60, 3-Py, 6.54; CH2, 3.60, 3-Py, 6.2220; CH2, 3.60, 2-CH2Py, 5.51; CH2, 3.60, 3-Qu, 4.87; CH2CH2, 1.29, 4-Py, 5.22;
CH2CH2, 1.29,4-Qu, 5.27; CH2CH2, 1.29,5-Qu, 3.13; CH2CH2, 1.29,7-Qu, 3.63; CH2CH2, 1.29,3-CH2Py, 3.15; 3-Pn, 1.49,4-
CH2Py, 3.19; 4-Pn, 1.45,6-iQu, 2.50.


CA10. DGacid, XGCO2H vs pKa, XGAzrn, MeOH, 20–25°C. GCO2H, pKaCO2H
, GAzrn, pKaAzrn


: none, 46.7,2-Py, 11.3; none, 46.7,2-Qu,
11.1; CH2, 26.1,3-Py, 6.54; CH2, 26.1,3-Py, 6.2220; CH2, 26.1,2-CH2Py, 5.51; CH2, 26.1,3-Qu, 4.87; CH2CH2, 11.5,4-Py, 5.22;
CH2CH2, 11.5,4-Qu, 5.27; CH2CH2, 11.5,5-Qu, 3.13; CH2CH2, 11.5,7-Qu, 3.63; CH2CH2, 11.5,3-CH2Py, 3.15; 3-Pn, 13.6,4-
CH2Py, 3.19; 4-Pn, 15.8,6-iQu, 2.50.


CD1. Log k, XGCO2H� Ph2CN2 vs pKa, XGAzrn, EtOH, 30°C. GCO2H, pKaCO2H
, GAzrn, pKaAzrn


: none, 4.74,2-Py, 11.3; none, 4.74,2-
Qu, 11.1; CH2, 2.50,3-Py, 6.54; CH2, 2.50,3-Py, 6.2220; CH2, 2.50,2-CH2Py, 5.51; CH2, 2.50,3-Qu, 4.87; (E)-2-Vn, 1.81,4-Py,
5.22; (E)-2-Vn, 1.81,4-Qu, 5.27; (E)-2-Vn, 1.81,5-Qu, 3.13;(E)-2-Vn, 1.81,7-Qu, 3.63; (E)-2-Vn, 1.81,3-CH2Py, 3.15; 3-Pn, 0.891,
4-CH2Py, 3.19; 4-Pn, 0.865,6-iQu, 2.50; (E)-4'-Pn-2-Vn, 0.378,(E)-4@-Pn-2'-Vn-2-Py, 0.949.


a Abbreviations: Vn, vinylene; Pn, phenylene, Nn, naphthylene, Azn, azulylene, Fln, fluorenylene; cPrn, cyclopropylene; cBun, cyclobutylene, cPen,
cyclopentylene, cHxn, cyclohexylene; s[3.3]Hpn, spiro[3.3]heptylene; bc[2.2.1]Hpn, bicyclo[2.2.1]heptylene; bc[2.2.2]Oen, bicyclo[2.2.2]octylene;
bc[2.2.2]Ocn, bicyclo[2.2.2]octylene; Adn, adamantylene; Cbn, cubanylene, Fn, furylene; Tn, thiophenylene; Spn, selenophenylene; Tpn,
tellurophenylene; Prn, pyrrolene, Pyn, pyridylene, Ozn, oxazolylene; Tzn, thiazolylene; Bfn, benzofurylene; Btn, benzothiophenylene; Pnn,
pyrenylene; Idn, indolylene; Py, pyridyl, Qu, quinolyl; iQu, isoquinolyl. Absence of a skeletal group is indicated by ‘none.’
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from the L values for the system X—ZCH2—CO2H,
where Z, itself a part of the skeletal group, may be CH2,
O, S, S(O), S(O)2, Se, NH, and P(O). Z is constant within
a data set. For all compounds of this typen, the number of
bonds between the substituent X and the O atom to which
H is bonded, is 4. Presumably, any difference in the
inductive effect in these systems is due to a difference in
the polarizability of Z,11–14 with L increasing as
polarizability increases. As a measure of the polariz-
ability of Z we have useda, defined as the group molar
refractivity of Z divided by 100.6 Any difference in the
field effect should be due to differences in bond length of
the XZ and CZ bonds, as the remainder of the geometry is
very similar throughout the different Z groups. The field
effect should decrease as the ZX and CZ bond lengths
increase; it is linear innÿ2 for molecule–molecule
reactions such as carboxylic acid ionization in which
the product has a diffuse charge. A plot ofL versusa is
shown in Fig. 3; it shows a rough relationship but with a
negative slope rather than the positive slope that is
expected.L decreases asa increases. Correlation ofL
with the equation


L � A�� ao �19�


gave, after the exclusion of theL value for Z = CH2 at
18°, the equation


L � ÿ6:01��1:42��� 1:56��0:108� �20�
100r2; 74:89; F; 17:89; Sest;0:119; S0;0:579; N;8


A plot of L versus nÿ2 shows the expected linear
relationship (Fig. 4). Correlation with Eqn. (21) gave
Eqn. (22) as the best regression equation:


L � Ĉnÿ2 � a0 �21�
L � 26:5��5:49�nÿ2ÿ 0:345��0:309� �22�


100r2; 79:59; F; 23:40; Sest;0:108; S0;0:522; N;8


again on exclusion of the value (L = 1.72 at 18°) for
Z = CH2. Values ofn for the XZ and CZ bonds were
obtained by dividing their bond lengths by the average
bond length in skeletal groups that contain no heteroa-
toms (assumed to be 150 pm). Values of the CZ bond
length (assumed equal to the XZ bond length),nZ, L, n, 1/
n2 and a are reported in Table S3 (supplementary
material).


Equation (22) is significant at the 99.5% confidence
level. In view of the narrow range ofn, the results are
very good. Equation (20) not only gives a much poorer fit
but, more importantly, has the wrong sign for the slope.
That the polarizabilitya andL are related is not surprising
asa is a linear function of the bond length of the C—Z
bond:


lCZ � 6:30��0:507��� 1:27��0:0386� �23�
100r2; 96:26; F; 154:6; Sest;0:0426; S0; 0:223; N; 8:


Clearly, the results agree best with some form of the field
effect.


The signi®cance of path dependence


The classical inductive effect requires a dependence on
the number of paths. This dependence can be tested for by
considering the special case in which all of the paths in a
system are of the same length. Then, for a data set
consisting of systems of this type, the inductive effect is
given by the equation


L = Çkf n (24)


wheren is the number of bonds between the substituent X
and the atom of the reaction site nearest to it,k is the
number of paths,f is the fall-off factor andÇ is a constant.
Writing Eqn. (24) in logarithmic form gives


log|L | =n log f + log k + log Ç (25)


or


Figure 3. L as a function of 1/n2 for 3-substituted-3-Z-
propanoic acids


Figure 4. L as a function of a for 3-substituted-3-Z-propanoic
acids
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log jLj � a1n� a2 logk� a0 �26�
log jLj � a1n� a0 �27�


wherea1 = log f, a2 = 1 anda0 = log Ç. Correlation of the
data sets reported in Table 2 with Eqns (26) and (27) gave
the results in Table S4 (supplementary material). Of the
nine sets studied, none gave a statistically significant


value ofa2. No conclusion can be drawn from eight of
these data sets as logk is highly collinear inn. In the
remaining set, CA4, the coefficient is not significant. In a
first attempt to solve the problem, Eqn. (26) was
rearranged, giving


log|L |ÿ log k = n log f + log Ç (28)


or


log|L |ÿ log k = a1n + a0 (29)


Table 2. Data sets used in correlations with Eqns (26), (27), (29) and (36)a


CA1. XGCO2H, water, 25°C. G,L:4,1-bc[2.2.1]Hpn, 1.12b(0.0515); 4-PnOCH2, 0.317(0.0749); C�C, 2.40(0.249); (E)-2-Vn,
2.41(0.0985); 4-Pnc, 0.963(0.0607); 4-PnCH2, 0.557(0.0216); none, 9.63(0.696); 4-Pnc, 0.976(0.0262); 4-PnSCH2, 0.359(0.0654); 4-
PnS(O)CH2, 0.221(0.0158); 4-PnS(O)2CH2, 0.258(0.0523); CH2, 4.05(0.0529); 1-Vn, 4.14(0.234); (E)-4-cHxnc, 0.747(0.0320); (E)-
4-Pn-2-Vn, 0.446(0.0277); 4-PnOCH2, 0.352(0.0568); 4-PnSeCH2, 0.399(0.0252); CHMe, 4.04(0.101); (E)-CX=CHPh,
4.25(0.643); (E)-CX=CHMe, 3.55(0.251); CX=CMe2; 3.56(1.42); (E)-MeC=CXH, 2.58(0.245); (E)-CH=CXMe, 2.84(0.159);
(E)-2-VnCH2


c; 1.18(0.131); 4,1-bc[2.2.2]Ocnc, 0.878(0.0311); (CH2)4, 0.840(0.104); (CH2)2
a, 1.43(0.0935); 5,2-Fn, 1.37b; 5,2-Tnb,


1.24; 5,2-Spnb, 1.27; 5,2-Tpnb, 1.18; 5,2-Prnb, 1.40; 3-Pnb, 0.943; (CH2)3
b, 0.698(0.0533).


CA2. L, XGCO2H, pKa, aq. EtOH, 25°C. G, L: 4-Pnd, 1.57(0.0363); 4-PnCH2, 0.793(0.0328); 4-PnCMe2CH2, 0.433(0.0169); 3,1-
Azne, 1.61(0.0891); (E)-2-Vn, 2.89(0.310); 4,1-bc[2.2.2]Ocnd, 1.44(0.0862); 6,2-s[3.3]Hpn, 0.738(0.0353); 4,1-Cbnd, 1.43(0.0972);
3,1-Ande, 1.47(0.190); 4,1-cHxnd, 1.10(0.0741); CH2, 4.52(0.145); 4,1-bc[2.2.2]Ocnd, 1.56(0.0509); 4-CH2Pn, 0.905(0.0442); 3,1-
bc[2.1.0]Penf, 2.25; (CH2)3


e, 1.17; none, 12.0((1.21); CH2, 5.44(0.516); 3-Pne, 1.39(0.0730); 3-Pne, 1.60(0.0906); 3-Pne,
1.59(0.0879); 4-Pnd, 1.42(0.0137); 4-Pnd, 1.74(0.101); 4-Pnd, 1.59(0.144); 4-PnCOCH2CO, 0.416(0.0502); 4'-Pn-(E)-2-Vn,
0.807(0.0308); CH2, 4.47; 3,1-Ande, 1.39(0.0799); 4,2-Nne, 1.14(0.0999); 4'-PnS-(E)-2-Vn, 0.709(0.00310); 4'-PnS(O)-(E)-2-Vn,
0.279(0.0322); 4'-PnS(O)2-(E)-2-Vn, 0.380(0.0684); 4-PnCH2CH2, 0.405(0.0160); 3,1-Nne, 1.38(0.136); 3-Pne, 1.58; 6,2-Nn,
0.857(0.0517), (CH2)4


d, 1.65(0.389).


CA3. L, XGCO2H, pKa, 80% aq. MeOCH2CH2OH, 25°C. G, L: 4-Pn, 1.89(0.127); (E)-2-Vn, 3.41(0.227); 4-CH2Pn, 0.964(0.120);
CH2, 4.58(0.134); none, 11.8(0.853); 4,1-bc[2.2.2]Ocn, 1.20(0.0279).


CA4. L, XGCO2H, pKa, aq. MeOH, 25°C. G, L, 'M: none, 7.47(1.21); CH2, 4.15(0.374); 4,1-bc[2.2.2]Ocng, 0.982; 4-Png,
1.33(0.146); 4-Png, 1.39(0.0127); 4-Png, 1.36(0.122); (E)-4-cHxng, 0.774(0.0875); CH2, 3.74(0.388); 4,1-bc[2.2.2]Ocng,
1.06(0.0368); 4@-Pn-(E)-2'-CH=N-4-Pn, 0.125(0.0119); 4@-Pn-(E)-2'-N=CH-4-Pn, 0.271(0.0504).


AB1. L, XGNH3
�, pKa, aq., 25°C. G, L: none, 24.9; CH2, 9.16(0.283); CH2CH2, 4.82(0.268); 4-Pn, 3.74(0.118); 4-Pn, 3.87(0.132); 4-


Pn, 3.81(0.218); 4-PnCH2, 1.09(0.0922); 4-PnCH2CH2, 0.400(0.019); (CH2)3, 2.17(0.227); (CH2)4, 1.40(0.203); 4'4-Pn2,
0.735(0.0933); 4'4-PnOPn, 0.639(0.0982).


AB2. L, XGNH3
�, pKa, aq. EtOH, 25°C. G, L: none, 28.9; 4-Pn, 4.82(0.564); 4'-PnC�CPn-4, 0.360(0.011); 4@-Pn-(E)-2'-Vn-4-Pn,


0.422(0.018); 4'-PnCH2O-4-Pn, 0.195(0.011); 4'-Pn-4-Pn, 0.755(0.0635).


BEH1. L, XGCO2Et, log k, OHÿ, aq. EtOH, 24–30°C. G, L: 4,1-bc[2.2.2]-Ocnh, 2.19(0.154); 4,1-Nn, 2.37; 4'-Pn-4-Pn,
0.607(0.0802); 4-PnC�C, 1.00(0.0579); 4-PnCH2, 1.14(0.0249); 4-PnCH2, 1.07(0.0486); (E)-4'-Pn-2-Vn, 1.14(0.0717); 4-
PnCH2CH2, 0.642(0.0284); none, 12.6(1.49); (E)-4'-Pn-2-cHxn, 0.769(0.0529); none, 10.5(0.834); 4-Pnh, 2.31(0.134); 4-Pnh,
2.33(0.145); 4-PnCH2, 1.04(0.0364).


BEH45. L, XGCO2Ak, OHÿ, log k, aq. dioxane, 20–35°C. L, G, Ak = Et: CH2, 4.28(0.884); 5,2-Tn, 2.79(0.138); 3-Pn, 1.38(0.210);
4-Pn, 2.30(0.0639); 4-Pn, 2.33(0.0515); (E,E)-4@-Pn-2'-Vn-2'-Vn, 0.724(0.0453). Ak = Me: (E)-2-Vn, 4.07(0.300); 6,2-Nn,
1.79(0.0851); 7,2-Nn, 1.46(0.166); 4-Pn, 3.00(0.0457); (E)-4'-Pn-CO-2-Vn, 0.605(0.0679); 3-Pn, 2.18(0.106); 4-Pn, 2.26(0.0789);
4,1-cHxnh, 1.47(0.0947); 4,1-cHxnh, 1.46(0.0496).


CD1. L, XGCO2H, DDM, log k, EtOH, 25–30°C. L, G: CH2, 2.50(0.0729); 4,1-bc[2.2.2]-Ocn, 0.686(0.0182); 4-PnCH2,
0.370(0.0269); (E)-4,1-cHxn, 0.410(0.0297); 4'-Pn-(E)-2-Vn, 0.378(0.0210); (E)-2-Vn, 1.81(0.172); (Z)-4'-Pn-2-Vn, 0.430; none,
4.74; 4-Pn, 0.865(0.0753).


a For abbreviations, see Table 1. Standard errors ofL (SL) are given in parentheses when available.
b In subset CA1-5 only.
c In set CA1 and subset CA6.
d In set CA2 and subset CA2-6.
e In subset CA2-5 only.
f In set CA2 and subset CA2-5.
g In set 4 and subset CA4-6.
h In set BEH1 and subset BEH1-6.
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Comparisons of values of 100r2, F and S0 from
correlations with Eqns (27) and (29) were used to detect
a dependence on logk. The results of these correlations
are also reported in Table S4. The tests used to make the
comparisons are as follows. For 100r2, we define5


�� � �100r2 � �100r2�29ÿ �100r2�27 �30�


Introducing a weighting factor for the number of degrees
of freedom in the data set, given byN1=2


DF , we have


�r � ��N1=2
DF �31�


If tr <ÿ2, Eqn. (29) is obeyed; ifÿ2< tr < 2, no
conclusion can be drawn; iftr > 2, Eqn. (27) is obeyed.
For F we define


rF � F27ÿ F29


F27� F29
�32�


Then, on introducing the weighting factor, we obtain


�F � rFN1=2
DF �33�


If tF<ÿ0.250, then Eqn. (29) is obeyed; if
ÿ0.250< tF< 0.250, then no conclusion can be drawn;
if tF> 0.250, then Eqn. (27) is obeyed.


For S0 we define


�0 � �S0 � S27
0ÿ S29


0 �34�


On introducing the weighting factor, we have


�S � �0NDF
1=2 �35�


If tS<ÿ0.100, then Eqn. (27) is obeyed; if
ÿ0.100< tS< 0.100, then no conclusion can be drawn;
if tS> 0.100, then Eqn. (29) is obeyed.


The results of these tests are presented in Table S5
(supplementary material). Of the nine sets studied, four
obey Eqn. (27), two obey Eqn. (29) and three are
indeterminate.


In order to provide further evidence on this point, we
have correlated subsets of sets CA1, CA2, CA4 and
BEH1 for whichn = 6 with the equation


log jLj � a1 logk� a0 �36�


wherea1 = 1 anda0 = 6 log f� log Ç. Equation (36) is
obtained from Eqn. 26 by holdingn constant; it provides
a direct test for the dependence on the number of paths.
Results of the correlations are given in Table S4 and the
subsets are indicated in Table S3. None of the four
subsets gave anything close to a significant correlation.


Of the nine data sets studied, five have been shown to
have no dependence on path number. The CIE predicts


such a dependence. We are forced to conclude that the
CIE does not exist.


Up to this point we have considered only the case in
which all of the skeletal groups have one or more paths of
the same length. We may now consider a test of the
proposal that trsnsmission depends on the shortest path,
and not on the number and length of any remaining paths.
We consider here subsets CA1-5 and CA2-5 (Table 2)
which contain all of the systems for which the shortest
path length is 5. The skeletal groups in set CA1-5 include
5,2-furylene, 5,2-thienylene, 5,2-selenophenylene, 5,2-
tellurophenylene, 5,2-pyrrolene, 3-phenylene, 3,1-propa-
nylene, (E)-2-propenylene and bicyclo[2.2.1]heptany-
lene. Those in set CA2-5 include 3,1-azulylene, 3,1-
naphthylene, 4,2-naphthylene, 3-phenylene, propany-
lene, 3,1-adamantylene and 3,1-bicyclo[1.1.1]pentany-
lene. All of these systems share a shortest path withn = 5
and with the exception of 3,1-propanylene and 3,1-(E)-2-
propenylene they have varying numbers of longer paths.
For set CA1-5 the mean value ofL is 1.16� 0.219. On
exclusion of theL value for 3,1-propanylene the mean
value ofL is 1.21� 0.146. We believe that this is due to a
conformation in which� is unacceptably large. The mean
of the L values for set CA2-5 is 1.51� 0.296. On
exclusion of theL value for 3,1-bicyclo[1.1.1]pentany-
lene the mean is 1.43� 0.173. As 3,1-bicyclo[1.1.1]pen-
tanylene is the system in which the distance is shortest
and the angle� is zero, it is an outlier. ClearlyL is
constant for the remaining members of the susbset. This
differs from the result expected for the CIE.


Finally, there is one more point of importance. From
the correlations with Eqn. 26 we may obtain values off
(a1 = log f). The mean value off for the nine data sets
studied is 0.662� 0.0410. This value is significantly
different from the value of 1/3 first reported by Derick1 or
the value of 1/2.8 given by Branch and Calvin.2 This
differs significantly from what is expected for both the
CIE and the EFIE.


CONCLUSION


Part of the difficulty in separating the two modes of
transmission is due to the high degree of collinearity
betweenf n andnÿm, as is shown by correlations with the
equation


f n � b1n
ÿm� b0 �37�


with values of the falloff factor of 0.2, 0.4 and 0.6.
Results of the correlations are presented in Table S6
(supplementary material). Distinction between models of
transmission of electrical effects must therefore be made
on properties other than the dependence on distance. The
problem is further complicated by the fact that both the
CIE and the CFE are classical models whose application
on the atomic scale is suspect.
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In Table S7 (supplementary material) are summarized
the predictions of the various models of the transmission
of electrical effects as a function of the skeletal group G
and the observed behavior. Both inductive effect models
disagree with the results obtained for the dependence of
transmission onDq, the difference in charge between
initial (reactant) and final (product or transition state)
states. Neither inductive effect model can account for the
dependence on�. Both inductive effect models cannot
account for the failure ofrm/p to be constant. The CIE
model cannot account for the lack of dependence on path
number. Neither inductive effect model can account for
the observed value of the fall-off factor. It is clear, then,
that the inductive effect is not the mode of transmission
of the localized electrical effect. The CFE model
exemplified by the Kirkwood–Westheimer equation is
so sensitive to the choice of cavity shape that it cannot
account for the observed results. We can best describe the
transmission of the localized electrical effect in terms of
some type of modified field effect (MFE) model:


LGY � �C cos�dÿm �38�


It is always very difficult to discard a popular idea
regardless of its lack of validity. Conceptually the
inductive effect is a delight. It is simple and easy to
understand. This undoubtedly accounts for the numerous
and passionate attempts to defend it and for the
unjustifiable conclusion that it must be present in some
attenuated form or that it simply cannot be distinguished
from the field effect. As was noted above, both inductive
and field effects are classical macroscopic electrostatic
models. Their application on the molecular scale can be
justified only by success. Of the two models, the field
effect accounts for the observed dependence of electrical
effect transmission to some extent; the inductive effect is
very much poorer as a model. According to Occam’s
Razor we should choose the simplest model that accounts
for all the observations. In view of the fact that the MFE
model successfully describes all of the available chemical
reactivity data on the transmission of electrical effects
while neither of the inductive effect models does so, it
seems clear that the inductive effect model should be


discarded. There is no point in making further attempts to
revive it. As the classical field effect (Kirkwood–
Westheimer) model predicts a sensitivity to the chosen
cavity shape and charge location which simply does not
exist, it too must be discarded. To avoid endless
discussions revolving about semantics and the ‘soft’
science to which they lead, we propose that some new
name be given to the universal electrical effect that we
now refer to as inductive or field.


To sum up, transmission of this universal electrical
effect is a function of three parameters: (1) the shortest
distance,r, from substituent to reaction site; (2) the angle
between the substituent–skeletal group bond andr; and
(3) the charge difference between reactant and product in
the case of equilibria or transition state in the case of rate.
It is not a function of (1) the number of paths between
substituent and the reaction site or (2) the choice of cavity
shape and charge location required by the classical field
effect (Kirkwood–Westheimer) model.
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ABSTRACT: The reactivity of acetaldehyde and some aromatic aldehydes towards acid-catalysed oxygen-18
exchange reactions with H2O


18 was studied using the density functional theory (DFT)-based reactivity descriptors
local softness and local hardness. Local softness is used to predict the preferable reactive sites within a given
molecule, whereas local hardness reproduces the experimental intermolecular reactivity trends. A new concept,
intrinsic global hardness, obtained via filtering out the volume effect of the global softness, shows an excellent
correlation with the degree of aromaticity of the compounds. Copyright 1999 John Wiley & Sons, Ltd.


KEYWORDS: aromatic carbonyl compounds; density functional theory; reactivity; stability


INTRODUCTION


The prediction and interpretation of intra- and intermol-
ecular reactivity sequences of organic molecules have
been an important area of theoretical organic chemistry
from the very early days. Understanding of reactivity
trends has been achieved using concepts such as
inductive, resonance, mesomeric and hyperconjugative
effects.1


In recent years, a lot of effort has been devoted by
some workers, including the present group, to explain
intra- and intermolecular reactivity sequences using
reactivity descriptors based on the local hard and soft
acids and bases (HSAB) concept.2 The key parameters
used for intramolecular reactivity studies are the Fukui
function3 and the local softness.4 Langenaekeret al.5


proposed new reactivity descriptors based on local
hardness and demonstrated its superiority over local
softness in predicting intermolecular reactivity sequence
for electrophilic aromatic substitution. Royet al.6 used
the same local hardness parameters and invoked the
Felkin–Anh model to predict successfully the intermol-
ecular electrophilicity order of the carbonyl carbon of a
series of aliphatic aldehydes and ketones.


The present work extends this approach to aromatic


compounds using experimental data of Byrn and Calvin7


on the rate of oxygen-18 exchange reactions of some
aldehydes with oxygen-18 enriched water. By means of
infrared spectroscopy, these authors showed that in
acidic tetrahydrofuran (THF) the exchange times for
the aldehydes increase in the order acetaldehyde
<benzaldehyde<2-naphthaldehyde<1-naphthaldehyde
<9-anthraldehyde<9-phenanthraldehyde. The order of
reactivity (in the present case the electrophilicity of the
carbonyl carbon, as the nucleophilic attack on this carbon
atom by H2O


18 is the rate-determining step) of these
compounds is the reverse of the order of exchange times.


In this paper, the verification of the reliability of these
local hardness parameters in predicting experimental
reactivity trends of these series of aldehydes towards the
oxygen-18 exchange reaction is presented.


Another important aspect of our study was to verify
and interpret whether the reactivity trend of these
compounds bears any correlation with the trend of their
aromaticity. A multitude of aromaticity criteria have been
proposed hitherto.8 In recent years, the link between
aromaticity and hardness has been investigated under the
impetus of Parr and co-workers. Zhou and Parr9 have
shown that global hardness (both absolute and relative)
can explain various aspects of aromaticity for a large
number of unsubstituted aromatic compounds. Hirutaet
al.10 obtained improved excitation energies of 38
polycyclic aromatic hydrocarbons considering the corre-
lation of chemical softness and absolute hardness.


In the present case, the aromatic ring influences the
reactivity through delocalization of the positive charge on
the carbonyl carbon; increasing aromaticity (implying
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more delocalization) causes a decrease in reactivity. As
the parent hydrocarbons show the aromaticity trend11


methane (non-aromatic)< benzene< naphthalene<
anthracene< phenanthrene, we expect the following
aromaticity trend of the corresponding aldehydes:
acetaldehyde (non-aromatic)< benzaldehyde< 1-
naphthaldehyde� 2-naphthaldehyde< 9-anthraldehyde
< 9-phenanthraldehyde, which means that the rate of
oxygen-18 exchange will follow the reverse order:
acetaldehyde> benzaldehyde> 2-naphthaldehyde� 1-
naphthaldehyde> 9-anthraldehyde> 9-phenanthralde-
hyde. Hence the local hardness values on the carbonyl
carbon of these aldehydes (considered as an indicator of
the intermolecular reactivity trends) should correlate with
their aromaticity.


THEORETICAL BACKGROUND


The analytical definition of global hardness of a chemical
species was first proposed by Parr and Pearson as12


� � �@2E=@N2�� � �@�=@N�� �1�


whereE is the total energy,N is the number of electrons
of the chemical species,� the external potential (i.e. the
potential due to the nuclei) andm the chemical potential,
which is identified as the negative of the electronegativ-
ity13 as defined by Iczkowski and Margrave.14 The global
softnessS of the system is defined as the inverse of the
global hardness.


Application of a finite difference approximation to
Eqn. (1) yields the following operational definition ofZ:


� � IPÿ EA �2�


whereIP andEA are the vertical ionization potential and
electron affinity of the chemical species respectively.
Consequently,


S� 1=IPÿ EA �3�


The analytical definition of local softnesss(r) was first
proposed by Parr and co-workers as follows:4


s�r� � �@��r�=@��� �4�


wherer(r) is the electron density of the system. Using a
chain rule, Eqn. (4) can be written as


s�r� � �@��r�=@N���@N=@��� � f �r�S �5�


i.e. the local softness is the product of the global softness
and a functionf (r), termed by Parr and Yang3 the Fukui
function, a frontier molecular orbital reactivity index.


The derivative@��r�=@N� �� at some integral value ofN
will in general have one value from the right, one from


the left and an average. Thus three types off(r) can be
defined which, when multiplied byS, result in three
different local softness functions. By applying a finite
difference approximation the condensed form of these
three local softness functions for any particular atom (k)
can be written as15


s�k � ��k�N0� 1� ÿ �k�N0��S �6�


suited for studies of nucleophilic attack,


sÿk � ��k�N0� ÿ �k�N0ÿ 1��S �7�


suited for studies of electrophilic attack and


s0
k � 12��k�N0� 1� ÿ �k�N0 ÿ 1��S �8�


suited for studies of radical attack.
In these equations,rk(N0� 1), rk(N0) andrk(N0ÿ 1)


represent the electronic population on atomk for the
N0� 1, N0 andN0ÿ 1 electron system, respectively.


Local hardness was introduced as16–18


��r� � 1=N
Z
��r 0��2F=���r����r 0�dr 0 �9�


where F is the so-called Hohenberg–Kohn functional,
containing the systems’ kinetic and electron–electron
repulsion energies. Neglecting the kinetic energy and the
exchange-correlation parts inF, Berkowitz, Ghosh, Parr
and their co-workers16–18obtained the following approx-
imation for the local hardness:


��r� � ÿVel�r�=ÿ2N �10�


where Vel is the electronic part of the electrostatic
potential19 andN the number of electrons.


It was shown by us that this approximated form of local
hardness can be used as a reliable parameter for
comparison of intermolecular reactivity sequences of
any particular site in a series of molecules.5,6


METHODOLOGY AND COMPUTATIONAL
DETAILS


For the present study we considered the following six
aldehydes: acetaldehyde, benzaldehyde, 1-naphthalde-
hyde, 2-naphthaldehyde, 9-anthraldehyde and 9-phenan-
thraldehyde. These are the aromatic aldehydes (except
acetaldehyde) which Byrn and Calvin chose in their
experimental study.7 However, we excluded their
remaining three aldehydes (3-indolaldehyde, chlorophyll
b and phenophytinb). Two of these three systems,
containing heteroatoms in the aromatic ring (chlorophyll
b and phenophytinb) are still too large systems to be
treated reliably by our computational techniques.
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The geometries were generated using the Unichem
program system20 and are shown in Fig. 1. Subsequently
these geometries were optimized at the DZP21 level of
basis set using the Gaussian 94 program22 on the Cray
J916/8-1024 computer of the Universities of Brussels. A
remark should be made about 1- and 2-naphthaldehyde.
Two conformations of the formyl group were studied for
both of these two systems (A, A' and B, B' in Fig. 1). For
1-naphthaldehyde, conformer A' is more stable than A by
ca 1.7 kcal molÿ1 (1 kcal = 4.184 kJ). Similarly for 2-
naphthaldehyde conformer B' is more stable than B by
just less than 1 kcal molÿ1. An explanation for this higher
stability for the conformers A' and B' can be given in
terms of a six- and five-membered ring formation (Fig. 1)
through the O and the H atoms in A' and B', respectively.
However, we chose to work with conformers A and B
since for these molecules the nucleophilicity of the


oxygen appears to be much higher from local softness
values (see below); it can thus be anticipated, considering
the small energy differences between the conformers,
that the structures A and B will be more stable in an
acidic medium. For neutral systems (closed shell) RHF
and for the corresponding cations and anions (open-shell)
ROHF23 methods are used.


Local softness values are calculated in a straightfor-
ward way from the Mulliken population of the individual
atoms using Eqns (6) and (7). However, for the
calculation of local hardness, the electronic part of the
electrostatic potential is required. This quantity has been
evaluated only for the carbonyl carbon as the intramol-
ecular reactivity study will reveal that this atom normally
is the most reactive. To choose the direction of attack by
the nucleophile (i.e. H2O


18) on the C=O group, we
invoked the Felkin–Anh model.24 This model was


Figure 1. Structures and numbering of the relevant atoms of the aldehydes considered
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originally proposed to predict or rationalize the stereo-
chemical outcome of kinetically controlled additions to
the carbonyl group of chiral aldehydes and ketones
having a stereogenic centre adjacent to the carbonyl
group. According to this model, the bulkiest of the groups
attached to the stereogenic carbon takes up a perpendi-
cular relationship to the plane of the carbonyl groupanti
to the incoming nucleophile; the sterically next most
demanding substituent (medium-sized groups) is placed
gaucheto the carbonyl function. The argument was given
that the torsional strain involving the partially formed
bonds in the transition state will be minimized for such a
mode of attack.24a–c Later, Bürgi and co-workers25


suggested that the preferred transition state can be
obtained if the angle of approach of the attacking
nucleophile is about 109° with respect to the plane of
the carbonyl group (known as the Bu¨rgi–Dunitz trajec-
tory) and that it is not necessary for the medium-sized
group to begaucheto the oxygen atom. However, none of
the aldehydes we are studying here contains any
stereogenic centre adjacent to the carbonyl carbon.
Therefore, in a rigorous sense, the Felkin–Anh model
(or its modified form by Bu¨rgi and co-workers) cannot be
applied. That is why we considered the optimized
geometry at the DZP basis set and then invoked the
Bürgi–Dunitz trajectory to choose the angle∠ Nu——
C1—O = 109° (see Fig. 2). While applying this model we
also took account of the fact that the attacking
nucleophile (Nuÿ) will try to avoid repulsion by the
electron cloud of the aromatic rings. In most cases in the
present study the situation is identical if Nuÿ attacks from
either of the sides of the plane containing the CHO group
as it is coplanar with the rest of the molecule. In the case
of 9-anthraldehyde, however, the optimized geometry
shows that the CHO group is not coplanar with the rest of
the molecule (avoiding the repulsive interaction between
the H-atom of the CHO group and that of the adjacent


ring). Therefore, we had to choose that side of attack
which is less repulsive to the Nuÿ, i.e. the side in which
the incoming Nuÿ and the Ph ring are at a larger
distance.


The dihedral angle∠ Nu—C1—O—C2 is taken as 90°.
The Nu—C1 distance is 4 a.u. as Langenaekeret al.5 have
shown that at a distance of 4 a.u. the approximation to the
local hardness used in the present work is justified.


RESULTS AND DISCUSSION


Local softness: indicator of the preferable reactive
site


In Fig. 1, we have indicated the atomic centres which
show high s�k and sÿk values in our calculation. The
corresponding atoms with theirs�k , sÿk , s�k =s


ÿ
k andsÿk =s


�
k


values are listed in Table 1. For 1-naphthaldehyde two
types of geometries are possible depending on the
orientation of the CHO group. Our study reveals that
these two geometries (denoted by A and A' in Fig. 1)
differ very slightly in energy. The case with 2-
naphthaldehyde is similar (denoted by B and B' in Fig. 1).


From Table 1 it is clearly seen that thesÿk value of the
O atom is the highest in all four systems (i.e.
acetaldehyde, benzaldehyde, 9-anthraldehyde and 9-
phenanthraldehyde). This indicates why the O atom is
the most preferable towards protonation in acidic
medium. As the carbonyl carbon (Ccarb) is directly
bonded to the O atom it experiences the maximum
electron-withdrawing effect of the latter. HenceCcarb


should show the highest electrophilicity (i.e. the highest
s�k value), indicating it to be the most preferable site
towards nucleophilic attack on it. However, the results in
Table 1 show that this is only true for acetaldehyde. Roy
et al.6 have argued that the probable reason for the
unexpected trend of intramoleculars�k or sÿk values,
which arises in some cases, is the neglect of correlation or
relaxation effects in evaluating them. It was suggested
that their ratioss�k =s


ÿ
k andsÿk =s


�
k are expected to cancel


this error and make the trend as expected. In the present
case also we see that the Ccarb has the highests�k =s


ÿ
k


value, except in 9-anthraldehyde. However, Byrn and
Calvin7 argued that the extensive aromatic system would
try to diminish the electrophilicity of Ccarb through
delocalization of the positive charge on it. Interestingly,
our study also shows some other sites in the aromatic ring
having high electrophilicity, as indicated by their highs�k
values. Perhaps this delocalization effect is very high in
the case of 9-anthraldehyde as thes�k value of the Ccarbin
this molecule is very low. This is evident from the very
highs�k value of the tenth position (i.e. carbon 1 in Fig. 1).
However, we may expect that thes�k value of the Ccarbin
acidic medium will be enhanced owing to the protonation
of the O atom, thus justifying nucleophilic attack on the
Ccarb.


Figure 2. The Felkin±Anh model for nucleophilic addition to
the carbonyl group
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Rate of oxygen-18 exchange reactions: use of
local hardness as a measure of intermolecular
reactivity order


The mechanism of the acid-catalysed oxygen-18 ex-
change reaction suggests that the rate-determining step is
the attack of the nucleophile (in this case H2O


18) on the
Ccarb. Our study on the site selectivity (previous section)
also shows that Ccarb is the most preferable site to be
attacked by a nucleophile. The earlier studies by
Langenaekeret al.5 and also by Royet al.6 clearly
established that local hardness values provide more
reliable intermolecular reactivity trends than their soft-
ness counterparts. It was argued that the rate-determining


step, which involves the attack of the nucleophile on the
Ccarb, is mainly charge controlled (i.e. hard–hard
interaction) and not necessarily orbital controlled (i.e.
soft–soft interaction).6 Therefore, in the present study we
evaluated local hardness values on the Ccarb in the way
discussed under Methodology. The corresponding results
are given in Table 2.


The experimental study of Byrn and Calvin7 indicated
that the time to reach equilibrium for oxygen-18
exchange reaction increases in the order acetaldehyde
< benzaldehyde< 2-naphthaldehyde< 1-naphthalde-
hyde< 9-anthraldehyde< 9-phenanthraldehyde. Hence,
in principle, the rate of the exchange reaction should
decrease in the order acetaldehyde> benzaldehyde> 2-


Table 1. s�k , sÿk , s�k =sÿk and sÿk =s
�
k values at the relevant atomic centres. (all values in au)a


Aldehyde Atom s�k sÿk s�k =s
ÿ
k sÿk =s


�
k


Acetaldehyde 1 (Ccarb) 0.9833 0.1469 6.6951 0.1494
2 (O) 0.5284 1.0739 0.4920 2.0324


Benzaldehyde 1 0.4555 0.1957 2.3272 0.4297
3 0.3631 0.1618 2.2445 0.4455
5 0.2558 0.2031 1.2596 0.7939


7 (Ccarb) 0.4444 0.0937 4.7448 0.2108
8 (O) 0.4246 1.2031 0.3529 2.8338


1-Naphthaldehyde 1 0.5063 0.2430 2.0837 0.4799
3 0.3959 0.2218 1.7850 0.5602


11 (Ccarb) 0.2030 0.0812 2.4984 0.4003
12 (O) 0.3467 1.2550 0.2763 3.6198


14 0.0525 ÿ0.0751 ÿ0.6996 ÿ1.4295
20 0.0862 ÿ0.0619 ÿ1.3937 ÿ0.7175


2-Naphthaldehyde 1 0.2639 0.0396 6.6732 0.1498
4 0.5182 0.2464 2.1035 0.4754


11 (Ccarb) 0.2735 0.0520 5.2554 0.1903
12 (O) 0.3515 1.2515 0.2809 3.5600


14 0.1113 0.0481 2.3150 0.4320
20 0.0702 ÿ0.0481 ÿ1.6560 ÿ0.6039


9-Anthraldehyde 1 0.5611 0.3355 1.6723 0.5980
4 0.3322 ÿ0.0756 ÿ4.3935 ÿ0.2276


11 (Ccarb) 0.0956 ÿ0.0221 ÿ4.3213 ÿ0.2314
12 (O) 0.3099 1.4071 0.2203 4.5400


9-Phenanthraldehyde 8 0.5072 0.2993 1.6943 0.5902
12 0.2752 0.1425 1.9319 0.5176


15 (Ccarb) 0.2102 0.0639 3.2898 0.3040
16 (O) 0.3355 1.2681 0.2646 3.7801


a The sÿ value of the oxygen atom in conformer A' of 1-naphthaldehyde and in conformer B' in 2-naphthaldehyde are 0.1318 and 0.1803,
respectively.


Table 2. Local hardness values for the carbonyl carbon [�C(r)], molecular volumes (V), global and intrinsic softness (S and Sint) and
hardnesses (� and �int) for the six aldehydes (all values in au), and the empirical resonance energies (ERE) of the unsubstituted
hydrocarbons (kcal molÿ1)


Aldehyde ZC(r) V S Sint Z Zint ERE


Acetaldehyde 0.1089 442.87 2.252 0.00508 0.444 196.7 0.0
Benzaldehyde 0.0869 938.93 2.722 0.00290 0.367 344.9 36.0
1-Naphthaldehyde (A) 0.0788 1356.12 2.911 0.00215 0.344 465.9 61.0
2-Naphthaldehyde (B) 0.0731 1330.40 2.890 0.00217 0.346 460.3 61.0
9-Anthraldehyde 0.0729 1791.09 3.352 0.00187 0.289 534.3 83.5
9-Phenanthraldehyde 0.0702 1766.00 2.982 0.00169 0.335 592.3 91.3
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naphthaldehyde> 1-naphthaldehyde> 9-anthraldehyde
> 9-phenanthraldehyde, which implies that the values of
local hardness, being an indicator of the intermolecular
reactivity trend, should decrease in the same order. Table
2 shows the same trend of local hardness with a single
exception. The local hardness value of 1-naphthaldehyde
is higher than that of 2-naphthaldehyde, although
experimental oxygen-18 exchange times suggest that it
should be the reverse. Bearing this single exception in
mind, our study on local hardness is seen to explain the
experimental reactivity trends for this series of aromatic
aldehydes, in line with the previous results on their
aliphatic counterparts.6


Relationship between aromaticity and local and
global hardness parameters


In the present context it may be worthwhile to check
whether there is any correlation between aromaticity and
local and/or global hardness. Byrn and Calvin7 argued
that the reactivity (i.e. electrophilicity) of the Ccarbwould
be decreased by delocalization of its positive charge
through extended resonance. Hence the more aromatic
the system, the higher is the delocalization (i.e. resonance
stabilization) of the positive charge on the Ccarb, causing
it to be less reactive towards a nucleophile. This is also
found in the present work, the difference between 1- and
2-naphthaldehyde being the single exception. Although
the aromaticity of both 1- and 2-naphthaldehyde is nearly
the the same, the local hardness value of the former is
higher than that of the latter. As expected, 9-phenan-
thraldehyde, being the most aromatic in the present
series, has the lowest local hardness value.


This observation points to the fact that local hardness
can be correlated with the aromaticity, whereas previous
studies8,9 concentrated only in establishing a correlation
between global hardness and aromaticity.


In this context, the global softnesses for the set of
aromatic aldehydes were also calculated and are given in
Table 2. As can be seen, the softness increases on going
from acetaldehyde to 9-phenanthraldehyde, an appar-
ently conflicting situation with the fact that global
hardness should be positively correlated with aromati-
city. However, it is generally known that softness is
proportional to the volume of the molecule.26 In order to
account for the ‘volume effect’ on the global softness, an
‘intrinsic global softness’,Sint is introduced as


Sint � SV �11�


whereV is the volume of the corresponding molecule. It
should be noted that this intrinsic global softness is
nothing else than the local softness of the corresponding
homogeneous system with the same global softness, i.e.
with r (r) = N/V for all r, N again being the number of
electrons. Demanding that the intrinsic global softness
and intrinsic global hardness should give a value of one
upon multiplication, the corresponding ‘intrinsic global
hardness’ is given as


�int � �V �12�


Again, it should be noted that this intrinsic global
hardness is nothing else than the exact local hardness of
the corresponding homogeneous system with the same
global hardness. In Table 2, we have listed the volumes of
the molecules studied, together with their corresponding
intrinsic global softnesses and hardnesses. These volumes
were obtained by integrating the volume enclosed by the
0.001 au contour of the electron density using the
Gaussian 94 program. A correlation was then set up
between the intrinsic global hardness of the aldehydes
and the empirical resonance energies of the correspond-
ing hydrocarbons. As can be seen in Fig. 3, a very good
correlation exists, much better than, e.g., the correlation
of the global softness and this measure of aromaticity. By
filtering out the volume effect on the global softness,
quantities arise, the intrinsic global softness and hard-
ness, that directly reflect aromaticity. In terms of
wavefunction quantum chemistry, these quantities can
be thought of as being a measure of the specific valence
orbital structure of the chemical species. This double
aspect of molecular hardness (local and global) and its
application to reactivity and stability of organic mol-
ecules merits further investigation. Moreover, future
work will involve the testing of these new concepts in
predicting aromaticity of other molecules.


From these findings, it can be said that the local
hardness yields information about the intermolecular
reactivity sequences, whereas the intrinsic global hard-
ness measures the stability of the molecule.


Figure 3. Correlation of the `intrinsic global hardness' hint, of
the aldehydes with the empirical resonance energies (ERE) of
the parent hydrocarbons
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CONCLUSION


This study clearly shows that the intra- and intermolecu-
lar reactivity sequence of a series of aromatic aldehydes
(except acetaldehyde) towards acid-catalysed oxygen-18
exchange reactions can be explained using DFT-based
local reactivity descriptors. While local softness values
reproduce intramolecular reactivity (i.e. site selectivity)
trends, the intermolecular O-18 exchange sequence is
explained via local hardness.


Finally, the concepts of ‘intrinsic’ global softness and
hardness were introduced. The intrinsic global hardness
of the aldehydes was shown to yield an excellent and
positive correlation with the empirical resonance en-
ergies of the corresponding hydrocarbons, being a
measure of aromaticity.


From this work, it can be concluded that local softness
and hardness are important in measuring intramolecular
and intermolecular reactivity, respectively; the corre-
sponding global properties, however, are a measure of the
system’s stability, as probed in this case by the empirical
resonance energies.
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ABSTRACT: The validity of reflection-back-to-the-fiber SNOM (scanning near-field optical microscopy) has been
unduely questioned by an erratic approach curve that disputed the enhancement of near-field reflectance. It is shown
now that only truncated (broken) tips without metal coating do not experience the enhancement when approached
close to shear-force distance. However, sharp uncoated tips continue to show up the near-field enhancement, and
chemical contrast on rough surfaces continues to be of basic value at submicroscopic resolution. It is pointed out how
a good tip may be immediately differentiated from a broken one. Copyright 1999 John Wiley & Sons, Ltd.


KEYWORDS: near-field reflectance; sharp tips; broken tip artefacts; scanning near-field optical microscopy;
submicroscopic resolution; chemical contrast


INTRODUCTION


Scanning near-field optical microscopy (SNOM) has
been shown to provide submicroscopic resolution with
tapered uncoated tips that pick up reflected light with
increased intensity when approached to constant shear-
force distance above organic1,2 and inorganic3 surfaces.
The phenomenon of increased near-field reflectivity was
first described by Courjonet al.4 However, in contrast to
the well established facts, an intriguing paper by
Sandoghdaret al.5 claimed a decrease of the reflectivities
upon shear-force approach due to interference effects and
disputed the sudden discontinuity in the reflection signal
as one approaches the tip to the sample. Unfortunately,
that paper5 confused the issue without providing relevant
experimental details. In view of numerous approach
curves that clearly validate (i) the near-field enhancement
on various surfaces6,7 and (ii) the repeatable chemical
contrast determinations on rough organic surfaces, we
address the issue with some of our common approach
records and evaluate the possible errors in the failure of
Sandoghdaret al.5 to observe ‘the sudden increase.’


EXPERIMENTAL


Tip characterization


Multi-mode and single-mode (SMC-A0515B) fibers of


125 nm from Spectran were pulled as sharp as possible
using a Sutter Instruments P-2000 laser-based fiber puller
for our experiments at 488 nm. At optimized pulling
parameter settings (Heat 235, Filament 0, Velocity 5,
Delay 120, Pull 160), the pulling time was about 120 ms.
Microscopic inspection indicated a total probe length of
about 0.5 mm. Scanning electron micrographs gave radii
of curvature of the probe tips of about 15 nm and taper
angles of typically 18–20°. Resonance frequencies were
about 150 kHz andQ-factors ranged from 200 to 300 (see
Ref. 7 for further details). The broken tips were judged
under a microscope at 400-fold magnification. The force
setting for automatic coarse and close approach at a DME
Rasterscope 4000 SNOM was 0.017 nN for a force
constant of 1.024 N mÿ1 in these experiments. The level
of parasitic light was measured to be 14% of the
background intensity by disconnecting the unengaged
illuminated fiber.


RESULTS


When an illuminated multi-mode tip (488 nm, total exit
intensity 200mW) was coarse-approached to a poly-
vinylpyrrolidone layer on glass at an initial recorder
reading of 180 mV, a considerable increase in reflected
light intensity was obtained upon a short touch of the set-
point for shear-force damping. From there the tip was
forced to move to the fixed close approach start position
(Fig. 1). The scan of the chemically uniform surface after
close approach gave a recorder reading of 860 mV, more
than 4.7 times the total background (Fig. 1). With the


JOURNAL OF PHYSICAL ORGANIC CHEMISTRY
J. Phys. Org. Chem.12, 141–143 (1999)


Copyright  1999 John Wiley & Sons, Ltd. CCC 0894–3230/99/020141–03 $17.50


*Correspondence to:G. Kaupp, Organische Chemie I, Universita¨t
Oldenburg, Postfach 2503, D-26111 Oldenburg, Germany.
E-mail: kaupp@kaupp.chemie.uni-oldenburg.de







single-mode tip under the same conditions the increase
was 4.8-fold. Thus, without the necessity for assessment
of the precise tip-to-sample distance, we do observe
Courjon’s et al. enhanced near-field reflectivity4 in the
approach record (Fig. 1). Similar near-field increases
were obtained when organic crystal surfaces,1 e.g. (110)


of anthracene, were approached with single-mode or
multi-mode sharp tips.


Further, we took approach records of tips which had
suffered the loss of their sharp cone end, in order to
evaluate the conditions for the failure that was claimed by
Sandoghdaret al.5 As expected, we observed a decrease
(from 520 to 365 mV recorder reading) in the reflected
light intensity that came back through the truncated ‘tip’
(2 mm wide, Fig. 2). Hence only broken or truncated tips
reproduce Sandhogdar’set al. claims, and such tips do
produce artefacts in both the topographic and the optical
image. Only sharp tips are suitable for artefact-free
SNOM measurements with submicroscopic resolution.1


As Sandhogdaret al. did not report all details of their
tip,5 we also checked the response of still more heavily
truncated tips. Extremely blunt truncated cones (40mm
wide) did not give any change in reflected light intensity
when approached under shear-force control, at least in 10
mm scans.


CONCLUSIONS


Our results indicate that Sandhogdaret al.5 either used
uncoated tapered tips that were truncated or broken, or
that their tips broke during their approach procedure.
Broken tips are useless for the collection of enhanced
near-field reflected light and give topographic artefacts
but no SNOM response; any chemically and physically
imposed correlations between AFM and SNOM contrasts
are lost when running broken tips under shear-force
control. Hence a warning is necessary, because every tip
could be broken or eventually break during approach and/
or scanning:approach records similar toFig. 1 must be
documented in order to ensure the near-field enhance-
ment prior to every SNOM measurement!


Furthermore, some of the reported changes in contrast
behavior during scans may be due to tip breakage.
Experimentally, tip breakage is immediately recognized
by a substantial decrease in the response signal. Good tips
do, of course, not show a taper end under a light micro-
scope, whereas unsuitably truncated (broken) tips do.
Properly performed reflection-back-to-the-fiber SNOM
continues to provide valuable and reliable chemical
contrast on technically important rough surfaces at
submicroscopic resolution.1
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ABSTRACT: Kinetics and mechanisms of the imine exchange reactions ofO-alkyl andO-aryl oximes withO-alkyl-
and O-aryloxyamines, respectively, were studied by1H NMR spectroscopy in aqueous solutions. The reaction
between benzaldehydeO-methyloxime andO-ethylhydroxylamine at 60°C is first order in both oxime and the
alkoxylamine (the second-order rate constantk2 = 0.86� 0.08 l molÿ1 minÿ1 at pD 2.9), the reaction being subject to
acidic catalysis. A similar imine transfer was studied in the reaction of 1,3-diaminooxypropane with bifunctional
oximes. Testing of various additives as potential catalysts for the reaction revealed imidazole as a moderately
effective catalyst. The exchange inO-aryl oximes was studied in the interaction between 3-pyridinealdehydeO-
phenyloxime andO-(p-nitrophenyl)hydroxylamine. The reaction is first order in the oxime, but its rate is independent
on the aryloxyamine concentration and pD. The proposed mechanism involves a rate-limiting hydration of the oxime
molecule. Mechanisms of the exchange reactions are discussed in relation to their possible use to generate diverse
pools of compounds for the recently proposed ‘dynamic’ combinatorial chemistry approach. Copyright 1999 John
Wiley & Sons, Ltd.


KEYWORDS: imine exchange; oximes; aqueous ‘dynamic’ combinatorial libraries; kinetics; thermodynamics


INTRODUCTION


Reversible transformations attract only limited attention
of organic chemists. Since the ultimate purpose of
organic synthesis is to obtain the reaction product with
the maximum yield, any process in which the product
exists in a dynamic equilibrium with the starting material
is usually avoided in synthetic routes. Such is also the
case with the rapidly developing strategies of combina-
torial synthesis, that in most cases are aimed at
maximizing the yields of individual components in
molecular libraries.1


Very recently, several groups have proposed a new
approach to molecular diversity generation and screening
that involves a reorganization of arrays (pools) of


compounds, existing in a dynamic equilibrium,via their
interactions with the target compound.2–5 Such reorga-
nization, that essentially represents a shift of the
thermodynamic equilibrium, results in the formation of
amplified amounts of those components that form the
strongest complexes with the target.


The above approach appears to hold exceptional
promise for combinatorial chemistry in that it allows
one to combine technically simple methods of diversity
generation with screening in one step and facilitate the
identification of effective components due to their
amplification in the ‘dynamic’ libraries. One serious
limitation of the method is that the majority of the
reversible transformations, such as peptide bond forma-
tion and cleavage,2 photochemical isomerization,3 Schiff
base formation4 and transesterification,5 that have been
used to interconvert library components, often interfere
with side reactions with the solvent molecules. In
particular, hydrolysis of the library components,e.g.
esters, amides and imines, under the equilibration
conditions may become a major problem in screening
libraries of drug candidates in aqueous solutions. There-
fore, this new method calls for a non-trivial quest for new
or reinvented bond-making and-breaking reactions that
could be performed with a substantial turnover and would
not significantly intercede with the competing hydrolytic
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processes. In this paper, we introduce the imine exchange
reaction betweenO-substituted hydroxylamines and their
oximes as a transformation that may be used to generate
and interconvert components of the ‘dynamic’ combina-
torial pools with little or no hydrolytic decomposition in
aqueous solutions.


The basic reaction that can be used for reversible
exchange of building blocks Y inO-substituted oximes is
depicted in Scheme 1. One can envision that by mixing
various functionalities as the X and Y components, it may
be possible to create diverse combinatorial pools of
oximes. However, the stability and exchangeability of the
pool components should be determined by the kinetics
and thermodynamics of the imine exchange and compet-
ing hydrolysis of the oximes.


Although mechanisms of carbon–nitrogen double bond
formation in Schiff bases,6 oximes,7 semicarbazones,8


etc. have been extensively studied in the past, only
limited information is available on the imineexchange
mechanisms.9 In this paper, we describe the kinetics and
discuss the mechanism and possible applications of the
above reaction.


RESULTS


The exchange reaction was studied on compounds
containing both alkyl and aryl residues as the Y units.
Preliminary experiments showed thatO-aryl oximes of
aliphatic aldehydes possess relatively low stability in
aqueous solutions, as followed from their incomplete
formation from the aldehyde and amine components. For
example, in the reaction of acetaldehyde with an excess
of O-phenylhydroxylamine at pD 3, appreciable amounts
of the original aldehyde and its water adduct were
detected by NMR along with the resulting oxime. For this
reason, further studies concentrated on the imine
exchange in more stable O-alkyl and O-aryl oximes of
aromatic aldehydes.


Reactions of O-alkyl oximes with O-alkyloxyla-
mines


The mechanism of the exchange in oximes containing
aliphatic substituents on the oxygen was first studied in
the model reaction between benzaldehydeO-methylox-
ime (1) andO-ethylhydroxylamine in D2O–methanol-d4


(3:1, v/v) (Scheme2). The reaction was monitored by1H
NMR, and the reagent concentrations at any given time
point were determined from integrals of the methyl group
singlets in 1 (3.73 ppm) and methylhydroxylamine
(3.66 ppm at pD 2.9) referenced to the internal standard.


The reaction rate was found to be low at ambient
temperature, even in acidic media where the exchange
proceeded readily upon heating (see below). The second-
order rate constant, estimated from the initial rate, was
found to be 3� 10ÿ2 l molÿ1 minÿ1 at 22°C and pD 2.9,
which corresponds to>8 h half-reaction time with 0.05M
ethylhydroxylamine (10-fold excess over the oxime and
the highest concentration used in the kinetic series).


Further kinetic studies were performed at 60°C. In
excess ofO-ethylhydroxylamine, the reaction followed a
first-order kinetics with respect to1. Three runs
performed at varying concentrations of the ethylhydrox-
ylamine showed the exchange reaction to be also first
order in the amine (see inset in Fig. 1), the second-order
rate constant being 0.86� 0.08 l molÿ1 minÿ1. The level-
off concentrations of the starting compounds and the
products corresponding to the equilibrium (after more
than five half-life times) were determined by NMR for
various initial concentrations of the amine. The equili-


Scheme 1


Figure 1. pD dependence of the observed pseudo-®rst-order
rate constants for the reaction of 1 (5 mM) with O-
ethylhydroxylamine (50 mM) at 60°C in 25% CD3OD in
D2O. Inset: plot of the pseudo-®rst-order rate constants
for the above reaction at various concentrations of
ethylhydroxylamine at pD 2.9


Scheme 2
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brium constantK was estimated to be 0.72� 0.02. The
plot of [1]eq/[MeONH2]eq vs ([EtONH2]total/[2]eqÿ1) at
three EtONH2 concentrations (5, 20 and 50 mM) yielded
K as the slope. The exchange with the alkoxylamine was
strongly pD dependent (Fig. 1).


Notably, the NMR spectra of the reaction mixtures
recorded overca 10 half-life periods of the imine
exchange at varying pD and temperatures showed no
signals other than those from the compounds shown in
Scheme 2. Hence no competing hydrolysis or even partial
addition of water to 1 or 2 occurred under those
conditions.


In view of potential application of the imine exchange
reactions in combinatorial chemistry, it seemed reason-
able to study similar transformations in the compounds
containing more than one oxime group. 1,3-Diaminox-
ypropane (4) was synthesized and its exchange with its
oximes was studied. In order to eliminate possible
intramolecular imine transfer reactions, we used the
symmetricalbisoximes3aandb (Scheme 3). The product
of this reaction, the monooxime5, could be formed only
via the intermolecular imine exchange, similar to that
shown in Scheme 2. The choice of the aldehydes used for
oximation by 4 was dictated by the solubility of the
resulting oximes in acidic (3a) and neutral (3b) media.


The effect of pD on the imine exchange between3


and4 was similar to that in the previous reaction. Thus,
the pseudo-first-order rate constant for the reaction
between3a and4 (1.9� 10ÿ3 minÿ1) was close to that
expected for the exchange in1 under similar conditions
(the rate constant for the reaction shown in Scheme 2 is
1.8� 10ÿ3 minÿ1 at pD 4.1 and 60°C, as estimated by
the interpolation of the data in Fig. 1). The rate of
reaction between3b and4 in neutral media at 50°C fell
below the detection limit. A number of additives were
tested as potential catalysts for the imine exchange in the
hope of achieving acceleration through general base,
nucleophilic or enzymatic catalysis. The results shown in
Table 1 demonstrate that none of these additives was
particularly effective, except for imidazole, which
showed modest acceleration of the exchange in3b at
pD 7.9.


Reactions of O-aryl oximes with O-aryloxyamines


The exchange betweenO-aryloxyamines and corre-
sponding oximes was studied in the reaction shown in
Scheme 4. The reaction was monitored by1H NMR by
the disappearance of the signals of oxime6. Formation of
oxime 7 was clearly visible by the appearance of a new
singlet from the CH=N proton (8.89 ppm), a new
doublet of doublets from the nitrophenyl unit of7 (8.37
and 6.95 ppm,J = 9.2 Hz), and other signals in the
aromatic region.


Table 1. Pseudo-®rst-order rate constants for the imine exchange reactions between 3C and 4 in aqueous solutionsa


Additive
Temperature


(°C) pD [3] (mM) [4] (mM) kobs (minÿ1)


None 37 7.9 5.0 5.0 b


— 50 — — — 4� 10ÿ5
Imidazole (0.5 equiv.) 10 — 3.9 4.7 b


— 50 — — — 2.3� 10ÿ4


2-Aminoimidazole (0.5 equiv.) 10 — 4.27 4.7 b


— 50 — — — 1.4� 10ÿ4


Amidasec 37 — 5 5 b


Carbonic anhydrase (0.5 mg)d 37 — — — b


a Determined by1H NMR from the initial rates of accumulation of product5.
b The rate constant was below detection limit of 4� 10ÿ5 minÿ1.
c E. coli (Sigma), 50 units.
d From bovine erythrocytes (Sigma), 4500 w-a units mg.ÿ1


Scheme 3 Scheme 4
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The kinetics of the exchange in this system were found
to be surprisingly different from those observed with the
aliphatic analogs. The rate of reaction between oxime6
andO-(p-nitrophenyl)hydroxylamine was independent of
the aryloxylamine concentration in the range 2.5–9 mM,
thereby indicating zero order in this reagent. Further-
more, the pD dependence of the exchange rate was found
to be nearly negligible (Fig. 2). As in the case of
alkyloxyamines, the exchange rate was strongly tem-
perature dependent, being nearly undetectable at ambient
temperature. Activation parameters of the exchange
reaction were determined by fitting the first-order rate
constants, observed at three different temperatures in the
interval 50–70°C, to the Eyring equation (see inset in Fig.
2). The linearized plot yielded values ofDH≠ =
116� 8 kJ molÿ1 and DS≠ = 26� 3 J molÿ1 Kÿ1.
Determination of the equilibrium point in this reaction
was not possible because of the partial precipitation of
product7 and the formation of some unidentified side-
products (signals at 7.0–7.1 ppm) in the later stages of the
reaction.


The possibility of the imine exchange between the
oxime and analdehydewas also explored. A 1:1 mixture
of 5 mM 6 and 3-carboxybenzaldehyde was incubated at
60°C in D2O (pD 2.9). However, no new oxime could be
detected by1H NMR after overnight heating.


DISCUSSION


The observed kinetics of the exchange between alkox-
ylamines and their oximes are consistent with the


mechanism shown in Scheme 5, similar to that proposed
previously for the aminolysis of imines.9a The first
reaction order in both reagents and the presence of acidic
catalysis indicate that the transition state of the rate-
limiting reaction step includes a protonated form of the
oxime–alkoxylamine adduct. Most likely, the fast
reversible protonation of the oxime nitrogen is followed
by the attack of the alkoxylamine leading to the
formation of the tetrahedral adduct that can further
eliminate either RONH2 or R'ONH2, the former pathway
leading to the formation of the new oxime.


Both second and third steps in Scheme 5 could be rate-
limiting, the two possibilities being indistinguishable by
the kinetics of the oxime consumption. The mechanism
suggested for many reactions of imine formation from
carbonyl compounds suggests fast formation of the
tetrahedral intermediate and its slow transformation into
the product.6–8 However, the rate-limiting nucleophilic
attack at the protonated oxime is more consistent with the
earlier studies of the imine exchange mechanism.9 In the
low pD region, the rate of the tetrahedral intermediate
formation is also decreased owing to protonation of the
amine (pKa of MeONH2 = 4.5810). The latter fact is
probably responsible for the lower than unity pD-
dependence slope in Fig. 1.*


As expected from the similar nature of methyl- and
ethylhydroxylamines, the equilibrium constant found for
the reaction shown in Scheme 2 is close to unity. This fact
may have implications for the use of the reaction to
generate dynamic combinatorial libraries in which most
components would be present in comparable fractions
under the equilibrium conditions.


The subtle effect of the additives tested as potential
catalysts for the exchange (Table 1) reflects the common
trend of general acid and base catalysis to be less


Figure 2. pD dependence of the observed pseudo-®rst-order
rate constants for the reaction of 6 (3 mM) with O-(p-
nitrophenyl)hydroxylamine (3 mM) at 60°C in D2O. Inset:
linearized Eyring plot (see Experimental) for the above
reaction at pD 3.0


Scheme 5


*Consideration of the oxime (Ox) and alkoxylamine (Am) protonation
in Scheme 5 yields the following equation for the observed pseudo-
first-order rate constant (kobs) in the excess of Am:


log(kobs) = log(kKOx[Am]) ÿ (pH + log(KOx[H
+] + log(KAm[H+] + 1)),


where k is the second-order rate constant for the reaction between
OxH+ and Am,KOx andKAm are the reactant’sKa values. As follows
from this equation, a curve fitting of the data in the figure 1 with a
straight line would not be justified. The observed data, within
experimental error, reflect the part of the pH dependence with a
changing fractional slope close to the amine pKa value.
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effective in the imine formation and exchange reactions
than the acidic catalysis.11


The exchange of aryloxyamine with aryl oxime
displays kinetics distinctly different from the exchange
in alkyloxyamine systems. Since the rate of the reaction
shown in Scheme 4 is independent of pD and of the
concentration of the aryloxyamine, it is reasonable to
assume that the rate-limiting step includes some
transformation involving only the oxime substrate and
the solvent. Such a transformation, however, would also
occur in the absence of the aryloxyamine. To explore this
possibility, we incubated oxime6 alone under the
conditions used for one of the exchange runs (D2O, pD
8.1, 60°C). Indeed, the1H NMR spectrum shows
formation of several new sets of signals under these
conditions. One new form of the pyridine moiety,
showing a new H-5 (meta-proton) peak at 8.15 ppm,
can be detected at the initial stage of the reaction. Later,
formation of the H-5 signal from yet another form is
observed at 7.67 ppm. These two new signals have been
assigned to the products of stepwise hydration of the
oxime,9 and10 (Scheme 6), respectively. Another proof
for the formation of the tetrahedral intermediate comes
from the appearance of a singlet at 6.38 ppm that
corresponds to the proton at the tetrahedral carbon in
10 and was also detected in the aqueous solution of 3-
pyridinealdehyde.


Integration of the H-5 signals for forms9 and10 over
the reaction course and fitting the data to the equation for
consecutive reactions allowed us to determine separately
the rate constantsk1 andk2 as (1.5� 0.1)� 10ÿ2 minÿ1


and (2.2� 0.4)� 10ÿ2 minÿ1, respectively. Further
transformation of form10 into the aldehyde (Scheme 6)
was also observed through the appearance of a minor
singlet from the aldehyde proton at 10.18 ppm. The latter
step, however, appears to be slow, and the molar amount
of aldehyde present after 90 min of the reaction did not
exceed 7% of the starting material.


The above results, combined with the kinetics of the
imine exchange, support the proposal that the formation
of the hydrated oxime9 is rate limiting in both imine
exchange with aryloxymine and the hydrolysis reactions.
This mechanism is also supported by the fact that thek1
value for the hydrolysis equals, within experimental
error, the pseudo-first-order rate constants of the
exchange given in Fig. 2. Likewise, the positive value
of the activation entropy for the exchange indicates that
the rate-limiting step is unlikely to include association of
the oxime with the imine.


Further pathway of the imine exchange probably
involves attack of the hydrated form9 by the arylox-
yamine (Scheme 6) followed by conversion of adduct11
to the new oxime (cf. Scheme 5). On the basis of the
kinetic data we cannot rule out the alternative pathway
that includes the reaction of aryloxyamine with10,
preceded by the dissociation of the original amine.


While the mechanism outlined in Scheme 6 reflects
some degree of competing hydrolysis involved in the
aryloxyimine exchange, the hydrolytic pathway can be
almost completely redirected to the new oxime formation
by the excess of the aryloxyamine. Thus, at the end of the
exchange reaction 3-pyridinealdehyde was found to be
present only in trace amounts in the reaction mixture.
This observation is consistent with high thermodynamic
stability of O-aryloximes in aqueous solutions (as
compared with,e.g., corresponding Schiff bases), which
is also reflected in spontaneous formation of the oximes
in water. For example, incubation of a 1:1 mixture of 5
mM 3- pyridinealdehyde and phenylhydroxylamine in
D2O at pD 2.5 led to the formation of the oxime and the
hydrated aldehyde form in the ratioca 2:1, only trace
amounts of the starting compounds being present in the
mixture.


The absence of acidic catalysis in the aryloxyimine
exchange, that could have accelerated,e.g., the formation
of 9, is surprising. The most reasonable explanation may
come from the different pKa values ofO-aryl andO-alkyl
oximes. While these values are too low to be evaluated
experimentally, one can assume that the basicity of
aromatic oximes is lower than that of aliphatic oximes.


CONCLUSION


We have shown that the imine exchange reactions ofO-
alkyl- and O-arylhydroxylamines with corresponding
oximes of aromatic aldehydes can be used to maintain
dynamic equilibrium of the formation and cleavage ofScheme 6
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bonds between various structural units. Two features of
such equilibrium seem to be of particular importance for
the formation of ‘dynamic’ combinatorial pools. First, the
equilibration rates in the studied reactions are low and
negligible under physiological conditions,i.e. at ambient
temperature in neutral aqueous media. As a result, the
components of the pools based onO-substituted oximes
could be isolated as stable compounds and used for
biological testing (O-alkyl oximes andO-alkyloxyamines
have been shown previously to possess biological activity
and low toxicity, 12and may therefore constitute viable
scaffolds for libraries of drug candidates). The evolu-
tionary selection–equilibration method reported by us
previously3 is particularly promising for the use with
these pools since it involves separation of the binding and
‘scrambling’ sites. Thus, the exchange can be turned ‘off’
for selection on fragile biological ligands under physio-
logical conditions and then back ‘on,’ by increasing the
temperature and/or acidic catalysis, to bring the system to
equilibrium.


The second important attribute of the imine exchange
in the studied system is that the competing hydrolysis of
the oximes is minimal or absent under equilibrating
conditions. In that sense, the studied reactions represent a
unique balance between stability and exchangeability and
fit the requirements formulated in the Introduction for
dynamic combinatorial pools. The different properties of
the aliphatic and aromatic aminoxy compounds can be
used for choosing the proper equilibrium reaction
depending upon the selection conditions.


EXPERIMENTAL


General. All reagents were purchased from Aldrich and
Fluka (O-phenylhydroxylamine) and used without further
purification. NMR spectra were recorded on Varian
Gemini 300 MHz and Unity 500 MHz spectrometers. pD
values presented throughout the paper were obtained by
adding the increment of 0.4 to the reading of a glass
combination electrode in the D2O solutions. Kinetic data
were processed on a Macintosh computer with the aid of
SigmaPlot 4.0 software.


Syntheses. 1,3-Diaminoxypropane (4) was synthesized
by a modification of the previously described proce-
dure.13 A solution ofN-hydroxy-5-norbornene-2,3-dicar-
boximide (9.94 g, 55 mmol), TEA (20 ml, 143 mmol) and
dichloropropane (2.6 g, 23 mmol) in 50 ml of DMSO was
refluxed for 15 h. After cooling, the reaction mixture was
diluted with ethyl acetate and washed with water and
brine. After drying over Na2SO4, the organic extract was
concentrated and recrystallized from EtOH to yield
7.03 g (77%) of 1,3-diaminoxypropanebis(5-norbor-
nene-2,3-dicarboxy)imide.1H NMR (300 MHz, CDCl3),
6.19 (s, 4H), 4.17 (t,J = 6.1 Hz, 4H), 3.43 (brs, 4H), 3.19
(m, 4H), 1.98 (p,J = 6.1 Hz, 2H), 1.77 (d,J = 9 Hz, 2H),


1.51 (d, J = 9 Hz, 2H). The product of the previous
reaction (6 g, 15 mmol) was dispersed in a solution of
hydrazine hydrate (1.75 ml, 36 mmol) in 150 ml of
ethanol and refluxed for 15 h. The reaction mixture was
then acidified with 4 ml of 3M HCl, refluxed for another
15 min and concentratedin vacuo. The crude product was
washed with boiling EtOAc, filtered and crystallized
from EtOH as the dihydrochloride. Yield, 1.35 g (50%).
1H NMR (500 MHz, DMSO-d6), 10.98 (s, 6H), 4.06 (t,
J = 6.2 Hz, 4H), 1.93 (p, J = 6.2, 2H); 13C NMR
(126 MHz, DMSO-d6); 71.74, 27.08.


Benzaldehyde-O-methyloxime (1), Bis(aryloximes)3,
and 3-pyridinealdehyde-O-phenyloxime (6) were synthe-
sized in 75–85% yield by stirring the mixtures of the
equivalent amounts of corresponding alkyl- or aryloxy-
amines and aldehydes in pyridine overnight, concentrat-
ing the solutionin vacuo followed by crystallization of
the products from EtOAc–EtOH. Analytical data.1: 1H
NMR (300 MHz, CDCl3), 8.07 (s, 1H), 7.59 (m, 2H),
7.38 (m, 3H), 3.99 (s, 3H);13C (75 MHz, CDCl3), 148.6,
132.2, 129.8, 128.7, 127.0.3a: 1H NMR (300 MHz,
DMSO-d6), 8.91 (s, 2H), 8.75 (d,J = 5.0 Hz, 2H), 8.42 (s,
2H), 8.34 (d, J = 8.1 Hz, 2H), 7.73 (q, 2H), 4.30 (t,
J = 6.5 Hz, 4H), 2.12 (p,J = 6.4 Hz, 2H); 13C NMR
(75 MHz, D2O), 151.57, 150.88, 148.69, 146.71, 139.30,
134.72, 79.15, 35.37; Calculate for C15H16N4O2


� 2HCl:
C, 50.43, H, 5.08, N, 15.68. Found: C, 50.44, H, 5.19, N,
15.27%.3b: 1H NMR (500 MHz, DMSO-d6), 13.19 (br s,
2H), 8.36 (s, 2H), 8.18 (s, 2H), 7.95 (d,J = 7.6 Hz, 2H),
7.84 (d,J = 7.6 Hz, 2H), 7.53 (t,J = 7.6 Hz, 2H), 4.25 (t,
J = 6.4 Hz, 4H), 2.07 (p,J = 6.4 Hz, 2H); 13C NMR
(126 MHz, DMSO-d6), 168.0, 149.4, 133.6, 132.6, 132.0,
131.6, 130.3, 128.7, 71.7, 40.2.6: 1H NMR (300 MHz,
CD3OD), 8.78 (s, 1H), 8.55 (d,J = 4.8 Hz, 1H), 8.47 (s,
1H), 8.15 (dt, J = 1.8 Hz, 8.1 Hz, 1H), 7.45 (dd,
J = 5.1 Hz, 7.8 Hz, 1H), 7.30 (t,J = 6.9 Hz, 2H), 7.20
(d, J = 7.8 Hz, 2H), 7.02 (t, J = 6.9 Hz, 1H); 13C
(75 MHz, CD3OD), 160.6, 151.7, 150.1, 149.4, 136.1,
130.5, 129.7, 125.6, 123.8, 115.5.


For the synthesis ofO-(p-nitrophenyl)hydroxylamine,
a solution of N-hydroxy-5-norbornene-2,3-dicarboxi-
mide (3.07 g, 15 mmol) and anhydrous K2CO3 (2.61 g,
18 mmol) in anhydrous DMF (50 ml) was stirred at room
temperature for 40 min, then 1-fluoro-4-nitrobenzene
(1.6 ml, 15 mmol) was added, and the reaction mixture
was stirred at 50°C overnight. After removing the solvent
in vacuo, the residue was diluted with 100 ml of saturated
NaCl and extracted twice with CHCl3 (350 ml). The
organic layers were washed with brine, dried over
Na2SO4 and, after evaporation of the solvent, yielded
4.16 g (92%) of the intermediateN-(4'-nitrophenyloxy)-
5-norbornene-2,3-dicarboximide.1H NMR (300 MHz,
CDCl3), 8.23 (d,J = 7.5 Hz, 2H), 7.09 (d,J = 7.5 Hz, 2H),
6.32 (m, 2H), 3.54 (brs 2H), 3.41 (m, 2H), 1.86 (d,
J = 9.0 Hz, 1H), 1.60 (d,J = 9.0 Hz, 1H); 13C NMR
(75 MHz, CDCl3), 166.2, 157.5, 139.9, 130.9, 121.5,
109.8, 47.2, 40.5, 38.8. The solution of the intermediate
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(300 mg, 1 mmol) in CH2Cl2 was mixed with hydrazine
monohydrate (76.6 mg, 1.5 mmol) (suspension) and
refluxed overnight. Evaporation of the solvent followed
by column chromatography (silica, CH2Cl2) yielded
111 mg (72%) ofO-(p-nitrophenyl)hydroxylamine.1H
NMR (300 MHz, CDCl3), 8.19 (d,J = 7.5 Hz, 2H), 7.25
(d, J = 7.5 Hz, 2H), 6.05 (s, 2H);13C NMR (75 MHz,
CDCl3), 166.3, 141.8, 125.6, 113.3; MS (FAB);m/z
154.0 (M�).


Kinetic studies. Kinetic runs were performed in 0.8–1 ml
volumes in NMR tubes that were temperature controlled
at the indicated temperatures and cooled to ambient
temperature prior to taking the NMR spectra at every
time point. Unless noted otherwise, the reactions were
performed in deuterium oxide of 99.8% enrichment. The
pD of the reagent stock solutions was adjusted by the
D2O solutions of TFA or HCl and/or NaOH before
mixing. At least 16 acquisitions of the1H spectra were
obtained for each time point. The spectra were processed
with the aid of the authentic Varian software and the
SwanMR software for Macintosh.14 In most cases, the
reaction course was monitored by integration of the
signals of the starting oxime referenced to the signal of
internal standard (1,4-dioxane) or the total integral of the
aromatic signals for the starting compound and the
products.


The pseudo-first-order rate constants were determined
by non-linear curve fitting to the first-order reaction
equation or from the initial rates (in the cases of slow
reactions and where the pseudo-first-order conditions
were not held). Activation parameters were determined
by fitting the data to the linearized form of the Eyring
equation:


ln�kobs=T� � ln�k=h� ��S6�=Rÿ�H 6�=�RT�:
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ABSTRACT: The MM3 force field has been extended to permit the treatment of organogermanes. The vibrational
spectra, molecular structures, moments of inertia, dipole moments and conformational energies of 21 compounds
were studied. The available experimental data are mostly well reproduced. Copyright 1999 John Wiley & Sons,
Ltd.
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INTRODUCTION


Molecular mechanics has become a powerful tool for
studying molecular structures and conformational en-
ergies during the past two decades. The MM2 force field,
which has been widely used, gives generally good results
for structures and energies for a wide variety of
compounds.1 A previous MM2 study on Group IV
organometallanes (germanium, tin, and lead) has been
published.2 However, early versions of MM2 gave some
minor errors, which were later corrected. Nevertheless,
there still appear to be some significant systematic errors,
and it would require substantial efforts to fix them.
Instead of trying to revise the MM2 force field, a new
force field (called MM3)1 was instead developed.3 The
MM3 force field has been applied to a variety of
compounds including hydrocarbons,3 alkenes,4 alcohols
and ethers,5 aldehydes and ketones,6 amines,7 conjugated
alkenes,8 nitro compounds,9 sulfides,10 disulfides11 and
conjugated carbonyls.12 In this paper, we are concerned
with the extension of MM3 force field to deal with the
organogermanes.


Unlike MM2, which fit structures and energies only,
we would also like to reproduce the vibrational spectra
here and these were studied first, using approximate
structures as obtained from MM2 parameters. This fairly
well determined the force parameters. We then adjusted
the other parameters, such as natural bond lengths, bond
angles, bond moments, etc., to give the best fit to the
experimental structures, conformational energies and
rotational barriers. Organogermanes, which are the
analogs of the silanes and corresponding hydrocarbons,
usually are tetrahedral with threefold rotational barriers.


In silanes, the bond lengths showed significant electro-
negativity effects, whereas in germanes the electronega-
tivity effect is still present, but it is much less significant.
The vibrational spectra of six compounds, and the
molecular structures, dipole moments and rotational
barriers of 11 compounds were examined. The final
parameter set derived is listed in Table 1.


RESULTS AND DISCUSSION


Vibrational spectra


There are eight organogermanes that have been studied
spectroscopically.13–22 Those are germane, methylger-
mane, trimethylgermane, ethylgermane, vinylgermane,
cyclobutylgermane, germacyclopentane and phenylger-
mane. From previous experience,3–12 in order to fit the
spectra better, some cross-terms such as the torsion–
bend–bend interaction are needed. However, such terms
are not part of the MM3 force field. We therefore accept
the resulting errors. The MM3-calculated vibrational
spectra for these eight germanes are summarized in the
Tables 2–9. The average MM3 Ge–H and Ge–C
stretching modes are 2085 cmÿ1 (over 18 bonds) and
547 cmÿ1 (over eight bonds), compared with the experi-
mental values of 2084 and 551 cmÿ1, respectively. The
skeletal bending modes, GeCC and CGeC, which are
experimentally in the region averaging around 239 cmÿ1,
are also well reproduced by MM3, 244 cmÿ1. However,
the modes involving hydrogen bendings show problems
similar to those previously found with other compounds.
Normally, the asymmetric and symmetric GeH3 defor-
mations are in the region of 900 and 800 cmÿ1,
respectively. There is a troublesome mode in vinylger-
mane, the CH2 rock, which was experimentally assigned
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at 877cmÿ1, while MM3 gives 1050cmÿ1. However,
therewasanothermode,theGeH3 deformation,wasalso
assignedat 887cmÿ1 which turnedout to be reasonable
for germyldeformation.Webelievethattheremightbea
frequencymissedor simply misassigned.Thecalculated
spectrumof germacyclopentanehas severalvibrations
with very large errors,especiallyan ‘A’ symmetryring
C–C stretchingmodewhich is 177cmÿ1 too high anda
‘B’ symmetryCH2 rock mode which is 219cmÿ1 too
low. Ther.m.s.erroris calculatedto be56cmÿ1, whichis
muchlargerthanwe would like to have,andtheaverage


Table 1. The MM3 parameter set for organogermanesa,b


Stretching parameters


Bond ks l0


1–31 2.72 1.949
5–31 2.55 1.529
2–31 3.58 1.935
22–31 2.70 1.911
31–31 1.45 2.404
1–31c 2.95 1.944
31–56 2.05 1.944


Bending parameters


Angle k� �0 Type


5–31–5 0.423 107.5 1
108.5 2
109.5 3


1–31–5 0.390 110.2 1
110.5 2
111.5 3


5–1–31 0.420 110.0 1
111.9 2
110.0 3


1–31–1 0.500 109.5 1
109.8 2
110.5 3


1–1–31 0.450 109.3
2–2–31 0.250 119.1
5–2–31 0.510 120.0
2–31–5 0.390 110.1
2–31–2 0.500 109.5
22–22–31 0.500 117.0
5–22–31 0.400 119.0
5–31–22 0.400 108.8
5–31–31 0.350 114.5
2–31–31 0.500 109.5
1–1–31c 0.680 105.5
1–31–1c 0.570 100.0
5–31–56 0.510 105.2
5–56–31 0.400 110.2
31–56–56 0.460 110.0
2–31 0.10


Torsional parameters


Dihedralangle V1 V2 V3


5–1–31–1 0.000 0.000 0.127
5–1–31–5 0.000 0.000 0.132
1–1–31–5 0.000 0.000 0.172
5–1–1–31 0.000 0.000 0.185
1–1–31–1 ÿ0.200 0.085 0.112
1–1–1–31 ÿ0.200 0.000 0.112
2–2–31–5 0.000 0.000 ÿ0.245
5–2–31–5 0.000 0.000 0.175
5–2–2–31 0.000 6.450 0.000
2–2–2–31 0.000 6.450 0.000
22–22–22–31 0.000 0.000 0.132
22–22–31–5 0.000 0.000 0.285
5–22–31–5 0.000 0.000 0.285
5–22–22–31 0.000 0.000 0.132
5–31–31–5 0.000 0.000 0.165
2–2–31–31 0.000 0.000 0.132
2–31–31–2 0.000 0.000 0.132
1–1–1–31b ÿ0.200 0.000 0.520


Table 1. (continued)


Torsional parameters


Dihedralangle V1 V2 V3


2–2–31–2 0.000 0.000 0.132
5–2–31–2 0.000 0.000 0.175
5–31–56–5 0.000 0.000 0.130
5–31–56–56 0.000 0.000 0.130
5–56–56–31 0.000 0.000 0.110
31–56–56–56 0.000 0.000 0.110
1–1–1–31c 0.000 0.000 0.520


Bond moment parameters


Bond Moment


1–31 ÿ0.635
2–31 ÿ1.120
22–31 ÿ0.500
31–31 0.000
1–31c ÿ0.495


Van der Waals parameters


Atom type � r*


31 0.200 2.440


Electronegativity correction


Bond Endof bond Atom type Correction


5–31 31 31 0.006
2–2 2 31 0.002
5–31 31 1 0.008


Stretch–bendparameter


Atom type ksb


X—Ge—Y 0.45
X—Ge—H 0.00


a Theatomtypenumbersarethoseusedin MM3; 1 is saturatedcarbon,
2 is unsaturatedcarbon,5 is hydrogen,22 is three-memberedring
carbon,31 is germaniumand56 is four-memberedring carbon.X and
Y areheavyatoms.
b Somevaluesin this parametersetaresomewhatdifferent from those
in MM3(96). The valuesmarkedwith an asteriskin MM3(96) were
only preliminaryandif thatversionof MM3 is usedfor calculationson
organogermanes,theparametersgiven in thetablesshouldbereadin.
Theseparameterswill be includedin MM3(99) andlater versions.
c Parameterfor five-memberedring.
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errorisÿ5 cmÿ1. Next is cyclobutylgermane.At timethe
forcefield for cyclobutanewasdeveloped,themolecular
structureand heat of formation were carefully repro-
duced,but the vibrational spectrumwas not examined.
Therefore, the force parametersfor open-chaincom-
poundswereused,andthosering deformations(includ-
ing stretchingandbending)werenotadequate.Ther.m.s.
andaverageerrorsfor cyclobutaneitself werelaterfound
to be 88 andÿ45cmÿ1. The MM3-calculatedspectrum
of cyclobutylgermaneshowsrelatedlarge errors in the
modesinvolving CH2 bending(Table 7), althoughthe
r.m.s.andaverageerrorsarenot sobad.Thespectrumof
phenylgermanewas reported by During et al.21 The
symmetryassignmentof this moleculeby MM3 andby
experimentare different. MM3 gives C1 symmetryand
experimentalassignmentswerebasedon C2v symmetry.
In Table 9, we list the spectrumbasedon the MM3
vibrational motions, and ignore the symmetry. This
spectrumwasnot includedin statisticalcalculations.The
r.m.s.andaverageerrorsof 176 vibrational frequencies
over a set of sevengermanesare 42 and ÿ12cmÿ1,
respectively.Thesmallvalueof thelatterindicatesa lack
of any serioussystematicerror, while the r.m.s.error is
similar to thatfor hydrocarbons(35cmÿ1) andis aboutas


Table 2. Vibrational spectra of germane


Symmetry No. Exptl13 MM3 D Assignment


A1 1 2111 2071 ÿ40 Sym.Ge–Hstr.
E 2 931 956 25 GeH3 def.
T2 3 2111 2090 ÿ21 Asym. Ge–Hstr.


4 821 795 ÿ26 GeH3 def.
R.m.s. 26
Av. ÿ15


Table 3. Vibrational spectra of methylgermane


Symmetry No. Exptl15 MM3 D Assignment


A1 1 2938 2882 ÿ56 Sym.C–H str.
2 2085 2076 ÿ9 Sym.Ge–Hstr.
3 1254 1225 ÿ29 CH3 def.
4 843 770 ÿ73 GeH3 def.
5 602 601 ÿ1 Ge–Cstr.


A2 6 155 175 20 Ge–Ctorsion
E 7 2997 2981 ÿ16 C–H str.


8 2084 2089 5 Ge–Hstr.
9 1428 1418 ÿ10 CH3 def.
10 900 907 7 GeH3 def.
11 848 799 ÿ49 CH3 rock
12 506 544 36 GeH3 rock


R.m.s. 31
Av. ÿ11


Table 4. Vibrational spectra of trimethylgermane


Symmetry No. Exptl18 MM3 D Assignment


A1 1 2982 2982 0 Asym. C–H str.
2 2922 2882 ÿ40 Asym. C–H str.
3 2040 2084 44 Sym.Ge–Hstr.
4 1426 1419 ÿ7 Asym. CH3 def.
5 1246 1223 ÿ23 Sym.CH3 def.
6 833 804 ÿ29 Sym.CH3 rock
7 571a 559 ÿ12 Sym.Ge–Cstr.
8 187 171 ÿ16 Sym.GeC3 def.


A2 9 — 2981 — Asym. C–H str.
10 — 1418 — Asym. CH3 def.
11 — 793 — CH3 wag
12 — 141 — Ge–Ctorsion


E 13 2982 2982 0 Asym. C–H str.
14 2981 ÿ1 Asym. C–H str.
15 2922 2882 ÿ40 Asym. C–H str.
16 1426 1418 ÿ8 Asym. CH3 def.
17 1418 ÿ8 Asym. CH3 def.
18 1246 1223 ÿ23 Asym. CH3 def.
19 850b 803 — Asym. CH3 rock
20 833 800 ÿ33 Asym. CH3 wag
21 624b 712 — CGeHbending
22 592 599 19 Asym. Ge–Cstr.
23 187 196 9 CGeCbending
24 — 145 — Ge–Ctorsion


R.m.s 20
Av. ÿ9


a Valuestakenfrom solid-statespectrum.
b Values taken from solid-state spectrum; two modes (850 and
624cmÿ1) were heavily coupledand reverselyassigned.The MM3
assignmentsaregiven in the table.


Table 5. Vibrational spectra of ethylgermane


Symmetry No. Exptl16 MM3 D Assignment


A' 1 2967 2964 ÿ3 Asym. CH3 str.
2 2931 2882 ÿ49 Sym.CH3, CH2 str.
3 2885 2868 ÿ17 Asym. CH3, CH2 str.
4 2079 2090 11 Asym. Ge–Hstr.
5


�
2076 ÿ3 Sym.Ge–Hstr.


6 1470 1456 ÿ14 Asym. CH3 def.
7 1422 1441 19 Asym. CH3 def.,


CH2 sci.
8 1379 1404 25 Asym. CH2 sci.,


CH3 def.
9 1232 1295 63 CH2 rock
10 1030 1002 ÿ28 CH3 rock
11 974 967 ÿ7 C–Cstr.
12 888 903 15 GeH3 def.
13 836 769 ÿ67 GeH3 def.
14 618 574 ÿ44 Ge–Cstr.,GeH3 rock
15 524 529 5 GeH3 rock, Ge–Cstr.
16 230 254 24 GeCCbending


A@ 17 2970 2965 ÿ5 Asym. CH3 str.
18 2957 2927 ÿ32 Asym. CH3 str.
19 2085 2089 4 Asym. Ge–Hstr.
20 1464 1467 3 Asym. CH3 def.
21 1238 1158 ÿ80 CH2 twist
22 979 998 9 CH3 wag
23 880 906 26 GeH3 def.
24 723 750 27 CH2 wag
25 492 540 48 GeH3 wag
26 — 223 — C–Ctorsion
27 — 124 — Ge–Ctorsion


R.m.s. 33
Av. ÿ3
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goodascanbeexpectedfrom a forcefield containingas
few cross-termsasMM3.


Sincegermaniumis slightly elecropositive,we might
expect that its substitution into a hydrocarbonwould
causethe C—H bond lengths in methylgermane,for
example,to stretch slightly. This stretchingwould be
small and hard to measuredirectly, but the stretching
frequenciesof theC—H bondscanbeusedasasensitive
measure of bond length.23 These show that C–H
stretchingis negligible.For ethylgermane,thestretching
appearsto be 0.011Å, but the experimentalerror is
0.010Å, and the stretching, if any, is too small to
measurewith certainty.


Structures and energies


MM3 is designed to reproduce gas-phaseelectron
diffraction structures,which usually are given in rg


units.3 Since the different experimentalmethodsgive
structuresin differentunits(rg, ra, rs, etc.),it is important
to comparetheMM3 andexperimentalvaluesin thesame
units.Thesevariousinterconversionsmaybecarriedout
using the MM3 program.24 Therefore,throughout the
presentstudy,we convertedthestandardrg valuesto the
units reported in the individual experimentsbefore
making comparisons.There are several isotopes of


germanium(70Ge–76Ge),a few of which havelargeand
roughly equalnaturalabundances.Here we specifically
used the moments of inertia correspondingto the
principal isotope(74Ge) to comparethe calculatedand
experimentalvalues.The molecularstructuresof orga-


Table 6. Vibrational spectra of vinylgermane


Symmetry No. Exptl19 MM3 D Assignment


A' 1 3066 3103 37 =CH2 str.
2 3003 3045 42 =CH str.
3 2959 3007 48 =CH2 str.
4 2090 2089 ÿ1 GeH3 str.
5


�
2076 ÿ14 GeH3 str.


6 1595a 1602 7 C=C str.
7 1398 1430 32 =CH2 sci.
8 1268 1225 ÿ43 =CH in-plane-


bending
9 887b 1046 — =CH2 rock


10 887 903 16 GeH3 def.
11 834 755 ÿ79 GeH3 def.
12 639 639 0 Ge–Cstr.
13 543 538 ÿ5 GeH3 wag
14 267a 289 22 GeC=C bending


A@ 15 2090 2090 0 GeH3 str.
16 1007 1062 55 =C–H out-of-plane


bending
17 950 906 ÿ44 =CH2 wag(out-of-


planebending)
18 876 903 27 GeH3 def.
19 524 558 34 GeH3 wag
20 420 446 26 =CH2 twist,


GeH3 twist
21 — 127 — Ge–Ctorsion


R.m.s. 35
Av. 8


a Valuestakenfrom liquid Ramanspectrum.
b Seetext.


Table 7. Vibrational spectrum of cyclobutylgermane (equa-
torial)


Symmetry No. Exptl22 MM3 D Assignment


A' 1 2980 2983 2 g-CH2 str.
3019a 2983 ÿ36


2 2968 2978 10 b-CH2 str.
2961a 2978 17


3 2927 2920 ÿ7 g-CH2 str.
2935a 2931 ÿ4


4 2919 2914 ÿ5 a-CH str.
5 2873 2899 26 b-CH2 str.


2879a 2900 21
6 2072 2089 17 GeH3 str.
7 2068 2075 7 GeH3 str.
8 1473 1383 ÿ90 g-CH2 def.
9 1451 1330 ÿ121 b-CH2 def.


10 1262 1294 32 a-CH in-planebend
1269a 1262 ÿ7


11 1231 1157 ÿ74 b-CH2 wag
1236a 1169 ÿ67


12 1201 1079 ÿ22 b-CH2 twist
13 1067 1031 ÿ36 Ring def.


1036a 1021 ÿ15
14 999 981 ÿ17 Ring breathing
15 883 895 12 GeH3 def.
16 853 878 25 b-CH2 rock
17 828 846 18 GeH3 def.
18 692 707 15 Ring def.


708a 709 1
19 598 588 ÿ10 g-CH2 rock
20 588 562 ÿ26 GeH3 rock


675a,b 496 —
21 440 410 ÿ30 Ring-Gestr.


484a 459 ÿ25
22 262 261 ÿ1 Ring-Gebend


260a 260 0
23 135 148 13 Ring puckering


107a 130 23
B 24 2956 2978 22 b-CH2 str.


25 2933 2908 ÿ25 b-CH2 str.
26 2074 2090 16 GeH3
27 1443 1343 ÿ100 b-CH2 def.
28 1251 1160 ÿ91 g-CH2 wag
29 1220 1123 ÿ97 b-CH2 wag
30 1183 1050 ÿ133 g-CH2 twist
31 1081 1004 ÿ77 b-CH2 twist
32 940 969 29 Ring def.
33 924 929 5 a-CH bend
34 876 864 ÿ12 GeH3 def.
35 820 871 51 Ring def.
36 779 851 72 b-CH2 rock
37 566 569 3 GeH3 rock
38 186 196 10 Ring-GeH3 bend
39 130 107 ÿ23 GeH3 torsion


R.m.s. 46
Av. ÿ14


a For axial conformer.
b This frequencywasalsoassignedasa ring deformation.
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nogermanescalculatedby MM3 arelisted in Tables10–
24, alongwith theobserveddata.


Germane. The rotationalconstant(B0) of germanewas
determinedbasedon the infrared spectrum.25 The best
value for B0 was determinedas 2.69587(7)cmÿ1. The
Ge—H bond length is accordingly computed to be
1.525358(20)Å (r0). MM3 givesanrzbondlength,which
shouldbecloseto r0, of 1.522Å.


Methylgermane. Thestructuralparametersfor methyl-
germaneweredeterminedby microwavespectroscopy.26


The Ge—C and Ge—H bonds were 1.9453(5) and
1.529(5)Å (rs), comparedwith 1.943 and 1.517Å by
MM3, respectively.TheC—H bondsweredeterminedas
1.083(5)Å andtheMM3 valueis 1.095Å. Similarly to its
siliconanalog,methylsilane,themoststableconformeris
the staggeredform. The barrier to internal methyl
rotationis 1.23kcalmolÿ1 by MM3, and1.24kcalmolÿ1


by themicrowavemethod(1 kcal= 4.184kJ).Thedipole
momentof methylgermanewasmeasuredas0.635(6)D
from the Stark effect. The MM3-calculated dipole
moment is 0.64 D. In Table 11, we summarizethe
experimentalandMM3-calculated structuresof methyl-
germane.The barriers to internal rotation and dipole
momentsof the organogermanesare listed in Tables25
and26, respectively.


Table 8. Vibrational spectra of germacyclopentane (C2 twist)


Symmetry No. Exptl20 MM3 D Assignment


A 1 2932a 2945 13 a-CH2 str.
2 2904a 2925 21 b-CH2 str.
3 2881 2891 10 a,b-CH2 str.
4 2865 2875 10 b,a-CH2 str.
5 2066 2081 15 Asym. GeH2 str.
6 1453 1453 0 Sym.b-CH2


scissoring
7 1419 1426 7 a-CH2 scissoring
8 1324 1377 53 b-CH2 wag
9 1246 1209 ÿ27 a-CH2 wag


10 1200 1170 ÿ30 b-CH2 twist
11 1078 1099 21 a-CH2 twist
12 848a 1025 177 C-C str.
13 1025 941 ÿ84 b-CH2 rock
14 881 837 ÿ44 GeH2 scissoring
15 762 797 35 C-C str.,GeH2


scissoring
16 785b 756 — a-CH2 rock
17 635 623 ÿ12 Ge-Cstr.
18 543 596 53 GeH2 twist
19 345 296 ÿ49 GeCCbending
20 273a 284 11 CGeCbending


B 21 2978 2945 ÿ33 a-CH2 str.
22 2946 2926 ÿ20 b-CH2 str.
23 2936 2890 ÿ46 a-CH2 str.
24 2922 2865 ÿ57 b-CH2 str.
25 2066 2090 24 GeH2 str.
26 1455 1447 ÿ8 Asym.b-CH2


scissoring
27 1429 1395 ÿ34 a-CH2 scissoring
28 1312 1344 32 b-CH2 wag
29 1251 1205 ÿ46 a-CH2 wag
30 1150 1191 41 b-CH2 twist
31 1033 1072 39 a-CH2 twist
32 946 947 1 C–Cstr.
33 1057 838 ÿ219 b-CH2 rock
34 804 776 ÿ28 a-CH2 rock
35 694a 641 ÿ53 GeH2 wag
36 589 567 ÿ22 Ge–Cstr.
37 481 474 ÿ7 Ge–Cstr.,GeH2


rock
38 431 469 38 GeH2 rock
39 113 110 ÿ3 Ring puckering


R.m.s. 56
Av. ÿ5


a Valuestakenfrom liquid Ramanspectrum.
b Estimatedvalue,seeRef. 20.


Table 9. Vibrational spectra of phenylgermane


No. Exptl21 MM3 Assignment


1 3082 3055
2 3069 3050
3 3047 3045


9>>=>>; Ph–Hstr.
4 3022 3041
5 3000 3038
6 — 2090
7 2072


(
2089


)
Ge–Hstr.


8 2076
9 1583 1656 C=C str.


10 1571 1650 C=C str.
11 1482 1607 C=C str.
12 1433 1500 C=C str.,Ph–Hin-planebending
13 1329 1429 Ph–Hin-planebending
14 1301 1326 Ph–Hin-planebending
15 1187 1222 Ph–Hin-planebending
16 1151 1202 Ph–Hin-planebending
17 968 1090 Ph–Hout-of-planebending
18 1096 1082 Ph–Gestr.
19 1026 1029 Ph–Hin-planebending
20 968a 1006 Ph–Hout-of-planebending
21 999 969 Ring def.
22 948a 921 Ring def.,Ph–Hout-of-plane


bending
23 878 902 Asym. GeH3 def.
24 — 897 Asym. GeH3 def.
25 910 876 Ph–Hout-of-planebending
26 826 753 Sym.GeH3 def.
27 738 734 Ph–Hout-of-planebending
28 673 668 In-planering def.
29 699 644 Ph–Hout-of-planebending,ring


out-of-planebending
30 619 601 In-planeRing def.
31 — 586 Ph–Hout-of-planebending,


ring out-of-planebending
32 585 531 GeH3 rock
33 580 530 GeH3 wag
34 418 388 Ring out-of-planebending
35 395 358 Ring out-of-planebending
36 292 302 Ring def.
37 230 185 Ring-Gein-planebending
38 161 138 Ring-Geout-of-planebending
39 — 0 Ring-GeH3 free rotation


a Estimatedvalues.
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Table 10. Molecular structure (r0) of germanea


Exptl25 MM3/D


Ge—H 1.5253 1.522/ÿ0.003
HGeH — 109.5/–


Momentsof inertiab Exptl25 MM3/%


Ix = Iy = Iz 6.253 6.2739/0.33


a Hereandin subsequenttables,bondlengthsin Å, anglesin degrees.
b Atomic unit.


Table 11. Molecular structure (rS) of methylgermane


Exptl26 MM3/D


Ge—C 1.945(5) 1.943/ÿ0.002
Ge—H 1.529(5) 1.517/ÿ0.012
C—H 1.083(5) 1.095/0.012
HGeH(�S) 108.2(5) 108.0/ÿ0.2
HCH 108.4(5) 108.2/ÿ0.2


Momentsof inertiaa Exptl26 MM3/%


Ix 9.376 9.3133/ÿ0.67
Iy = Iz 58.445 58.6285/0.31


a Convertedfrom rotationalconstants,A@ = 1.798(25)cmÿ1, cited in
Ref. 14.


Table 12. Molecular structure (r0) of dimethylgermane


Exptl27 MM3/D


Ge—C 1.950(3) 1.949/ÿ0.001
C—H 1.083(assumed) 1.101/–
HCH 108.5(assumed) 108.2/–
CGeC 110.0(5) 109.9/ÿ0.1


Momentsof inertia Exptl27 MM3/%


Ix
a 40.3844 40.6281/0.60


Iy 90.4722 90.6939/0.25
Iz 118.5421 118.7043/0.14


a Rotational constants:A = 12522.67MHz, B = 5587.68MHz and
C = 4264.57MHz.


Table 13. Molecular structure (rS) of trimethylgermane


Exptl28 MM3/D


Ge—C 1.947(6) 1.946/ÿ0.001
Ge—H 1.532(1) 1.525/ÿ0.007
C—H 1.095(assumed) 1.095/–
CGeC(�0) 109.6(1) 109.2/ÿ0.4
GeCH 110.97(assumed) 110.7/–
CGeH 109.3(assumed) 109.7/–


Momentsof inertiaa Exptl28 MM3/%


Ix = Iy 105.60 106.0489/0.43


a B = 4785.88MHz.


Table 14. Molecular structure (rg) of tetramethylgermane


Exptl29 MM3/D


Ge—C 1.945(3) 1.949/0.004
C—H 1.12(2) 1.112/ÿ0.008
GeCH 108(2) 110.7/2.7
CGeC 109.5(fixed) 109.5/–
HCH 110.6(15)a 108.2/ÿ2.4


a Dependentparameter.


Table 15. Molecular structure (r0) of ethylgermane


Exptl16 MM3/D


Ge—C 1.949(10) 1.957/0.008
Ge—H 1.522(10) 1.531/0.009
C2—C3 1.545(10) 1.534/ÿ0.011
C2—H 1.093(10) 1.103/0.010
C3—H 1.091(10) 1.104/0.013
GeCC 112.16(75) 112.15/0.01
HGeH 108.59(75) 108.01/ÿ0.58
GeC2H 111.64(75) 110.05/ÿ0.59
HGeC 109.74(75) 110.90/1.16
HC2H 106.43(75) 106.47/0.04
HC3H 108.04(75) 107.14/ÿ0.90
C3C2H 107.87(75) 108.98/1.12
C2C3H 110.86(75) 111.71/1.05


Momentsof inertiaa Exptl16 MM3/%


Ix 22.7099 22.7318/0.10
Iy 141.057 141.6021/0.39
Iz 151.350 151.8699/0.34


a Rotationalconstants:A = 22254.227(378)MHz,
B = 3528.885(17)MHz, C = 3339.232(16)MHz.


Table 16. Torsional energies of methylethyl- and propylger-
mane


DE (kcalmolÿ1)


Compound Ouellette34 MM2 MM3


Methyethyl- cis 0.96 1.25 1.31
gauche ÿ0.21 ÿ0.13 ÿ0.09
skew 1.26 1.30 1.33
anti 0.00 0.00 0.00


Propyl- cis 5.90 4.93 5.08
gauche 0.46 0.62 0.64
skew 3.49 2.58 2.78
trans 0.00 0.00 0.00


Table 17. Conformational energies of n-methylgermacyclo-
hexane


DGa (kcalmolÿ1)


Compound MM2b MM3 Exptl33


1-Methyl- ÿ0.25 ÿ0.20 ÿ0.24
2-Methyl- 0.89 1.10 —
3-Methyl- 1.34 1.94 —
4-Methyl- 1.41 1.97 —


a DG = GaxÿGeq.
b MM2 valueis the differencein stericenergies.
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Dimethylgermane. The molecular structure of di-
methylgermanehas been determined by microwave
spectroscopy.27 The MM3-calculated structure agrees
well with thatobserved(seeTable12).Thebarrierto the
methyl rotation was determinedas 1.18(3)kcalmolÿ1,
compared with the MM3 value of 1.23kcalmolÿ1.
However, the dipole moment of dimethylgermaneis
calculatedtoo large by MM3, 0.73 D, and 0.616(6)D
from experiment.


Trimethylgermane. The molecularstructure,rs value,
of trimethylgermanewasdeterminedfrom the rotational
spectrum.28 All threemethylgroupswereassumedto be
thesameto determinetheGe—CbondlengthsandCGeC
bond angles.The observeddata and MM3 resultsare
summarizedin theTable13.


Table 18. Molecular structure (r0) of vinylgermane


Exptl35 MM3/D


Ge—C2 1.926(12) 1.939/0.013
Ge—H 1.520(5) 1.520/0.000
C2=C3 1.347(15) 1.339/ÿ0.008
C2—H 1.094(assumed) 1.092/–
C3—H 1.097(assumed) 1.090/–
GeCC 122.9(6) 122.67/ÿ0.23
CGeH 109.7(6) 110.36/0.66
C2C3H4 120.35(assumed) 120.55/–
C2C3H5 120.65(assumed) 121.67/–
C3C2H 118.00(assumed) 119.14/–


Momentsof inertiaa Exptl35 MM3/%


Ix 15.4446 15.3543/ÿ0.58
Iy 131.620 132.2862/0.51
Iz 140.896 141.5505/0.46


a Rotationalconstants:A = 32721.94MHz, B = 3839.67MHz,
C = 3586.89MHz.


Table 19. Molecular structure (ra) of cyclopropylgermane


Exptl36 MOa,e,37 MM3/D


Ge—C1 1.924(2) 1.9227 1.925/0.001
Ge—Hav. 1.530b 1.546 1.524/ÿ0.006
C1—C2 1.521(7) 1.5253 1.514/ÿ0.007
C2—C3 1.502(9) 1.5086 1.510/0.008
C—H av. 1.091(3) 1.078 1.082/ÿ0.009
HCH 118.2(23) 114.40 115.27/ÿ2.93
C1GeH 108.8(12) 110.4 109.84/1.04
HC1Ge — 115.48 113.29/–
C2C1C3 — 59.38 59.80/–
C1C2C3 — 60.36 60.10/–
!1


c 55.5(16) — 52.8/ÿ2.7
!2


d 57.3(19) — 60.5/3.2


a Thegeometryoptimizationuseda 4–21G(C)/3–21G*(Ge)basis.
b Not refinedparameter.
c Dihedralanglebetweenline C1—GeandplaneC1C2C3.
d Dihedralanglebetweenline C1—H andplaneC1C2C3.
e In re units.


Table 20. Molecular structure (rg) of cyclobutylgermane


Exptl39 MM3/D


Ge—C1 1.950(4) 1.948/ÿ0.002
Ge—Hav. 1.513(8) 1.529/0.016
C1—C2 1.559(7) 1.559/0.000
C2—C3 1.560(constrained) 1.558/–
C—H av. 1.085(4) 1.113/0.028
C2C1C4 89.6(7) 87.7/ÿ1.9
HCH 105.9(32) 112.1/6.5
C1GeH(eq) 103.7(29) 107.8/4.1
(ax) 110a 107.8/–
!1


b (eq) 25.3(31) 32.4/5.1
(ax) 20.4(36) 27.4/7.0
!2


c (eq) 131.2(11) 130.2/ÿ1.0
(ax) 126.4(19) 129.7/3.3


Momentsof inertia Exptl40 MM3/%


Ix (eq) 56.780 56.9611/0.32
(ax) 69.902 68.6784/ÿ1.75
Iy (eq) 320.537 315.7213/ÿ1.50
(ax) 281.534 289.4080/2.80
Iz (eq) 349.853 343.7174/ÿ1.75
(ax) 298.278 306.4564/2.74


a Not refined.
b Puckeringangle.
c Thedihedralangleof the Ce—C1 bondandC2C1C4 plane.


Table 21. Molecular structure (ro) of germacyclopentane


Exptl42 MM3/D


Ge—C 1.95(assumed) 1.963/–
Ge—H 1.53(assumed) 1.537/–
C—C av. 1.53(assumed) 1.539/–
C—H av. 1.09(assumed) 1.103/–
HCH (�0) 109(assumed) 107.3/–
HGeH 111(assumed) 110.1/–
GeCC 106 103.1/ÿ2.9
CGeC 98 93.6/ÿ5.4
CCC 115 109.3/ÿ5.7


Momentsof inertiaa Exptl42 MM3/%


Ix 94.958 94.8787/ÿ0.08
Iy 177.866 177.8207/0.03
Iz 247.625 247.4586/ÿ0.07


a Rotationalconstants:A = 5323.7MHz, B = 2842.20MHz,
C = 2041.52MHz.


Table 22. Molecular structure (rg) of 1-methyl-1-germa-
adamantane


Exptl46 MM3/D


Ge—Cav. 1.954(3) 1.947/ÿ0.007
C—C av. 1.545(2) 1.546/0.001
C—H av. 1.112(8) 1.114/0.002
C7GeC9 101.8(5) 101.9/0.1
GeC7C1 106.3(5) 106.3/0.0
C1C2C3 113.2(50) 113.9/0.7
C2C1C6 107.5(15) 109.3/1.8
!C1C2C3C4 57.9 54.3/ÿ3.6
!a 120.4(12) 117.9/ÿ2.5


a TheanglebetweenplaneC1C2C3 andplaneC1C3C7C8.
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Tetramethylgermane. Electron diffraction29 was ap-
plied to determine the molecular structure of tetra-
methylgermane,rg value. The methyl barrier was
measuredas 1.3kcalmolÿ1 by far-infrared spectro-
scopy,30 which was different from that in an earlier
study,0.65kcalmolÿ1.31 The former valueis consistent
with the other studiesof methyl-substitutedgermanes.
MM3 givesthebarrieras1.24kcalmolÿ1.


Ethylgermane. Variousmethodshavebeenemployedin
studyingthe structureof ethylgermane.16,32 The experi-
mentalindividual bondlengthshavea largeuncertainty.
Themomentsof inertia arefitted very well althoughthe
individualbondlengthsarefittedpoorly.Thegermyland
methylbarrierswere1.41(3)and2.85(3)kcalmolÿ1 from
microwaveanalysis,respectively.MM3 givesvaluesof
1.38and2.71kcalmolÿ1.


Propylgermane and methylethylgermane. Methyl-
ethylgermaneand propylgermane,which would nor-
mally beusedto determinethetorsionalparameters1–1–
1–31 and 1–1–31–1,havenot beenstudiedexperimen-
tally or theoreticallyyet. The ab initio methodcan be
carried on our IBM workstation,but the largestbasis
available in Gaussian90 is STO-3G for germanium,
which would not beexpectedto give a goodpredictions
of energies.However,thereis a molecule,1-methylger-
macyclohexane,thatwecanusefor parametrization.This
moleculehasbeeninvestigatedin anNMR study.33 From
14C and 73Ge chemicalshift data,it was found that the
axialandequatorialconformershaveanequilibriumratio
of 60:40, which correspondsto the axial isomerbeing
morestableby 0.24kcalmolÿ1. MM3 calculationsgivea
valueof 0.20kcalmolÿ1 (DE). Applying this parameter
set,we alsostudiedmethylethylgermane, propylgermane
and2-,3- and4-methylgermacyclohexane.Tables16and
17, show that the MM3 results are similar to those
obtainedby MM2 calculationsandto thosereportedby


Ouellette.34 For methylgermacyclohexane, asthemethyl
groupis shiftedto the2-, 3- and4-positions,theeffectof
germaniumbecomessmaller and the axial–equatorial
energydifferenceshouldbecloserto thatof cyclohexane
(2.09kcal molÿ1, DG), andthe trendis shownin Table
17.


Vinylgermane. The r0 molecular structure has been
determinedby microwavestudies,35 but manystructural
parameterswere assumed.The experimentalquantities
therefore contain sizable uncertainties. The MM3
geometry agreeswith the experiment to within the
uncertaintiesin thelatter.Themomentsof inertiaarewell
calculated(seeTable18).TheMM3 structureis believed
to bemorereliable.


Cyclopropylgermane. The molecularstructureof cy-
clopropylgermanehas been determined by electron
diffraction,36 which gavean ra structure.The following
assumptionswere made to reducethe number of the
experimental structural parameters:all C—H bond
lengthswereequal,andGe—Hbondlengthswereequal
andthegermylgrouphadlocalC3v symmetry.A Hartee–
Fock calculation was also reported.37 The results are
listed in Table 19. The rotationalbarrier of the germyl
groupis alsowell reproduced,1.32kcalmolÿ1 by MM3


Table 23. Molecular structure (rg) of digermane


Exptl47 MM3/D


Ge—Ge 2.403(3) 2.403/0.0
Ge—H 1.541(6) 1.535/ÿ0.006
HGeH 106.4(8) 107.0/0.6
GeGeH 112.5(8) 111.9/ÿ0.6


Table 24. Molecular structure of hexaphenyldigermane


Exptl49 MM3/D


Ge—Ge 2.437(2) 2.434/ÿ0.003
Ge—Cav. 1.958 1.954/ÿ0.004
C—C av. 1.388 1.399/0.011
GeGeCav. 110.8 110.0/ÿ0.8
CGeCav. 108.1 109.0/0.9


Table 25. Torsional barriers of organogermanes


Compound Exptl MM3/D


Methylgermane(Me) 1.2426 1.23/ÿ0.01
Dimethylgermane(Me) 1.18(3)27 1.23/0.05
Trimethylgermane(Me) — 1.24/ÿ
Tetramethylgermane(Me) 1.329 1.24/ÿ0.06
Ethylgermane(Me) 2.85(3)16 2.71/ÿ0.14


(germyl) 1.41(3)16 1.38/ÿ0.03
Vinylgermane 1.238(57)35 1.21/ÿ0.028
Cyclopropylgermane


(germyl)
1.3638 1.32/ÿ0.04


Germacyclopentane
(pseudorot.)


5.9(1)43,a 4.01/ÿ
Digermane 1.49(20)48 1.49/0.00
CyclobutylgermaneDGaxÿeq 0.7439 0.78/0.04


Barriers DEgermyl 1.26(eq)40 1.23/ÿ0.03(eq)
1.19(ax)40 1.29/0.10(ax)


DEb 1.2440 1.60/0.36


a Seetext.
b Barrier to interconversionof the equatorialto axial conformation.


Table 26. Dipole moments of organogermanes


Compound Exptl MM3/D


Methylgermane 0.635(6)26 0.64/0.00
Dimethylgermane 0.616(6)27 0.73/0.11
Trimethylgermane — 0.64/ÿ
Ethylgermane 0.76(2)16 0.64/ÿ0.12
Vinylgermane 0.50(3)35 0.50/0.00
Germacyclopentane 0.665(7)43 0.70/0.03
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compared with the experimental value of
1.36kcalmolÿ1.38


Cyclobutylgermane. There are two reports on the
structure and conformationsof this molecule, using
electrondiffraction39 and microwave40 methods.MM3
calculatestheC—CandGe—Cbondlengthscloseto the
experimentalvalues,but not theGe—HandC—H bond
lengths.Sincetherewasonly onelargepeakin the1.5Å
region,it wasdifficult to obtainaccurateindividual bond
lengths. The 2–3 bond lengths appear to have been
constrainedto be too large in the experimentalwork,
forcing theGe—Hbondto betoo short.We feel that the
MM3-calculatedGe—H bond length is more reliable
thanthe experimentalvalue.The C—H bondlengthfor
cyclobutaneitself wasdeterminedto be1.109(3)Å (anrg


value)by Kuchitsuandco-workers41 andMM3 givesa
valueof 1.113Å. Forcyclobutylgermane,theC—H bond
length was reportedto be 1.085(4)Å, comparedwith
1.113Å by MM3. Thereis noobviousreasonfor thisC—
H bondshortening.Thefour-memberedring is calculated
to be slightly more puckeredby MM3 than is found
experimentally. The free energy difference between
equatorialandaxial conformerswasdeterminedexperi-
mentally to be 0.74kcalmolÿ1,39 and MM3 gives
0.78kcalmolÿ1. Also, the germyl group rotational
barriersare fitted fairly well (seeTable 25). Moments
of inertiaarepoorly reproducedbecauseof the lack of a
torsion–bendinteraction.40 This error is found in all
monosubstitutedcyclobutaneswith MM3.


Germacyclopentane. Four isotopic speciesof germa-
cyclopentanehavebeenstudiedby microwavespectro-
scopy42 to determinedthemolecularstructure.Eventhen,
thestructuralparameterscouldnot bedeterminedunless
the valuesof someparameterswereassumed.Only the
CGeC, CCGe, CCC and twist angles were then
determined.The MM3-calculatedindividual parameters
for thisheterocyclicfive-memberedring compoundagree
poorly with experiment,but the momentsof inertia are
fittedfairly well. Thissuggeststhattheconstraintsplaced
upon the experimentalinterpretationof the data were
inadequateandwe feel that theMM3 structureis better.
The microwavestudy indicated that the C2 half chair
form was more stable than the Cs envelopeform by
1.4kcalmolÿ1. A far-infrared study by Durig et al.
showedthat thebarrierto pseudorotationin germacyclo-
pentane was 5.9kcalmolÿ1.43 The same barrier of
silacyclopentane was determined to be 3.9–
4.04kcalmolÿ1.44 We thereforebelieve the value for
germacyclopentaneis too high. TheGe—Cbondis only
slightly longer than the Si—C bond,and the barrier to
pseudorotationshould be similar to the barrier for
silacyclopentane.MM3 calculation gives the C2 form
as the most stable, and the Cs form is higher by
4.01kcalmolÿ1, which is the height of the pseudorota-


tional barrier. The MM3 energyof the planar form is
5.81kcalmolÿ1 abovetheC2 form.


1-tert-Butylgermacyclohexane. The conformational
energyof 1-tert-butylgermacyclohexane has beenesti-
mated from the 13C and 73Ge NMR spectra.45 It was
found by MM3 that the equatorialconformer is more
stable by 0.62 and 1.47kcalmolÿ1 for DE and DG,
respectively. The value determined by NMR was
1.3kcalmolÿ1 (DG). The MNDO methodgavea value
of 0.60kcalmolÿ1 (DE). The earlier MM2 calculations
showedan energydifferenceof 0.33kcalmolÿ1 andan
old molecularmechanicscalculationby Ouellette34 gave
1.23kcalmolÿ1.


1-Methyl-1-germaadamantane. The structureof this
compoundappearsto have been well determinedby
electron diffraction.46 The MM3 structure (Table 22)
agreeswith theexperimentalstructurefairly well, except
for the averageGe—Cbondlength,which is calculated
tooshortby 0.007Å. Theexperimentalvalueseemswell
determined,and the MM3 value is thought to be less
accuratefor unknownreasons.


Digermane. This molecule has been studied by the
electrondiffractionmethod.47No spectroscopicstudyhas
beenpublishedfor digermaneitself, but from theIR and
Ramanstudiesof thehexaphenylderivativein thesolid,
theGe–Gestretchingmodewasobservedin theregionof
220–250cmÿ1. MM3 givesa valueof 225cmÿ1 for that
mode for digermane.The Ge—Ge bond length was
determinedto be2.403(3)Å (rg), comparedwith theSi—
Si bond length, 2.331(2)Å in disilane, and the C—C
bond length in ethane,1.534(2)Å. The changein bond
length on going from silicon to germaniumis much
smallerthanthechangeon goingfrom carbonto silicon,
as expected.MM3 calculatedthe Ge—Gebond length
to be 2.403Å. The GeH3 barrier was determinedto
be 1.49(20)kcalmolÿ1,48 and MM3 also gives
1.49kcalmolÿ1 (DE).


Hexaphenyldigermane. The molecular structure of
hexaphenyldigermane hasbeendeterminedusing x-ray
crystallography.49 Thesolid-phaseIR andRamanspectra
were also recorded.The GeGeCbending frequencies
werefoundaround200cmÿ1, andwereusedto determine
the GeGeCforce constant.The Ge—Gebond length is
stretched out to 2.434Å by MM3 calculation, in
agreementwith the experimentalvalue of 2.437(2)Å.
The CGeCand GeGeCanglesare 109.0and 110.0° as
given by MM3, comparedwith the experimentalvalues
of 108.1and110.8°, respectively.


Heats of formation


The heatsof formation for moleculesof this classwere
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alsocalculatedusingtheusualmethod.50 Unfortunately,
thereare very limited data available,for tetraethylger-
mane, tetra-n-propylgermaneand hexaethyldigermane.
Additionally, the experimentaldata51 have fairly large
errors (1.5kcalmolÿ1 on average).They are all fitted
fairly well, but the small standard deviation
(0.106kcalmolÿ1) is a result of the limited data.Only
two parameterswerederived,thebondincrementsof C—
Ge and Ge—Ge. The Ge—H bond increment and
structural features are missing becauseno data for
moleculescontainingthesemoietieshavebeenreported.
TheMM3 resultsaresummarizedin Table27.Wewould
expect that heats of formation can be calculatedfor
tetraalkylgermanes and hexaalkyldigermanes with an
expectederrorof about2 kcalmolÿ1.


Parameterization


A reviewer asked that we outline just how the
parameterizationwas donein the work describedhere.
We will try to give here sufficient detail so that the
processcouldberepeatedby someoneknowledgeablein
molecular mechanicsand in eachof the experimental
methodsdiscussed.


Thestandardprocedurefor fitting parametersto datais
to use the least-squaresmethod, and weight the data
proportionally to the inverse of their experimental
errors.52 We tried to do this long ago,53 but found that,
generally,much better resultscould be obtainedin the
following way. One needsto start with a trial set of
parameters.Thesecan now be conveniently obtained
from theMM3 programitself.54 Lackingthat,onesimply
needsto guesssomeapproximatenumbers(estimatesof
bond lengths,angles,stretchingand bendingconstants
andthelike). Onethencarriesoutgeometryoptimization
calculationson all of the moleculesin the dataset,and
examinestheresults.For themostpart,theresultsshould
bewithin the‘ballpark.’ Thatis, thebondlengthsmaybe
in errorby 0.03Å, theanglesby 5–10°, etc.,but at least
onehasan approximatestructurefor eachmolecule,an
initial estimateof thevibrationalspectrum(� 100cmÿ1)
andapproximateparameters.The point is to thenrefine
the parametersso as to reproduceoverall the structures
andotheravailabledataaswell aspossible.The reason


why a brute-forcetype least-squaresfit is generallynot
very good is that one usually does not have reliable
estimatesof theexperimentalerrors,andthereforecannot
reliably weight the termsthat go into the fitting. Some
reasonswhy the experimentalerrors are not accurate
include the fact that the experimentaldatamay spana
time period of up to 50 years or so. Many kinds of
systematicerrorswereuncovered,andgraduallyreduced
over that period. Since the measurementscome from
many different laboratories,one doesnot know when
various improvementswere incorporated in a given
laboratory,andthereforethereis no straightforwardway
to allow for this chronologicaleffect in weighting the
data.At leasttwo othermajor problemsarise.The most
importantof theseis thatwhenelectrondiffraction,x-ray,
neutrondiffraction or microwavedataarebeingfitted by
theexperimentalistsin thederivationof thestructure,one
determinesan ‘estimated standard deviation’ in the
structural parameters.This is a measureof how well
thestructurefits thedata,but frequentlynotameasureof
how accurate the structure is. The problem is that
different structuresmay equally well fit the data. For
example,a radial distribution peakmay be madeup of
two Gaussianpeaks, each of which has some half
bandwidth. It is not possible from this experimental
information alone to determineif those two lines are
fartherapartwith relativelysmallvibrationalamplitudes,
or closer together with large vibrational amplitudes.
However,what onecando is to measurethe averageof
the two with good accuracy. In comparing with
experimentthen,onemayfind onemolecularmechanics
bond length is too long relative to experiment,and
anotheris too short, but the averageis just right. This
probablymeansthat themolecularmechanicsvaluesare
correct.Theindividual experimentalvaluesareoftennot
accurate,but the averageis (which is what is actually
measured).Consequently,suchreportedindividual bond
lengthsneedto begivenminimal weight in this case.


Microwave data are difficult to interpret in another
way. If one has enough isotopic data, then one can
generatean rS structure. However, the relationship
betweenthe rS structureandany otherkind of structure
(e.g. the rg structureobtainedfrom electrondiffraction)
wasnot knownuntil recently.24aIf anro or rz structureis
obtainedinstead,the rotational frequenciesuponwhich


Table 27. Heats of formation of germanesa


Compound W Hf° SumH Steric Pop TORS T/R Calc./D


Tetraethylgermane 5 ÿ34.6(1.2) ÿ77.83 6.63 0.0 1.68 2.40 ÿ34.73/ÿ0.14
Tetra-n-propylgermane 5 ÿ54.9(1.0) ÿ104.76 10.65 1.2 3.36 2.40 ÿ54.90/0.13
Hexaethyldigermane 5 ÿ75.5(2.2) ÿ116.75 ÿ9.13 0.0 2.94 2.40 ÿ75.50/0.00


Bestvalues:
Ge—C= 8.0962 Ge—Ge=ÿ3.5375
Standarddeviation= 0.11


a W= Weight.
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this structureis basedareusuallyaccurateto five or six
decimal places.However,normally one has to assume
variousthingsaboutthe moleculein orderto be ableto
solve the structure.Thus the accuracyof the structure
obtainedis highly dependentupon theseassumptions,
regardlessof the accuracy to which the rotational
frequenciesaremeasured.Finally, it is now pretty clear
just what the differencesare betweenre, rg, ra, rs, etc.
structures,and it is possibleto interconvertthem fairly
accurately(see Ref. 24 and referencescited therein).
Someof theseinterconversionshavebeenunderstoodfor
many years,55 but somehave not.24b We have always
fitted MM2 and later force field structuresto rg. If the
experimentalstructureis somethingelse,aninterconver-
sionmustbemadebeforetheycanbecompared.


X-ray data are especially problematic. X-rays are
scatteredby electrons, not by nuclei. Hence x-rays
measure positions of electron density, not nuclear
positions,and the structureis found as it exists in the
crystallattice.Thestructurein the latticemaybesimilar
to that of the isolatedmolecule,or it may not, and it is
often found that an accuratestructurefor the isolated
moleculecannotbe found from theavailabledata.


Thermal motion is also a major problem in the
interpretationof x-ray data.Bondlengthsarecommonly
measuredtoo short by x-ray methodsby up to 0.015Å
from this effect, if the measurementsaremadeat room
temperature.Coupled with the problem that x-rays
measureelectrondensity positionsrather than nuclear
positions, the ‘atomic positions’ are often misplaced
relativeto thenuclearpositionsby asmuchas0.03Å in
routinecrystallographicstudies.Obviouslyerrorsof this
size are a disasterin force field calculations.Although
thesethings are well understood,they are not widely
understood,and they are often dealt with poorly in the
existingliterature.


Accordingly, ratherthanto try formally to weight the
data,in most caseswe simply examinedthe calculated
structuresand comparedthem with the experimental
structures.Thereusually appearto be errors,but when
oneconsidersthe individual apparenterrorswith respect
to the kinds of thingsthat arediscussedabove,onecan
reach a conclusionabout the ‘weight’ that should be
applied to that particular information. Hence this
‘weighting’ is not done in a programmedway, but is
based upon the experienceof the person doing the
weightingon a caseby casebasis.Onemight arguethat
oneshouldactuallyhavea rigorousprogrammedmethod
for carrying out this weighting, so as to make it
reproducible.However, this is rather like saying that
our legalsystemshouldbesufficientlydetailedsothat it
alwaysworks.(Experiencehasshownthatastimepasses,
the legal systembecomesincreasinglycomplex,forbid-
dingly so in fact, but there is no indication that it is
working anybetterthanit did previously.)


In the 1970s we in fact tried to automate these
proceduressothatall of thesethingswouldbetakencare


of in a programmedway. We werenot ableto do this at
all well, andeventuallyconcludedthat thesystemwhich
we used,andstill use,is really thebestthatcanbedone,
for the mostpart. It shouldbe pointedout that we work
with relatively limited data sets,where the data come
from avarietyof sourcesandexperimentaltechniques,so
that one doesnot mentally have to processvery many
numbers.Also, the datasetsare highly redundant.One
wants to make sure that one fits ‘independent’ data.
However, often the same information is obtained
repeatedlyfrom additionalmolecules,so that additional
dataareredundantdata,andtheyareof no help.


The aboveis not as straightforwardas it may seem.
The problemis that often one doesnot know (exactly)
what the force field shouldbe like, that is to say,what
kinds of terms should be present in the force field
equations,whenoneis carryingout theparameterization.
Hencetheparametersareadjustedto fit thedata,with the
assumptionthat the force field itself is adequate.That
means that errors in the force field from omitting
significanttermsaretakenup in the parameterizationof
otherterms.Dependingon theimportanceof what terms
were left out, a cascadeof problems may result.
Nevertheless,the whole procedureworks fairly well (to
someapproximation),so that evena diagonalquadratic
forcefield like MM2 (whichHaglerandco-workersrefer
to asClass156) will give a reasonablefit to mostof the
data(other than vibrational spectra,and eventhoseare
roughlycorrect).Class2 andClass3 forcefieldsdobetter
(Class2 force fields containoff-diagonalelementsand
anharmonicterms, whereasClass3 force fields allow
specifically for chemical effects). MM3 is a rather
minimal Class3 force field.3 That is, it is known from
more detailedstudieson variousclassesof compounds
that certain cross-termsleft out of MM3 limit the
accuracyof the spectroscopiccalculations.57 However,
MM3 containsonly a few specific well definedcross-
terms, so that what is really neededto improve the
frequencycalculationsis not partof MM3.


Some parts of thesecalculationshave in fact been
highly automated.For example, in the calculation of
heatsof formation,oneusuallyhasasizablebodyof data
where the accuraciesof the measurementsare indeed
known.Therefore,onecanapply standardleast-squares
methodswith reasonableconfidence.Of course,thereare
alwaysoutliersin anysuchstatisticalprocedure,andone
mustdecidehow they will be handledon an individual
basis.


Theuseof quantummechanicaldatagreatlyfacilitates
forcefield parameterization,but it comeswith its ownset
of problems.The most difficult part of the force field
parameterizationfrom experimentaldata has usually
beento find the appropriatetorsionalpotentials.These
canmorereadily be determinedfrom quantummechan-
ical calculationsthan from experiments.However, the
accuracyof thesetermsis moreor lesssensitiveto the
sizeof thebasissetusedfor thecalculation,theamount
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of correlationincludedin thecalculationandthe typeof
structure involved. For saturatedhydrocarbons,it is
knownthatto obtaina‘converged’resultfor thetorsional
potential, one needs to include triple zeta (but not
quadruplezetaor higher)basisfunctions,andoneneeds
to included orbitals(butnof orbitals).Anythinglessthan
completecorrelationis suspect.58 However,this is only
for a hydrocarbon.It may be reasonablypresumedthat
for functionalizedmoleculeshigherlevelsof calculation
will be needed,but just how high is somethingthat will
still have to be determinedfor individual classesof
compounds.Suchstudieshavenot yet beenreportedin
theliterature,andtheymaynotbeasstraightforwardasis
often assumed.59 Then, of course, the re structure
obtainedin this way has to be convertedto whatever
kind of experimentalstructureis usedfor comparison.
The literature aboundswith statementssuch as ‘the
molecularmechanicsC—H bond lengthsdo not agree
with the ab initio values’ and the differencesare large
(about 0.03 Å). However the agreementis in fact
excellent when the re value is convertedto rg before
the comparisonis made(lessthan0.01 Å). The error is
notin thecalculations,but in thecomparisonof quantities
thatarenot comparable.


With systemsthat are reasonablycomplicated,it can
be non-trivial to determine torsional potentials, even
havingadequatequantummechanicaldata.If we havea
systemin which therearetetrahedralatomson bothends
of abond,andweconsiderrotationaboutthatbond,if all
of the substituentsare different, then we needtorsion
potentials for nine different atom pairs, and these
potentialsmust contain at a minimum V1, V2 and V3


terms (a total of 27 parameters).One rarely (probably
never)hasthatmuchinformation.Fortunately,in practice
oneusuallyhasamuchsmallernumberof interactionsto
consider.Nonetheless,if onehasthesekindsof datafor
severalmolecules,then determiningall of the torsion
parameterscanbea formidablejob. Programsthatutilize
least-squaresmethodshavebeenwritten to assistin this
process(e.g.TORSFIND60). It is sometimesdifficult to
be certainthat onehasarrivedat a uniquefit, or evena
generallyacceptablefit*. Onehasto work with thosedata
thatareavailable.


This is anoutlineof theschemethatwe appliedin the
presentcase,andthatwegenerallyapply,in developinga
parameterset for a new classof compounds.Heatsof
formationarenormallyfairly usefulin uncoveringerrors
that otherwisewould slip by†, but in the presentcase
insufficientsuchdataareavailableto beuseful.


The testthenis how well the forcefield fits thedata‡.
All of the constantsdeterminedin the presentwork are
given,togetherwith all of thedatacalculatedwith MM3
usingtheseconstants,andthecorrespondingexperiments
to which theywerefitted. Any of this canbecheckedby
carryingout thecalculationsandobtainingtheresults.In
our judgment,this is thebestfit thatweareableto obtain
from this force field for thesedata. Often in the past
someonehas been interested in a small subset of
compounds,and has observedthat by changinga few
constants,that subsetcould be fitted more accurately.
Normally suchchangesintroducevery large errorsand
unwantedresultsin variousotherplaces,however,sothat
a force field basedon limited information is a very
dangerousthing§.We do not recommendthis procedure.
On the otherhand,if onewishesto changesomeof the
parameters,andthenreoptimizethe entiredatasethere,
the resultswill indeedchange.Somemay be better,and
some worse. Which set is better may be a matter of
judgment.In our judgment,wehavechosentheoptimum
parameterset,basedon theavailabledatacited here.


CONCLUSIONS


This MM3 study shows that organogermanescan be
treatedessentiallylike hydrocarbons,andtheaccuracyof
the results are of ‘experimentalaccuracy’ (except for
spectra).Thevibrationalspectraof ninecompoundswere
reasonablyreproducedwith an r.m.s.error of 42cmÿ1,
which is similar to that for hydrocarbons(35cmÿ1). The
molecularstructuresof 13 organogermaneswerecalcu-
latedfamily well by MM3. Themomentsof inertiawere
also fitted well to experimental data, mostly, with-
in� 0.5% exceptcyclobutylgermane.This error can be
fixed by inclusionof torsion–bendinteraction(which is
availablein MM4, but is notpartof theMM3 forcefield).
The rotationalbarriersand conformationalenergiesare
adequatelycalculated.
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* In fact, uniquefits aretheexceptionratherthantherule. Theremay
be moreadjustableparametersthandata,so the bestonecando is to
pick a parameterset that fits the data, and that seemsphysically
reasonable.Automaticproceduressometimesgive torsionalconstants
of dozens(or more) of kcalmolÿ1, where the observablesare small
differencesbetweenlargenumbers.Theseusuallyhaveto bediscarded
asphysicallyunreasonable,eventhoughtheymay fit thedata.
† Becausethey cangive manydatapoints to fit with few adjustable
parameters,theyapplyconstraintssothaterrorsimposedby otherparts
of the force field may thenbecomeobvious.


‡ What we really would like to know is how well the force field will
predictunknownstructures.Wecannotknowthatwith certainty,but if
the data used in the parameterizationare highly diverse, then the
accuracy of the fit to those data will probably approximatethe
reliability applied to other structures.In a sensethe force field is a
fancyinterpolationscheme.However,if it is usedfor anextrapolation
(for example,if oneis makingapredictionregardingabondanglethat
is far more bent than any known anglesin the data set), then the
accuracyis suspect.Hencetheforcefield haslimits, but someof these
limits may not be well definedor evenrecognized.
§ It correspondsto having far moreadjustableparametersthandata.
Obviously the data can indeed be well fitted. Such a force field,
however,is probablygoing to begenerallyuseless,or worse.
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ABSTRACT: As a chemical indicator, the isomerization rate of so-called 6-SO3
ÿ-spiropyran was used to estimate the


equilibrium constants for the inclusion complex formation ofb- andg-cyclodextrins (b andg-CDs). The association
constants for inclusion complexes ofb- andg-CDs with various kinds of phenols were determined. It was found that
b- and g-CDs form 1:1 and 1:2 inclusion complexes with phenols, respectively. The substituent effects on the
association constants for the 4-substituted phenols–b-CD system can be interpreted in terms of the geometry of the
inclusion complex. The magnitude of the association constants for the inclusion complex is related to molecular
polarizability of the guest molecule. Based on the results, the dominant factor for CD complexation with phenols is
discussed. Copyright 1999 John Wiley & Sons, Ltd.


KEYWORDS: spiropyran; cyclodextrins; inclusion complex; phenols


INTRODUCTION


The isomerization of spiropyrans has attracted much
attention because of their reversible photochromic and
thermochromic behaviour (Scheme 1).1 Recently we
have examined the complexation of 1',3',3'-trimethyl-
spiro[2H-1-benzopyran-2,2'-indoline]-6-sulphonate (6-
SO3


ÿ-SP) with b- and g-cyclodextrins (b- and g-CDs).
It was found thatb- and g-CDs preferentially form
inclusion complexes with the SP form of 6-SO3


ÿ-SP and
the apparent isomerization rate from the SP to the MC
form is dependent on the concentration of unboundb-
andg-CDs.2


Scheme 1


The determination of association constants for inclu-
sion complexes using spectroscopic measurements such
as absorbance is commonly accomplished by the Benesi–
Hildebrand method.3 The Benesi–Hildebrand analysis
requires a spectroscopic change in absorption on forming
an inclusion complex. Since cyclodextrins are spectro-
scopically inert, spectroscopically active guests should be
used. However, this often leads to experimental difficul-


ties. In order to estimate the equilibrium constant for
inclusion complex formation, it is necessary to determine
the equilibrium concentrations of the inclusion complex,
unbound guest and unbound host in some way. When a
chemical indicator determining the unbound CD con-
centration in solution can be employed, one can
extensively evaluate the equilibrium constant for the
inclusion complex of CD with organic molecules which
do not exhibit a colour change on forming inclusion
complexes.


In this paper, we report a new method of evaluating the
concentration of unbound CD by using the CD concen-
tration dependence on the isomerization rate of 6-SO3


ÿ-
SP. For demonstration purposes, inclusion complexes
formed between CDs (b- andg-) and substituted phenols
are considered. This system was chosen for detailed
studies of CD complexation behaviour. Based on the
results, the dominant factor for the inclusion complex
formation of CDs with various kinds of phenols is
discussed.


EXPERIMENTAL


6-SO3
ÿ-SP was prepared according to the method of


Sunamotoet al.4 and recrystallized from methanol: m.p.
ca 513 K (decomp.) [lit.4 ca 513 K (decomp.)]. Cyclo-
dextrins (b- and g-) were purchased from Wako Pure
Chemicals and used without further purification. Phos-
phate buffer (pH 6.9 and 10.1, ionic strength 0.1),
prepared from phosphate salts, was used as the solvent.
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The procedurefor the kinetic measurementshasbeen
describedelsewhere.2 A samplesolution(6-SO3


ÿ-SPca
1� 10ÿ5 mol dmÿ3) wasdeoxygenatedby bubblingwith
nitrogen.A 650W projectorlamp wasusedto produce
the SP form. There are temperaturelimitations for
measurementsof the isomerizationrate of 6-SO3


ÿ-SP
with the presentmethodusing the isomerizationof 6-
SO3


ÿ-SP.Wechoseaconvenienttemperature(40°C) for
the measurementsof the isomerizationrate of 6-SO3


ÿ-
SP. The thermal isomerization from SP to MC was
monitored by the changein the maximum absorption
(�max= 508 nm) of the MC form by meansof a Union
Giken 401 spectrophotometer.The first-orderrate con-
stantswereobtainedat 40°C andreproducedwithin 5%
error. Circular dichroism spectrawere obtainedwith a
JASCOJ-720spectropolarimeter.


RESULTS AND DISCUSSION


Estimation of association constants by using the
isomerization rate of spiropyran


Basedon the measurementsof circular dichroism and
electronicspectra,we suggestedthatb- andg-CDsform
1:1 inclusioncomplexeswith theSPform of 6-SO3


ÿ-SP,
andtheMC form is not includedin theCD cavity.2 The
thermal isomerizationof 6-SO3


ÿ-SP obeys first-order
kinetics regardlessof the concentrationof CD, and the
apparentrateconstants(kobs) for the thermalisomeriza-
tion (SP→MC) in thepresenceof CD aregivenin Table
1.Theapparentrateconstantof thethermalisomerization
canbeexpressedasfollows:2


kobs� kÿ1� k1=�1� K�H�f � �1�


where[H] f denotestheconcentrationof unboundCD.


SP
k1�


kÿ1
MC


SP� CD
K�SP-CD


Equation(1) canbe rewrittenas


1=�kobsÿ kÿ1� � 1=k1� K�H�f =k1 �2�


Therateconstant(kÿ1) for theisomerizationfrom MC to
SPwasestimatedto be 2.27� 10ÿ3 sÿ1.5 A goodlinear
relationshipwasobtainedbetween1/(kobsÿkÿ1) and[H] f,
with a slope of K/k1 = (8.68� 0.22)� 105 molÿ1 dm3 s
for b-CD and(8.03� 0.23)� 105 molÿ1 dm3 s for g-CD
and an interceptof 1/k1 = 337� 4 s. This relationship
enablesusto determinetheunboundCD concentrationin
solutionfrom theestimationof thethermalisomerization
rate(kobs). Incidentally,theK valuesbetween6-SO3


ÿ-SP
andCD, obtainedby dividing theslopeby the intercept,
are 2.58� 103 molÿ1 dm3 for b-CD and 2.39�
103 molÿ1 dm3 for g-CD.


Upon additionof phenolsto a mixture of 6-SO3
ÿ-SP


and b-CD, b-CD forms a 1:1 inclusion complex with
phenols.With excessb-CD andphenolsover6-SO3


ÿ-SP
concentration,theconcentrationof theinclusioncomplex
between 6-SO3


ÿ-SP and b-CD is negligible for the
phenols and b-CD. Therefore, the 1:1 association
constant (K11) between phenols and b-CD can be
expressedasfollows:


K11 � �HG�=��G��H�f �


� �H�0ÿ �H�f
��G�0 ÿ �H�0� �H�f ��H�f


�3�


where [H] and [HG] denotethe concentrationsof the
phenolandits inclusioncomplex,respectively,and[G]0
and [H]0 are the initial concentrations(total concentra-
tions) of phenols and b-CD. The concentration of
unboundb-CD in solutioncanbedeterminedasfollows.
The initial concentrationsof 6-SO3


ÿ-SPandb-CD were
held constantat 1.5� 10ÿ5 and 3.0� 10ÿ4 mol dmÿ3,
respectively,andtheconcentrationof phenolswasvaried
from 1.0� 10ÿ3 to 8.0� 10ÿ3 mol dmÿ3. These con-
centrationconditionswere chosensuchthat the equili-
brium concentration of the inclusion complex was
comparedwith that of unboundCD. For example,when
the concentration of 4-nitrophenol (4-NO2-P) was
3.0� 10ÿ3 mol dmÿ3, the apparentisomerization rate
from SP to MC was observedto be kobs= 4.41� 10ÿ3


sÿ1. UsingEqn.(2), theconcentrationof unboundb-CD
wasdeterminedto be 1.5� 10ÿ4 mol dmÿ3. From Eqn.
(3), theassociationconstantbetweenb-CD and4-NO2-P
canbecalculatedto be3.5� 102 molÿ1 dm3.


By using the isomerizationrate of 6-SO3
ÿ-SP, the


associationconstantsof various kinds of substituted
phenolswith b-CD at 40°C were determined,and are
given in Table 2. 6-SO3


ÿ-SP serves as a chemical
indicator,andthe equilibrium constantcanbe estimated
without analysing the absorption bands due to the
inclusion complex. Lewis and Hansen6 have reported
K11 = 1.0� 103 molÿ1 dm3 (at 298 K), DH =ÿ43.9kJ


Table 1. Rate constants for the thermal isomerization of 6-
SO3


ÿ-SP at 40°C


104[b-CD]0
(mol dmÿ3)


103kobs
(sÿ1)


104[g-CD]0
(mol dmÿ3)


103kobs
(sÿ1)


0 5.25 0 5.25
1.00 4.65 1.00 4.65
1.50 4.39 1.54 4.49
2.03 4.25 2.02 4.24
2.51 4.04 2.47 4.17
3.00 3.96 3.00 3.99
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molÿ1 and DS =ÿ87.9 J molÿ1 Kÿ1 for the inclusion
complexbetweenb-CD and4-NO2-P. The K11 valueat
40°C for theb-CD–4-NO2-Psystemwascalculatedto be
5.3� 102 molÿ1 dm3 by usingthe thermodynamicpara-
meters.TheK11 valuecalculatedaboveis comparableto
that (3.5� 102 molÿ1 dm3) determinedfrom measure-
ments of the isomerization rate of 6-SO3


ÿ-SP and
estimation by using the spiropyran method could be
regardedas reasonable.The details of the substituent
effectson inclusioncomplexformationwill bediscussed
below.


Since4-NO2-P hasan absorptionbandin the vicinity
of 400nm, the K11 valuefor theb-CD–4-NO2-P system
canbedeterminedby analysisof theabsorptionband.On
addingb-CD, 4-NO2-P exhibitsa spectralshift of about
10nm,andthepeakin thevicinity of 410nmincreasesat
the expenseof the peakat 320nm. The isosbesticpoint
observedat 360nm indicates a 1:1 equilibrium. The


spectraldatacan be analysedaccordingto the Benesi–
Hildebrandequation:3


�H�0�G�0=�E � 1=K11�"� �H�0=�" �4�


where[G]0 and[H]0 arethetotal concentrationsof guest
(phenols) and host (CD), respectively, D� is the
differencein the molar extinctioncoefficientsfor bound
and unbound phenols and DE is the change in the
absorptionintensity of phenolssolution on addingCD.
As shown in Fig. 1, a linear relationship between
[H]0[G]0/DE and [H]0 for the 4-NO2-P–b-CD system
can be obtained. The K11 value can be obtained by
dividing the slope by the intercept, K11 = 3.53�
102 molÿ1 dm3, which is in good agreementwith that
estimatedfrom the measurementof the isomerization
rateof 6-SO3


ÿ-SP.
g-CD forms a 1:1 inclusioncomplexin analogywith


thebehaviourof b-CD, andalsoa 1:2 inclusioncomplex
(one g-CD and two phenol molecules)is formed with
many4-substitutedphenols.A detaileddiscussionof the
stoichiometric ratio of the inclusion complex will be
givenlater.Theequilibriumconcentrationof unboundg-
CD can be also determined from Eqn. (2). The
determinationof the equilibrium concentrationgives
theassociationconstants(K11 andK12) for the1:1and1:2
inclusioncomplexesof g-CD accordingto Eqns(3) and
(5), respectively,andtheyaregiven in Table2.


K12 � �HG2�=��H�f �G�2�


� �H�0ÿ �H�f
�H�f ��G�0� 2�H�f ÿ 2�H�0�2


�5�


where [HG2] denotes the concentration of the 1:2
inclusioncomplexbetweeng-CD andphenols.


Table 2. Association constants for inclusion complex formation with b- and g-CDs at 40°C


Guest 10ÿ2 K11 (b-CD) (molÿ1 dm3)
10ÿ2 K11 (g-CD)


(molÿ1 dm3)
10ÿ4 K12 (g-CD)


(molÿ2 dm6) 1023 a
pH 6.9 pH 10.1 (pH 6.9) (pH 6.9) (cm3 moleculeÿ1)


4-F-phenol 1.2� 0.1 0.75� 0.08 0.56� 0.01
4-CN-phenol 1.6� 0.1 0.87� 0.10 0.85� 0.01 1.27
4-CH3O-phenol 2.0� 0.1 1.1� 0.1 1.35
Phenol 2.5� 0.1 1.3� 0.1 1.10
4-Cl-phenol 2.7� 0.3 2.4� 0.1 4.1� 0.1 1.30
4-Br-phenol 3.0� 0.2 2.7� 0.1 16� 1 1.41
4-NO2-phenol 3.5� 0.1 5.2� 0.3 26� 2
4-C2H5-phenol 5.2� 0.2 330� 16 1.47
4-CH3-phenol 6.3� 0.2 200� 7 1.29
4-I-phenol 23� 1 14� 1 250� 9 1.61
4-(CH3)2CH-phenol 34� 1 17� 1 1.61
2-Naphthol 32� 1 330� 12 1.80
L-Borneol 48� 1 41� 1 1.82
1-Adamantanol 100� 3 290� 49 1.74


Figure 1. Determination of the association constant of b-
CD±4-NO2-P complex according to the Benesi±Hildebrand
relationship: pH 6.9, [4-NO2-P]0 = 5.0� 10ÿ5 mol dmÿ3
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Using the isomerization of spiropyran, the small
association constant for the 1:1 inclusion complex
between g-CD and 4-substitutedphenols cannot be
determined.For unstablecomplexation,the concentra-
tion of the 1:1 inclusion complexof g-CD is very low.
Despiteour attemptsto achievetheconditionsnecessary
to satisfyEqns(2) and(3), theyhavebeenunsuccessful.


Inclusion complex between b-CD and phenols


Theassociationconstantsfor theinclusioncomplexof b-
CD with variouskinds of phenolsare listed in Table2,
and show someinterestingpoints: (1) in 4-substituted
phenols,the K11 valuesaresimilar in magnitudeexcept
for 4-I- and4-(CH3)2CH-phenols;(2) the K11 valuesfor
large guest moleculessuch as 1-adamantanoland L-
borneolare large comparedwith thoseof 4-substituted
phenols;and (3) the K11 values at pH 6.9 are large
comparedwith thoseat pH 10.1,exceptfor 4-NO2-P.


The Hammettplot wasuseful for identifying binding
sites and assigningvalues to associationconstants.In
fact, the complex stability between a-CD with 4-
substituted phenol increasesin order of increasing
Hammettsubstituentconstants.7 For the 4-substituted
phenols/b-CD system,Fig. 2(1) representsa Hammett-
typeplot of ln K11againstthesubstituentconstants for 4-
substitutedphenols.TheHammettplot showssubstantial


scatter,which is different from the behaviourof a-CD.
BasedontheNMR studyof inclusioncomplexesof b-CD
by Inoue et al.,8 the insensitivity of the stability of
inclusion complexeswith 4-substitutedphenolscan be
explained in terms of the molecular geometryof the
complexes(Scheme2).


Scheme 2


In general,4-substitutedphenolspenetratethe hydro-
phobiccavityof b-CD, asshownin Scheme2(b).8 In this
case,theOH groupandthe4-substituentsiteof phenols
could be locatedin hydrophilic environments,and thus
thecomplexationstability is independentof thenatureof
thesubstituent.In theinclusioncomplexof 4-substituted
phenolswith a-CD, the dominantbinding site is the 4-
substituent[Scheme2(a)]. Complexationsimilar to the
moleculargeometryof thea-CD complexleadsto large
K11 valuesof b-CD with 4-I- and 4-(CH3)2CH-phenols
havinga bulky substituent.


Thehydrophobicinteractionis animportantfactor for
thestabilityof inclusioncomplexes.ThelogP (whereP is
the partition coefficient) values are widely used as a
measure of hydrophobicity. In the present system,
however, the logK11 value showed no appreciable
correlation with logP. The stability of the inclusion
complexis largelydependentonthesizeandshapeof the
guest. According to Conner,7 the strengthof binding
forcesin CD inclusioncomplexesis controlledmainlyby
theelectrondensity,thepolarizabilityandthepolarity of
thebindingsite.Themolecularpolarizabilitycontrolsthe
inductionanddispersioninteractions,andis alsorelated
to size.Figure2(2)showstherelationshipbetweenln K11


of b-CD andthemolecularpolarizability (a) of phenols.
Thestability of theinclusioncomplexof b-CD showsan
appreciablecorrelationwith themolecularpolarizability
of phenols.


TheK11 valuesof b-CD atpH 10.1aresmallcompared
with thoseat pH 6.9,exceptfor 4-NO2-P.Thepresent4-
substitutedphenolsexist in the ionized form (phenolate
ion) in waterat pH 10.1.As a rule, inclusionof charged
moleculesin theCD cavity is lessfavourablethanthatof
unchargedmolecules.This leads to small K11 values
althoughthe insensitivenatureof the pH dependenceis
due to the molecular disposition of phenols in b-CD
[Scheme2(b)]. 4-NO2-phenolateis morestronglybound
than the neutralphenol.This unexpectedbehaviourhas
beendiscussedby severalworkes.7 They suggestedthat
thechargedform of 4-NO2-P is ableto complexwith a-
CD morestrongly than the neutralform becauseof the


Figure 2. (1) Hammett plot of lnK11 of b-CD against
substituent constant s of 4-substituted phenols. (2) Relation-
ship between lnK11 of b-CD and molecular polarizability a:
(*) 4-substituted phenols; (~) 2-naphthol, L-borneol and 1-
adamantanol
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extensivechargedelocalization.This accountsfor the
aboveobservations.


Inclusion complex between g-CD and phenols


Inclusionin g-CD,with alargercavity, is loosecompared
with inclusionin a- andb-CD. Therefore,the degreeof
interaction betweeng-CD and the guest is small and
conventionalUV spectroscopyis notgenerallyapplicable
to g-CD complexesbecauseof thesmallspectralshifts.In
this case,the techniqueusing a chemical indicator is
moreusefulto determineequilibrium constants.


It is recognizedthat phenols form a 1:1 inclusion
complexwith b-CD. However,the stoichiometricratio
for theinclusioncomplexof phenolswith g-CD havinga
largercavity is morecomplicated.In fact, theelectronic
spectraof 4-NO2-Pwith differentconcentrationsof g-CD
did not have an isosbesticpoint, which indicates the
formationof both1:1and1:n complexes.When4-NO2-P
is includedby g-CD to form an inclusioncomplex,new
circulardichroismappearsin thevicinity of 400nm.We
determined the stoichiometric ratio of the inclusion
complexbetweeng-CD and phenolsby analysesof the
changein theinducedcirculardichroismspectra.Hirai et
al.9 indicatedthat the magnitudeof the inducedcircular
dichroismis proportionalto theamountof thecomplexes
produced,asfollows:


for 1:1 (= g-CD:4-NO2-P) complexformation,


�ECD � ����H�0
100 K11


ÿ1� �H�0
ÿ � �G�0 �6�


for 1:n (= g-CD:4-NO2-P) complexformation,


�G�0
�ECD


� 100


K1n����H�0�G�nÿ1
0


� 100n2


��� �7�


where[H]0 and[G]0 aretheinitial concentrationsof g-CD
and 4-NO2-P, respectively, DECD and [�] are the
measuredmagnitudesof the inducedcircular dichroism
and ellipticity of the complex, respectively,and K1n


denotesthe associationconstantfor the 1:n inclusion
complex. Under the condition [g-CD]0� [4-NO2-P]0,
DECD is plotted againstthe chargedconcentrationof 4-
NO2-P accordingto Eqn. (6) in Fig. 3(1). When g-CD
forms a 1:1 inclusion complex,a linear relationshipis
expected.For [g-CD]0/[4-NO2-P]0>40,a linearrelation-
ship betweenDECD andthe chargedconcentrationof 4-
NO2-P canbeobtained,which is takenasa evidencefor
the 1:1 complex formation. On the other hand, for [g-
CD]0/[4-NO2-P]0 < 20, DECD is not proportionalto the
chargedconcentrationof 4-NO2-P,andthecorrelationis
therefore more complicated. At [g-CD]0/[4-NO2-P]0
>40,thecirculardichroismdatawereanalysedaccording
to the Benesi–Hildebrandequation for 1:1 complex
formation, and the K11 value of g-CD was obtainedas
14.2molÿ1 dm3. ThesmallK11 valueof g-CD compared
with K11 of b-CD is responsiblefor thelooseinclusionin
g-CD with a largecavity. At [g-CD]0/[4-NO2-Ph]0 < 20,
the inducedcircular dichroism changeswere analysed
accordingto Eqn.(7).As canbeseenin Fig.3(2),a linear
relationship can be obtained for the 1:2 complex
formationbetweenoneg-CD andtwo phenolmolecules.
Fromtheslopeandintercept,theK12 valuebetweeng-CD
and4-NO2-Pwascalculatedto be2.51� 105 molÿ2 dm6.
The1:3 inclusioncomplexcannotbe observed.


To determinetheassociationconstantwith g-CD using
the isomerizationof 6-SO3


ÿ-SP,the isomerizationof 6-
SO3


ÿ-SP in the presence of g-CD (constant
3� 10ÿ4 mol dmÿ3 concentration)and phenols(varied
from 1� 10ÿ3 to 1� 10ÿ2 mol dmÿ3) was examined,
andtheequilibriumconcentrationof unboundg-CD was
determined from Eqn. (2). The K12 values for the
equilibriumbetweeng-CD and4-NO2-P,calculatedfrom
Eqn. (5), were constant, whereas the K11 values


Figure 3. (1) Plot of the magnitude of circular dichroism (DECD) induced by g-CD inclusion complex against the initial
concentration of 4-NO2-P: (*) [g-CD]0/[4-NO2-P]0 = 40± 80, [g-CD]0 = 0.004 mol dmÿ3; (~) [g-CD]0/[4 NO2 -P]0 = 10± 20, [g-
CD]0 = 0.001 mol dmÿ3. (2) Plot of [G]0/DECD against [G]0


nÿ1 for the g-CD and 4-NO2-P system according to Eqn. (7): (*) n = 2;
(*) n = 3
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tentativelycalculatedfrom Eqn. (3) obviously changed
with theconcentrationof 4-NO2-P.As shownin Table2,
the K12 value betweeng-CD and 4-NO2-P was deter-
mined as 2.6� 105 molÿ2 dm6 using the isomerization
rateof 6-SO3


ÿ-SP,which is comparableto theK12 value
(2.51� 105 molÿ2 dm6) determinedfrom the induced
circular dichroismchange.This agreementsupportsthe
reliability of thepresentmethodbasedon the isomeriza-
tion of 6-SO3


ÿ-SP.TheK12 valuesbetweeng-CD and4-
(CH3)2CH-P obviouslychangedthe concentrationof 4-
(CH3)2CH-P. Judging from the estimatedequilibrium
constants,we foundthat1:1 bindingof g-CD takesplace
with large guestmoleculessuch as 4-(CH3)2CH-P, L-
borneoland 1-adamantanol.For such large guests,1:2
complexingcannotbeobserved.TheK11 andK12 values
of g-CD obtainedarelisted in Table2.


Thefree-energychangefor complexformationcanbe


estimatedfrom


�G� ÿRT ln K �8�


The DG11 values for 1:1 complex formation of 4-
(CH3)2CH-Pwith b-CD andg-CD canbeestimatedto be
ÿ21.2 and ÿ19.4kJ molÿ1, respectively,i.e. they are
similar in magnitude.TheDG11 andDG12 valuesfor 1:1
and1:2 complexformation of 4-NO2-P with b-CD and
g-CD canbecalculatedto beÿ15.3andÿ32.5kJmolÿ1,
respectively,i.e. DG11 is almosthalf of DG12, which is
responsiblefor the difference in the number of guest
molecules.


Figure4 showsthecorrelationsof lnK11andlnK12of g-
CD with lnK11 of b-CD. Thesefree-energyrelationships
for 1:1 and 1:2 complexinggive parallel straight lines.
We considerthat the upwardshift of 1:2 complexingis
not dueto a mechanismchangefor inclusionbut to the
extra free-energychange for inclusion of two guest
molecules.Theaboveobservationssuggestthesimilarity
of dominantfactorsfor 1:1and1:2inclusioncomplexing.
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ABSTRACT: Mixed monolayers of per-6-ammonium-per-6-deoxy-per-O2, O3-hexyl-b-cyclodextrin (1) and per-O2,
O3-hexanoyl-b-cyclodextrin (2) were studied at the air/water interface by Langmuir balance techniques and Brewster
angle microscopy. The mixed monolayers show non-ideal mixing with formation of a 3:2 complex between1 and2.
Brewster angle microscopy showed the formation of microscopic patterning at the interface by the complex and that
the spaces within the two-dimensional cage structures formed are occupied by excess of 2 which can undergo phase
changes within the cage structures. Copyright 1999 John Wiley & Sons, Ltd.


KEYWORDS: microscopic patterning; air/water interface; amphiphibic cydodextrins; compression isotherm;
Brewster angle microscopy


INTRODUCTION


The cyclodextrins (CDs) are a family of water-soluble
cyclic oligosaccharides produced by the action of the
enzyme cycloglucosyl transferase (CGTase) on amylose.
They consist of six, seven or eighta, 1–4-linked
glucopyranose units and are known respectively asa-,
b- andg-cyclodextrin (a-CD,b-CD andg-CD). Stabilized
by a network of intramolecular hydrogen bonds, they
present a rigid shape possessing a hydrophobic cavity.
The presence of this hydrophobic cavity makes possible
the inclusion of guest molecules to form water-soluble
complexes and has led to their widespread use in
pharmaceutical and separations applications.1


The pseudo ‘face-to-face’ symmetry of the cyclodex-
trins arises from the presence of the primary and
secondary hydrophilic faces surrounding the hydrophobic
cavity. Complete or selective modification at one face
can lead to a change in physico-chemical properties of
these molecules. The introduction of hydrophobic groups
(such as long-chain ethers, esters, amines thiols or
amides) at only one face offers a range of amphiphilic


molecules already widely studied and which are capable
of forming supramolecular assemblies. Other groups,2,3


and ourselves,4–6 have synthesized and studied the inter-
facial properties of a range of amphiphilic cyclodextrins.


Per-6-ammonium-per-6-deoxy-per-O2,O3-hexyl-b-cy-
clodextrin (1) (Fig. 1) has seven positively charged
ammonium head groups and exhibits good interfacial
properties. It can act as a potential biosensor for
negatively charged biological macromolecules. Per-
O2,O3-hexanoyl-b-cyclodextrin (2), in addition to its
good interfacial properties, has the ability to form highly
stable nanoparticules,7 alone and in the presence of small
quantities of 1. The stability of the nanoparticles is
highest for a chain length of six carbon atoms and in view
of this we have limited our studies to1 and2. It is thus of
interest to study the interfacial behaviour of mixtures of


Figure 1. Schematic representation of the amphiphilic
cyclodextrin derivatives 1
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these molecules in order to attempt to extrapolate the
phenomena to studies of three-dimensional aggregates.


Miscibility studies of amphiphilic CDs either with
cholesterol8 or with phospholipids have already been
reported.9–11 This is the first paper to report a complete
study of the mixing behaviour of two amphiphilic
cyclodextrins. The understanding of the mixing proper-
ties of tensioactive molecules is of crucial importance for
the comprehension of the physical properties and
biological functions of cell membranes. These studies
show that there is an almost infinite number of
possibilities ranging from ideal miscibility to complete
immiscibility. In this paper it is shown that the formation
of a 3:2 aggregate complex between1 and2 occurs, that
in the presence of excess of2 patterned two-dimensional
micro-domains are formed within which the excess of2 is
enclosed and that this free amphiphilic molecule can
undergo phase changes within the domains.


EXPERIMENTAL


Synthesis. The synthetic routes to the OH-b-CD-OCOC5


(2) and NH3-b-CD-OC6 (1) have been described
previously along with their compression isotherms.4,5


To summarize, the synthesis of2 involves silyl protection
of the primary face, hydrophobic substitution at the
secondary face and deprotection. The route to1 involves
coupling azide functions at the primary face (via
bromination), hydrophobic substitution by at the second-
ary face and then reduction of the azide groups to
ammonium functions. Analytical and physical data were
consistent with literature values.4,5


Interfacial studies. Amphiphilic molecules were spread
from a pure solution (CHCl3) by use of a positive
displacement micropipette (Gilson Microman, 50ml) at
the surface of deionized water. The typical concentration
range of the CD derivatives was from 0.6 to 1 mg mlÿ1.
Water was purified using a Milli-Q system (ELGA) and


its resistance was>18 M
. Isotherms were recorded
using a computer-controlled NIMA 601 balance for
isotherm studies and a KSV 5000 for Brewster angle
microscopy experiments. The Compression rate was
continuous at 3 cm2 minÿ1. The Brewster angle micro-
scope was a commercial BAM1 manufactured by NFT
(Göttingen, Germany) equipped with a 5 mW He–Ne
laser. The real-time images obtained were recorded on a
VCR and digitized using a video acquisition card. All
experiments were carried out several times with different
solutions to ensure reproducibility (errors in the apparent
molecular areas were less than 2% and in the surface
pressure less than 2%).


RESULTS AND DISCUSSION


The compression isotherms of pure1 and2 and of some
of the studied mixtures are shown in Fig. 2.


The two molecules exhibit similar behaviour except
for the collapse pressures. Compound1 has an apparent
molecular area of 300 A˚ 2 per molecule versus 295 A˚ 2 per
molecule for2 but the latter forms a less stable film than1
(collapse pressure 45.3 mN mÿ1 for 1 versus 37.4 mN
mÿ1 for 2). This is surprising, as it would be expected that
intermolecular repulsions between the cationic head
groups of1 would destabilize films of this compound.


Table 1 summarizes the data obtained for the studied
compression isotherms.


The Defay–Crisp phase rule,12,13 applied to two-
dimensional systems, makes possible the prediction of
the miscibility of a two-component mixture at the air
water interface. From the degree of liberty of the two
variables (area and surface pressure) arises an additivity
rule which is also applicable to surface pressure:


A1;2 � X1A1� X2A2 �1�


whereA1 and A2 are the molecular areas in the single-


Figure 2. p±A isotherms of (A) 2 and mixtures of 1 and 2 at
different molar ratios: (B) 0.2, (C) 0.4, (D) 0.6 and (E) 0.9 as
mole fractions of 1 and compound 1 (F)


Table 1. Properties of monolayers of 1 and 2 and their
mixtures at different molar ratios of 1a


Molar ratio X1 Ac pc


0.00 295.5 37.4
0.10 303.6 38.3
0.20 309.9 38.4
0.30 316.1 38.2
0.39 323.5 38.5
0.49 327.4 38.2
0.59 336.8 37.0
0.70 327.3 38.0
0.80 319.3 39.6
0.91 313.0 39.9
1.00 300.1 45.3


a Ac, apparent molecular area at the collapse point;pc, collapse
pressure.
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component monolayers andX1 and X2 are the mole
fractions of each component. We can thus determine the
deviation of the experimental values from the ideal
behaviour. This deviation is plotted for different surface
pressures in Fig. 3.


A strong positive deviation from ideal behaviour is
observed at all pressures. This deviation signifies an
apparent expansion of the film compared with that
expected for an ideal mixture. This phenomenon
decreases with increasing pressure, hence under an
applied force the molecules tend to mix more ideally.
Two regions may be defined for the mixtures, the first
part would considerX1 < 0.6 and the secondX1 > 0.6,
with a clear maximum for an apparent ratio of 3:2 in1
and2. Reports on positive deviations from the additivity
rules are not common, and have been interpreted in terms
of specific molecular interactions. Such interactions
might include mainly dipole–dipole or ion–dipole repul-
sions between the polar head groups of the molecules in
the film; here the interactions are likely to arise from


modification of the H-bonding between the head groups
of the amphiphiles and the water networks between
adjacent molecules.


In Fig. 4 are plotted the experimental collapse
pressures. When two components are immiscible,
domains of both molecules co-exist. Thus the collapse
pressure of the mixture is independent of the concentra-
tion and is determined by the less stable component. A
two-component film collapses when the less stable phase
is squeezed out of the film. In the current case, although
the mixed films are less stable than the ideal mixed film,
they are still slightly more stable than the film formed by
2 alone. Again, two regions for the evolution of the data
exist,X1 > 0.6 andX1 < 0.6.


Goodrich14 and Pagano and Gershfeld15 developed a
thermodynamic approach to two-component films allow-
ing the calculation of the excess free energy of mixing
(�GE


M) from the equation


�GE
M �


Z �


0
Ad�ÿ X1


Z �


0
A1d�ÿ X2


Z �


0
A2d� �2�


By fitting the experimental curves to a high-order
polynomial it is possible to obtain reliable results. This
thermodynamic treatment gives access to the interaction
parameter (a) at various surface pressures and to the
corresponding interaction energies (Dh):


� � �GE
M


RT�X2
1 X2� X1X2


2 �


�h� RT�
zL


�3�


From the energies calculated the interaction parameter
(a) and the corresponding interaction energy (Dh) were
calculated for a surface pressure of 35 mN mÿ1. They are
summarized in Table 2 and in Fig. 5 are illustrated values
of �GE


Mat various surface pressures.
Positive values of�GE


Mfor the monolayers indicate
that this film is less thermodynamically stable than that
characterized by a complete separation of two compo-


Figure 3. Deviation, for different surface pressures, of the
experimental mean molecular area and the expected
behaviour according to the additivity rule for different
compositions of the mixture of 1 and 2 as a function of
the molar fraction of 1


Figure 4. Experimental collapse pressures for different
compositions of the mixture of 1 and 2 as a function of
the molar fraction of 1 and the predicted behaviour for an
ideal mixture


Table 2. Interaction parameters (a) and interaction energies
(Dh) for mixtures of 1 and 2 at 35 mN mÿ1 at different molar
ratios of 1


Molar ratio X1 a Dh


0.10 ÿ1.5 ÿ145
0.20 0.6 56
0.30 ÿ0.1 ÿ6
0.39 ÿ0.1 ÿ5
0.49 1.3 129
0.59 3.3 320
0.70 1.5 150
0.80 1.1 106
0.91 2.8 274
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nents, and this suggests that partial phase separation has
occurred.16 A clear maximum is observed for all
pressures at a mole fraction of 0.6 in1. However, the
absolute values are small if compared withRT (586 cal
molÿ1 at 22°C), suggesting that the interaction is not
strong at low surface pressures but increases with
increase in surface pressure.


To compare the results with those obtained from a
different theoretical approach with another approach, the
Joos approach17 was applied to the data. The Joos method
predicts the collapse pressure of a mixed monolayer (pcm)
with entirely miscible components based on their
respective collapse pressures. The main difference
between the two models lies in the fact that the additivity
rule is valid for all pressures below the collapse pressure
and that the Joos model is only applicable at the collapse
pressure.


The Joos equation is


1� Xs
11


�cmÿ �c1


kT
A1


� �
� Xs


22
�cmÿ �c2


kT
A2


� �
�4�


where Xs
1 and Xs


2 are the mole fractions of the two
components, A1 and A2 are the molecular areas


corresponding topc1 and pc2 respectively,g1 and g2


represent the surface activity of the two components at
their collapse pressure,k is the Boltzmann constant andT
is the absolute temperature.


In all cases where no interactions between the two
components occur, the surface activity coefficients are
presumed to be equal to unity (g1 = g2 = 1), and the
theoretical curve corresponding to this hypothesis should
fit the experimental data. However, in case of the non-
ideal mixing of the two constituents the activity
coefficient is no longer equal to unity and is now
dependent on the interaction parameterx according to the
relation


1 � exp���Xs
2�2�


2 � exp���Xs
1�2�


�5�


Hence, for a regular mixture the two activity
parameters obeys the Gibbs–Duhem equation as


Xs
1d ln1 � Xs


2d ln2 �6�


The knowledge of the interaction parameter allows us,
again, to calculate the interaction energyDE:


�E � �RT
zL


�7�


wherezL is the number of neighbours of each molecule.
Considering a closed-packed hexagonal lattice, if the
molecular areas are not too different (which is our case),
we can then assumezL= 6. In Table 3 are given the
calculatedDE andx values.


Fig. 6 shows the experimental curve along with the
theoretical curve according to the Joos approach. This
approach shows good agreement between theory and
experimental except for the region 0.5< X1 < 0.7. All
attempts to incorporate in the Eqn. 4 varying interaction
parameters to take this region into account gave no better


Figure 5. Free energies of mixing calculated from Eqn. 2 for
various surface pressures for different compositions of the
mixture of 1 and 2 as a function of the molar fraction of 1


Table 3. Interaction parameters (x) and interaction energies
(DE) as calcluated from the Joos equation


Molar ratio X1 x DE


0.10 5.3 518
0.20 2.5 247
0.30 0.7 70
0.39 0.7 72
0.49 ÿ0.1 ÿ14
0.59 ÿ2.0 ÿ191
0.70 ÿ1.0 ÿ102
0.80 0.0 0
0.91 ÿ0.6 ÿ62


Figure 6. Experimental collapse pressure of mixtures of 1
and 2 as a mole fraction of 1 versus the theoretical collapse
pressure calculated according the Joos theory
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results. This can be ascribed to the particular nature of the
interactions which occur in this region and which are
apparently very different from those occurring in all other
areas of the miscibility measurements.


The expansion of the film and the aspect of the curves
with a pivot point promotes the idea that some regions in
the film have a definite composition; effectively there
exists a eutectic and for this eutectic specific ordering in
the monolayer exists. The eutectic represents the
formation of a 3:2 complex between1 and 2. The
stabilization of such a complex must arise from
modification of the H-bonding and hydration networks
around the polar head groups; the exact nature of the
complex is uncertain and we are currently trying to obtain
crystals of the 3:2 complex for the analogous non-
amphiphilic molecules. The possibility of a simpler 2:1
complex is ruled out by the lack of any skew around the
maximum at a mole fraction of 0.6; in the case of such a
2:1 complex it would be expected that the values
observed at a mole fraction of 0.7 would be greater than
those at a mole fraction of 0.5. This not being the case, we
favour the 3:2 model.


In addition to the above thermodynamic treatment of
the mixtures, Brewster angle microscopy18 was used to
obtain further information on the film structure. Thisin
situ microscopy technique possesses the advantage over
fluorescence microscopy of observing the phase beha-
viour at the air water interface without the perturbation of
the film caused by incorporation of a fluorescent probe.


The behaviour of the two molecules alone has already
been described.19 For ease of comparison we can note the
NH3-bCDOC6 (1), displays an apparently simple beha-
viour. At low pressure a film of very low reflectivity
exists which undergoes a nucleation phenomenon begin-
ning at a pressure lower than the collapse pressure. There
is no further change in the aspect of this film under further
compression. During decompression, all the processes
seen during the compression are shown to be reversible.
No fracturing of the film occurs and at low pressure a film
of very low reflectivity is again observed.


For 2, at high molecular areas (700–600 A˚ 2 per
molecule) the film presents the appearance of a two-
dimensional foam. Above zero pressure the behaviour of
the film is closely similar to that of1, that is, first the
appearance of a homogeneous film of low reflectivity and
second at higher pressure a nucleation phenomenon. The
main difference between the two molecules is that for2
during expansion of the film there is no strict reversiblity.
Under decompression at intermediate pressures struc-
tures typical of an LC–LE transition exist.


Given the formation of the 3:2 complex, it was of
interest to observe the behaviour of mixed films. A series
of experiments were carried out at various mole fractions
of 1. It was observed that for mole fractions>0.2 in 1
there is no apparent difference in the images between
those of the mixture and those of1 itself. All images
shown are 850� 850mm. The images are recorded in


real time as a video recording and the figures given are
representative of the structures observed.


It is in the region of mole fractions<0.2 in 1 that a
number of interesting phenomena are observed. For a 0.1
mole fraction in 1 during the compression the film
behaves in the same way as a film of pure2. At low
pressure and high molecular areas there exists a foam
[Fig. S1(a) and in a more irregular form Fig. S1(b)] which
disappears when the pressures rises to form a homo-
geneous film of low reflectivity [Fig. S1(c)] which tends
then to nucleate [Fig. S1(d)]. (Figures S1–S3 are
available from the epoc website at http://www.wiley.
com/epoc.)


The main features of interest arise during decompres-
sion. Unexpectedly and in contrast to the two pure
compounds, the mixture separates at relatively high
surface pressure (30 mN mÿ1) into two distinct phases
[Fig. S2(a)] forming a network of two-dimensional cages
of high reflectivity surrounding zones of lower reflectiv-
ity [Fig. S2(b)]. At this mole ratio the two-dimensional
foam structures are highly irregular. This microscopic
patterning at the surface seems to be governed by the
formation of a 3:2 complex between1 and2; in this case
excess of2 will be present within the cage structures.
That this occurs is demonstrated by the behaviour of the
phase present within the structures; at high areas and zero
surface pressure the phenomenon of two-dimensional
foaming typical of the decompression of2 but absent for
1 is observed [Fig. S2(c) and (d)]. This last process is
strictly limited within the areas delimited by the cages. In
the course of the decompression the rigid nature of the
walls formed by the complex is shown by the break-up of
the cage structures during which fragments of the walls
remain present; this is particularly evident in Fig. S2(c).


Similar processes are observed for the film composed
of a mole fraction of 0.2 in1; there is again phase
separation into cage structures [Fig. S3(b) and (c)].
However, there is a much higher degree of organization
present in the system and a pseudo-hexagonal array is
present which elongates slowly along the decompression
axis (Fig. S3(d)]. Phase changes arising from pure2 are
again observed within the cages.


CONCLUSION


We have demonstrated that in mixed films of two
amphiphilic cyclodextrins there exists a discrete complex
of apparent composition 3:2 for1 and2. The formation of
this complex leads to microscopic phase separation
which can be observed by Brewster angle microscopy;
the apparently rigid phase formed by the complex self-
organizes into cage structures at the air water interface
which act asin situ micro-Langmuir troughs in which
phase changes of the encapsulated excess amphiphilic
cyclodextrin can be observed.


We are currently investigating the possibility of using
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these mesoscopically two-dimensional phase-separated
foams to encapsulate other amphiphilic molecules.
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ABSTRACT: The electronic structures of a series of phenols, phenoxyl cation radicals and phenoxyl radicals were
calculated by the AM1 method. On the basis of the presumed electrochemical reaction, the electronic structure criteria
determining the antioxidant activity are discussed. Ionization potentials, absolute electronegativity, activation energy,
difference in the heat of formation between the compounds and their radicals and spin distribution were found to be
important criteria. Copyright 1999 John Wiley & Sons, Ltd.
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INTRODUCTION


Redox processes are very important in biochemistry and
medicine. Phenolic compounds can interfere with these
redox reactions and are interesting as tools in biochem-
ical studies and as antioxidants in medicine. The low
O—H bond energy and, hence, the easy formation of a
free radical, acting as an effective alkylperoxyl radical
trap, favour the inhibition of the free radical process
taking place in biochemical oxidation reactions.


The antioxidant properties of phenolic compounds as
active oxygen scavengers have been investigated in great
detail: superoxide anions,1–3 hydroxyl radicals,2,4 lipid
peroxidation2,5,6 and nitric oxide radicals.7 Pro-oxidant
activity of phenolic compounds has also been reported
and can be linked to their ability to autoxidize in the
presence of dissolved oxygen. Superoxide anion radicals,
hydroxyl radicals8,9 or peroxides10 can be produced in a
one-electron redox reaction, with or without transition
metal ions. The pro-oxidant activity of phenolic com-
pounds may also be linked to their direct reduction of
Fe(III) to Fe(II), resulting in the production of a hydroxyl
radical through a Fenton reaction. During metabolic
autoxidation of polyphenolic compounds in aqueous
buffer, semiquinone radicals and quinones, the effective
oxidants, are formed.11 Moreover, the contribution of
oxygen radicals to DNA cleavage by quinone compounds
derived from phenolic antioxidants has been examined.12


The antioxidant properties can be tested with physico-
chemical methods such as electron paramagnetic reso-


nance,13,14 electrochemical oxidation15,16 and reduc-
tion.17 The half-wave oxidation potential of phenols
(Ep/2) is considered to be a good parameter for
describing antioxidant activity. Indeed, from a chemical
point of view, the antioxidant activity of phenols is based
on an electron transfer followed by phenolic hydrogen
abstraction and on the stability of the free radical formed:


ArOH! eÿ � ArOH�: ! H� � ArO:


This reaction can be measured in an anodic oxidation as a
simplified model for biological antioxidant activity
where the electron, released from the phenolic group,
can combine with radical species such as hydroxyl- and
peroxyl radicals. The radical transformation products
also participate in the oxidation inhibition.


We looked for a correlation of this half-wave oxidation
potential and different calculated parameters in a series of
phenols in order to find a relationship between molecular
properties and redox activities. If successful, this
relationship may then be used to predict the antioxidative
capacities of these compounds.


Physico-chemical properties and antioxidant activity
have already been correlated with several theoretical
parameters: Hammett constants,16,17 the degree of over-
lap between thep-type lone pair electrons of oxygen with
the aromatic ring16,18 and with quantum chemical semi-
empirically calculated differences of the heat of forma-
tion between the compound and its radical.19


In an electrochemical context, however, we have to
keep in mind that phenols are oxidized to pyrocatechol
and hydroquinone, the latter being oxidized to quinone.
Hydroxylated aromatic compounds typically form
dimeric products. The mechanism of dimer formation
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by anodic processes has not yet been studied, but
probably involves a free radical stage. Tar formation of
phenol radicals is an important drawback and is
irreversible. Its influence on the reaction as a whole will
depend on the amount of phenol converted into a tar-like
oxidation product: the smaller this amount, the lower is
the probability of electrode deactivation and of inter-
ference with the diffusion-controlled kinetics. The
complexity of the anode process may affect theEp/2
values.


EXPERIMENTAL


Oxidation potentials


Half-wave redox potentials (Ep/2) were determined from
the first sweep of the oxidation wave in solutions
(methanol in 0.1M sodium phosphate buffer, pH 6.5)
containing 0.1 mM of compound. Voltammograms were
recorded with a glassy carbon electrode (Metrohm
6.1204.040). An ECO Autolab polarograph was used,
controlled by GPES software.


Calculations


All calculations were performed with the semiempirical
AM1 method20 employing MOPAC 6.0 software21 in
Insight II (MSI/BIOSYM, San Diego, CA, USA, 1995).
Geometry optimizations were performed with the PRE-
CISE keyword. The geometries of the parent compounds,
their cation radicals and radicals were optimized using
UHF followed by RHF calculation. Our AM1 geometry
optimization for phenol corresponds with B3LYP/6-
31G(‘p’) obtained geometries and with experimental
data.22


The unpaired spin density arising from an odd-electron
system can be calculated with either RHF and UHF. In an
UHF calculation thea andb MOs have different spatial
forms. Hence spin density is calculated as the difference
betweena andb MOs. In the RHF formalism the multi-
electron configuration interaction calculation (MECI)
was performed with the ESR keyword.


A MECI calculation involves the interaction of
microstates (microstates, also known as Slater determi-
nants, represent configuration or patterns of occupancy of
MOs) representing specific permutations of electrons in a
set of MOs. Starting with a set electronic configuration,
either closed-shell or open-shell, but UHF, the first step in
a MECI calculation is the removal of the electrons to be
used in the CI from the MOs. The total energy of the
configuration is evaluated as the energy of the interac-
tions of all previously defined configurations. Diagona-
lization then results in state functions and the spin states
of the state functions.


The following parameters were selected: ionization


potential (IP) and absolute electronegativity (w) of the
free phenol, energy of activation (DDH‡), ionization
potential (IP) and spin delocalization (Ds) of intermediate
cation radicals and free radicals and finally the heat of
formation of the radical (DDHR). The experimentally
obtainedEp/2 values and the calculated parameters are
summarized in Table 1.


It should be kept in mind that these calculations pertain
to the in vacuo situation. Owing to the structural
similarity of the compounds studied here, one may argue
that solvation effects may be very similar throughout the
series of compounds.


Linear regression analyses were computed using
Microcal Origin 4.0 for Windows (Microcal Software,
Northampton, PA, USA). All compounds tested (Table 1)
were used in the regression analysis.


RESULTS AND DISCUSSION


Correlation of Ep/2 with the ionization potential


The energy of the HOMO, determining the ionization
potential (IP) (Koopman’s theorem), can be correlated
with the ability of the phenol to donate electrons. This
correlation is presented in the following equation and in
Fig. 1.


Ep=2� 0:446IPArOH ÿ 3:359


This equation holds for closed-shell molecules. In an
open shell case the energy of the singly occupied MO
cannot be directly related to the corresponding ionization
potential. Making the usual assumption that the MOs
remain unchanged during the ionization process, the
ionization potential of the radical is given by


IP � ÿE� � 1=2J��


whereE° is the orbital energy of the singly occupied MO
andJ°° is the corresponding Coulomb integral.24


A good relationship was found between the ionization
potential of the corresponding radical species and the
oxidation potential (Fig. 1). It may be described by the
following equation:


Ep=2� 0:343IPArOH�: ÿ 4:282
and Ep=2� 0:405IPArO: ÿ 2:893


Figure 2 shows the ionization potential of phenols in
more detail.


Calculation for nitrogen-containing compounds met
with some difficulties. In contrast with experiments,
almost all sp3 nitrogen systems are predicted to be
pyramidal and the charge on nitrogen atoms is most likely
of incorrect sign and unrealistic magnitude. In this case,
the ionization potentials need to be corrected using the
outer valence Green’s function (OVGF) technique. The
OVGF technique is used with the self-energy extended to
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include a third-order perturbation correction.25 This
correction was performed with the GREENF(NOCC)
keyword where the total number of occupied orbitals is
included in the Green’s function calculation.


Correlation with absolute electronegativity (w)


Any chemical system is characterized by its electronic
chemical potential, its absolute electronegativity and its
absolute hardness.26 A high w value is an indication of
strong Lewis acid properties.


A correlation could be established between the
absolute electronegativity andEp/2 (Fig. 3). Whenw
decreases,Ep/2 also decreases. Ifw is, however,
sufficiently small (compounds with weak Lewis acid
properties),Ep/2 decreases more rapidly. This relation-


ship can be described by a Boltzmann function and gives
rise to a sigmoidal curve:


Ep=2� ÿ1:01=�1� e25:79�ÿ25:799� � 0:866


This implies that only for phenolic compounds with low
electronegativity (<4.3 eV) doesEp/2 change signifi-
cantly with the absolute electronegativity.


Correlation with the propensity for radical for-
mation


A simplified reaction profile of phenolic oxidation is
shown in Fig. 4. The propensity for radical formation of
phenols can be estimated byDDHR andDDH‡.


We calculatedDDHR as the difference in the heat of


Table 1. Experimentally obtained Ep/2 values and the calculated parameters


No. Compound Ep/2 IPArOH w DDH‡ IPArOH�� DsArOH�� DDHR IPArO� DsArO�
1 4-Aminophenol 0.148 8.27 3.92 174.19 13.24 0.125 30.51 7.68 0.125
1a 4-Acetaminophenol 0.28a 8.46 4.09 180.38 13.51 0.077 32.85 8.06 0.077
1b 3,5-Dimethyl-4-acetaminophenol 0.21a 8.34 4.00 176.80 12.99 0.053 31.00 7.82 0.053
1c 3,5-Dimethoxy-4-acetaminophenol 0.12a 8.32 4.02 175.50 12.97 0.048 30.74 7.60 0.050
1d 3,5-Dithiomethyl-4-acetaminophenol 0.12a 7.83 3.88 169.40 11.98 0.048 26.56 7.35 0.048
1e 3,5-Difluoro-4-acetaminophenol 0.32a 8.87 4.58 190.24 13.63 0.067 31.52 7.81 0.067
1f 3,5-Dichloro-4-acetaminophenol 0.34a 8.78 4.51 186.91 13.36 0.067 32.03 8.24 0.067
1g 3,5-Dibromo-4-acetaminophenol 0.32a 8.83 4.60 187.79 13.34 0.067 32.86 8.37 0.067
2 5-Hydroxyindole 0.370 8.30 4.07 180.63 13.37 0.091 34.12 7.91 0.100
3 2,4,6-tri(tert-butyl)phenol 0.399 8.64 4.04 182.68 13.49 0.029 31.27 8.18 0.037
4 2,6-Di(tert-butyl)-4-methylphenol 0.409 8.62 4.05 183.57 13.54 0.029 29.29 8.19 0.037
5 2,6-Di(tert-butyl)phenol 0.424 8.80 4.17 193.55 13.95 0.032 36.04 8.39 0.043
6 3-Dimethylaminophenol 0.487 8.31 3.86 177.48 13.74 0.060 38.85 8.65 0.071
7 4-Methoxyphenol 0.509 8.65 4.17 177.19 13.76 0.090 30.64 8.26 0.100
8 2,4-Di(tert-butyl)phenol 0.519 8.78 4.11 187.97 13.79 0.036 34.74 8.36 0.051
9 4-(tert-Butyl)phenol 0.602 8.89 4.22 192.50 14.13 0.059 36.41 8.54 0.077


10 2,6-Dimethylphenol 0.602 8.88 4.24 192.76 14.32 0.077 34.17 8.42 0.077
11 Acetovanillone 0.621 9.08 4.33 194.82 14.18 0.062 36.62 8.59 0.067
12 3-Methylphenol 0.651 9.02 4.31 196.81 14.61 0.090 37.78 8.74 0.100
13 2-(tert-Butyl)phenol 0.653 8.93 4.24 193.75 14.33 0.056 37.45 8.57 0.067
14 3-Aminophenol 0.655 8.53 4.00 183.31 13.99 0.111 38.43 8.77 0.100
15 3-(tert-Butyl)phenol 0.663 8.99 4.28 194.76 14.47 0.053 37.44 8.68 0.067
16 2-Methylphenol 0.675 8.96 4.22 195.23 14.48 0.100 36.09 8.59 0.100
17 4-Methylphenol 0.680 8.88 4.22 193.63 14.22 0.091 36.32 8.53 0.091
18 2,6-Difluorophenol 0.704 9.46 4.89 207.24 15.10 0.111 35.17 8.92 0.111
19 3-Chlorophenol 0.707 9.34 4.66 204.08 14.87 0.125 38.62 9.05 0.125
20 3-Methoxyphenol 0.714 8.88 4.26 192.83 14.31 0.091 37.60 8.87 0.091
21 4-Chlorophenol 0.721 9.12 4.51 199.15 14.38 0.125 36.85 8.83 0.125
22 3-Fluorophenol 0.736 9.37 4.67 205.98 15.09 0.125 39.08 9.14 0.125
23 3,5-Dimethoxyphenol 0.739 8.96 4.27 193.02 14.28 0.067 39.25 8.97 0.072
24 3-Hydroxybenzaldehyde 0.844 9.44 4.99 205.18 14.98 0.125 38.68 9.07 0.111
25 Phenol 0.846 9.11 4.36 199.48 14.85 0.143 37.66 8.80 0.143
26 4-Hydroxybenzaldehyde 0.858 9.49 4.97 207.41 14.89 0.111 39.91 9.16 0.111
27 4-Hydroxyacetophenone 0.858 9.42 4.90 205.27 14.79 0.083 39.53 9.09 0.100
28 3-Nitrophenol 0.881 9.95 5.56 216.76 15.45 0.111 40.71 9.56 0.100
29 a,a,a-Trifluoro-p-cresol 0.890 9.79 5.07 213.70 15.34 0.100 40.57 9.51 0.100
30 3-Hydroxyacetophenone 0.927 9.39 4.93 203.80 14.91 0.125 38.33 9.01 0.100
31 a,a,a-Trifluoro-m-cresol 0.936 9.68 5.05 212.67 15.34 0.091 39.57 9.51 0.111
32 4-Nitrophenol 0.985 10.07 5.57 219.80 15.50 0.111 41.55 9.80 0.100


a Data from Ref. 23.
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formation between neutral phenol (ArOH) and phenolic
radical (ArO�). According to Burton et al.,27 this
difference is a measure of the strength of the O—H
bond. The data show free radical formation to be
endothermically facilitated by donor and hindered by
acceptor substituents (Fig. 5). We found an improved
relationship betweenEp/2 andDDHR when the latter is
corrected by the ionization potential, demonstrating that
electron-donating properties of phenolic compounds can
be better explained by combining the propensity of
radical formation and the relative HOMO (Fig. 6).IPmin


is the lowestIP value found among the compounds in
Table 1.


A very similar relationship was found when the


Figure 1. Correlation of Ep/2 with ionization potential. The
correlation coef®cients are 0.9446 (ArOH), 0.8581 (ArOH��)
and 0.9404 (ArO�)


Figure 2. Correlation of Ep/2 with ionization potential.
Ep/2 = (0.399� 0.39) IP - (2.974� 0.351); n = 32, r = 0.858,
SD = 0.126


Figure 3. Correlation of Ep/2 with absolute electronegativity


Figure 4. Simpli®ed reaction pro®le of phenolic oxidation


Figure 5. Correlation of Ep/2 with propensity for radical
formation. Ep/2 = (0.058� 0.005) DDHR ÿ (1.503� 0.179);
n = 32, r = 0.889, SD = 0.113
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parameters were taken in a linear correlation:


Ep=2� 0:118�0:22��HR � 0:103IP� ÿ 2:849


where IP is in kcal molÿ1 (1 eV = 23.060 kcal molÿ1)
(Fig. 7).


The transfer of the phenolic hydrogen is indeed the
rate-limiting step in the reaction between a phenol and a
peroxyl radical. This is in agreement with a large
deuterium kinetic isotope effect in the phenol-mediated
peroxidation.10 The intermediate cation radical transition
state may be very important in the reaction. We
calculated the corresponding energy of activation
(DDH‡) of the cation radical transition state as the


difference in heat of formation between cation radical
and phenol. The correlation is shown in Fig. 8.


In addition, we observed a linear relationship between


Figure 6. Correlation of Ep/2 with corrected propensity for
radical formation. Ep/2 = (0.036� 0.002) DDHRIP/IPmin ÿ
(0.920� 0.097); n = 32, r = 0.934, SD = 0.088


Figure 7. Correlation of Ep/2 with propensity for radical
formation and ionization potential. Ep/2 = (0.118� 0.007)
(0.22 DDHR� 0.103 IP)ÿ (2.894� 0.209); n = 32, r = 0.938,
SD = 0.085


Figure 8. Correlation of Ep/2 with energy of activation of the
cation radical transition state. Ep/2 = (0.017� 0.001)DDH³ÿ
(2.727� 0.282); n = 32, r = 0.889, SD = 0.112


Figure 9. Correlation of energy of activation with ionization
potential. DDH³ = (23.563� 0.824)IP ÿ (17.130� 7.377);
n = 39, r = 0.987, SD = 2.644


Figure 10. Spin polarization of the p-electron of carbon with
the orthogonal hydrogen of 3-dimethylaminophenol
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the energy of activation (DDH‡) and the ionization
potential (Fig. 9), showing consistency in our calcula-
tions.


Importance of hyperconjugative interaction for
radical stability


The free radical is stabilized by electron delocalization in
a conjugated system. The stability of the radical species
depends on the part of the molecule involved. Two series
of molecules can be distinguished. One series contains
strong electron-donating substituents such as amino and
methoxy groups while substituents in the other series
such astert-butyl-substituted phenols are able to provide
appreciable hyperconjugative interaction between an
unpaired electron in ap-orbital on carbon, oxygen or
nitrogen with hydrogen.


This is explained as follows: MO calculations place the
odd electron in ap*-antibonding orbital having its largest
p-orbital coefficients at C-a. Thea-position is assumed to
have the highestp-electron spin population. Coupling is
transmitted through the bonding electrons, but the
unpaired electron is located in an orbital orthogonal to
the sp2-orbitals where the hydrogen atoms are attached.
The pair of electrons in thep-atom bond are spin-
polarized in such a way that one, having its spin parallel
to that of the unpaired electron, spends more time at the
carbon end of the bond (a manifestation of Hund’s rule);
the electron which spends more time associated with
hydrogen is therefore of opposite spin to the odd electron.
This is illustrated form-dimethylaminophenol in Figs 10
and 11. Figure 11 shows a higher spin density on the H-
atoms near the aromatic ring.


We calculated the spin distribution of free radicals and
the corresponding cation radicals as a sum of the square
of coefficients of SOMO divided by the number of atoms
bearing the unpaired electron (Ds). This parameter can be
used for quantitative estimation of radical stabilization.
Figure 12 showsDs of the free radicals and their
corresponding cation radicals and the linear relationship
between them. Compounds with the lowestDs values
show the best stabilization capacity (Fig. 12).


CONCLUSION


We evaluated the anodic half-wave oxidation potential
(Ep/2) as a potential parameter for the determination of
the antioxidant activity of phenolic compounds by
comparing these experimental values with computed
molecular properties.


The corresponding ionization potential (IP), absolute
electronegativity (w), propensity for radical formation
calculated as the difference in heat of formation between
phenol and its radical (DDHR), corrected byIP and the
energy of activation of the cation radical transition state,
calculated as the difference in heat of formation between
this radical cation and the phenol (DDH‡), correlate very
well with the measured oxidation potential, indicating
that the model employed (ArOH��) allows one to
estimate the redox properties of phenolic compounds.


The correlation betweenw andEp/2, however, follows
a Boltzmann function and the electronegativity of strong
Lewis acids (w> 4.5 eV) does not correlate with theirEp/
2 values. A correlation ofEp/2 with a function combining
IP andDDHR gives the best results.


We have to keep in mind that potential antioxidant


Figure 11. Spin delocalization of 3-dimethylaminophenol
(obtained with SPARTAN, from Wavefunction, Irvine CA,
USA)


Figure 12. Correlation of spin distribution of free radicals
with spin distribution of cation radicals. Ds


(ArOH��) = (1.095� 0.047) Ds (ArO�) ÿ (0.011� 0.001);
n = 32, r = 0.967, SD = 0.008
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activity is due to electron-releasing properties and to
radical stabilization. Radical stabilization can be induced
by electron-attracting functions and by hyperconjugation.
It is a matter of course that the latter is far more important
in antioxidant compounds. The hyperconjugation possi-
bility should be considered as an important property of
substituted phenolic compounds and can be shown by
using spin distribution (Ds). Hence,Ep/2 can be used to
evaluate the antioxidant activity of a phenol. Compounds
with high antioxidant activity will combine lowEp/2
values with a pronounced spin distribution in the
corresponding free radical.
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ABSTRACT: The reactivity of polyenes (b-carotene, canthaxanthin, lycopene and some retinyl polyenes as related
compounds) in the solid state towards molecular oxygen at various temperatures and oxygen pressures was studied.
The specimens were thin (ca 0.1mm) amorphous films prepared by evaporation of one or two drops of appropriate
solution on quickly rotating supports. The autoxidation was monitored by recording the changes in the electronic and
infrared spectra of oxidizing films and was demonstrated to be a chain free-radical process with extremely high chain-
initiation rates (10ÿ5–10ÿ6 mol lÿ1 sÿ1). For various polyenes the kinetic parameters of the initiation reaction were
measured. In the films of several polyenes (retinyl acetate, retinal, methyl retinoate,b-carotene), the formation of free
radicals proceeds in the absence of oxygen and the mechanism of the process was suggested. The observed ratios of
the propagation and termination rate constants depend on the oxygen pressure, indicating the involvement of polyenyl
radicals in the chain termination process. The observed trends are explained using the concepts of the stabilization
energy of radicals, the reversibility of oxygen addition to polyenyls and morphological features of polyene films.
Copyright  1999 John Wiley & Sons, Ltd.
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INTRODUCTION


The behavior of linear polyenes in autoxidation reactions
reveals some special features. The features of the liquid-
phase autoxidation of polyenes were described in a
previous paper.1 The mechanism of the initial stage of the
process was explained in terms of the isomerization of
peroxy radicals and of the reversibility of the formation
of polyenyl peroxy radicals. It was also shown that the
reactivity of the polyenic compounds studied exceeds the
reactivity of other related compounds by several orders of
magnitude. This is a consequence of the weakness of the
‘allylic’ C—H bond (in the case of chain propagation
through H atom abstraction) and the high stabilization
energy of polyenyl radicals (in the case of propagation
via peroxy radical addition to conjugated C=C bonds).1


The investigation of polyene autoxidation in the solid
state was initiated by the observation that many polyenes
of the vitamin A series andb-carotene in thin amorphous
films on supports undergo autoxidation at extremely high
rates. It was also shown that in the absence of oxygen
there is no change in either the electronic or infrared
spectra of the films during a considerable time. In the
presence of O2, fast oxidation of the polyenes occurs,


resulting in corresponding changes in the electronic and
IR spectra of the films.2


In this paper we present the results of a kinetic study of
the solid-state autoxidation of some long-chain biologi-
cally active polyenes (b-carotene, canthaxanthin and
lycopene) and related compounds with shorter polyene
chains (retinyl acetate, methyl retinoate and retinal). The
regularities of the solid-state autoxidation were found and
explained using the main concepts of the reactivity of
polyenes developed previously.1


EXPERIMENTAL


The experimental procedures of polyene purification and
storage were described previously.1,2 (All- E)-canthax-
anthin (4,4'-diketo-b-carotene) was obtained by oxida-
tion of (all-E)-b-carotene by an aqueous solution of
NaOCl3 at room temperature. The subsequent treatment
and isolation were performed according to Ref. 3. (All-
E)-lycopene ( , '-carotene) was kindly supplied by
Professor E. P. Feofilova (Institute of Microbiology,
Russian Academy of Sciences) and was used without
additional treatment. The inhibitors used were 2,6-di-
tert-butyl-4-methylphenol and 2-tert-butyl-4-methoxy-
phenol. The purity of carotenoids and retinyl polyenes
was checked by high-performance liquid chromatogra-
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phy and was shown to be not less than 99%. Non-
controlled autoxidation was carefully avoided. All the
polyenes were storedin vacuo [10ÿ2–10ÿ3 Torr
(1 Torr = 133.3 Pa)] at aboutÿ15°C. The solvents
(benzene,n-hexane, CHCl3) were purified by standard
techniques and dried over sodium metal and calcium
hydride (benzene andn-hexane) and Al2O3 (CHCl3).
After degassing, the dry solvents were vacuum con-
densed in glass tubes. The tubes were sealed at about
10ÿ3 Torr. The solvents were saturated with argon before
use by breaking off the tubes under an argon atmosphere.


Amorphous films of the polyenes were prepared in a
dry argon atmosphere (in an argon box) by evaporation of
one to two drops of the solution of a polyene on fast
rotating quartz (for electronic spectra recording) or KRS-
5 (for IR spectra recording) supports. The thickness of the
films was estimated to be of about 0.1mm.4 Spectral
techniques (electronic and IR) were used to investigate
the kinetics and mechanism of autoxidation. The high
molar absorption coefficients at the main absorption


bands of the polyenes in the electronic spectra provides a
convenient and precise spectroscopic technique for the
investigation of the autoxidation process. A computer
comparison showed that the main absorption bands of the
starting compounds before autoxidation are identical
with those at low (1–3%) degrees of conversion.
Consequently, the spectra of primary autoxidation
products do not superimpose on the main absorption
bands of the polyenes.


Thermostated quartz cells were used for recording
electronic spectra. A support with the film was placed in
the cell in an argon atmosphere (in an argon box). The
cell was set in the sample compartment of the spectro-
photometer and connected to a vacuum line and a
manostat for oxygen feeding. After evacuation of the cell,
the spectra of the film were recordedin vacuoand then in
an oxygen atmosphere at a given oxygen pressure and
temperature. For recording transmission IR spectra, a
vacuum cell with KRS-5 windows was used. Multiple
attenuated total reflection (ATR) spectra were obtained


Scheme 1.


Copyright  1999 John Wiley & Sons, Ltd. J. Phys. Org. Chem.12, 370–376 (1999)


REACTIVITY OF POLYENES IN SOLID-STATE AUTOXIDATION 371







using an ATR unit with KRS-5 reflection elements
(49� 25� 3.5 mm, 14 reflections, 45° facets). The ATR
IR spectra were recorded by exposing the films to air in
the spectrometer sample compartment. UV–visible
spectra vere recorded on a Specord M40 spectrophot-
ometer and IR spectra on a Specord M80 spectro-
photometer (Carl Zeiss, Jena, Germany).


The conversion of the polyenes during their autoxida-
tion was determined by monitoring the decrease in the
optical densities of the absorption bands of their
electronic spectra. The kinetic data were evaluated from
the initial slopes of the polyene consumption curves. The
compounds investigated are shown in Scheme 1.


RESULTS AND DISCUSSION


Kinetics of solid-state autoxidation


The autoxidation of polyenes in thin amorphous films
proceeds at very high rates without any induction period.
The inhibition of the substrate consumption by low
concentrations of common chain-breaking antioxidants
(2,6-di-tert-butyl-4-methylphenol and 2-tert-butyl-4-
methoxyphenol) indicates a free-radical chain mechanism
of the process.5 The rates of oxidation were calculated
from the values of the initial slope of kinetic curves. To
describe the data obtained, the usual scheme of non-
initiated autoxidation5 was used (see also Ref. 1). Accord-
ing to the scheme, the overall rate of the process in the


absence of an initiator is given by the following equation:


R� R0 � �kp=kt
1=2�obsd�RH�R0


1=2 �1�


whereR is the overall rate of polyene autoxidation, (kp/


Figure 1. Plots of methyl retinoate consumption at 60°C: (1)
at oxygen pressure 760 Torr without additive; (2) with added
0.05 mol kgÿ1 of 2-tert-butyl-4-methoxyphenol at oxygen
pressure 760 Torr; (3) under Ar atmosphere (760 Torr)


Figure 2. Dependence of retinyl acetate autoxidation rate in
®lms at 20°C and oxygen pressure 150 Torr (total pressure
760 Torr) according to Eqn. 2. Inhibitor: 2-tert-butyl-4-
methoxyphenol. The full line corresponds to the least-
squares ®t R = {(0.2� 0.15)� (0.04� 0.02)/[AH]}� 10ÿ4


mole lÿ1 sÿ1; the dotted lines show the 0.95 con®dence limit


Figure 3. Dependence of R0 in b-carotene ®lms on oxygen
pressure at different temperatures: (1) 25°C; (2) 35°C
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kt
1/2)obsdis the observed ratio of the propagation (kp) and


termination (kt) rate constants, [RH] is the polyene
concentration in a film (mol kgÿ1) andR0 is the initiation
rate (rate of free radical formation).


In the presence of a chain-breaking inhibitor, the rate
of the autoxidation fits the equation


R� R0 � �kp=kinh��RH�R0=f �AH� �2�


wherekinh is the rate constant of chain termination by


inhibitor, f is the inhibition coefficient and [AH] is the
inhibitor concentration.


The main dependences found are shown in Figs. 1–4
and in Tables 1 and 2. According to these dependences,
the solid-state autoxidation of polyenes is a non-
branching chain process [Figs. 1 and 2, Eqns 1 and 2].
The most impressive feature is the high rate of free
radical formation (initiation) both in an oxygen atmo-
sphere and in the absence of oxygen (in argon orin
vacuo). Three types ofR0 change with oxygen pressure
were found: (a) linear growth (Fig. 3); (b) non-linear
growth whenR0 eventually reaches a limiting constant
value (Figs. 3 and 4); and (c) the independence ofR0 of
PO2 [for retinyl acetateR0 = (8.6� 2.1)�10ÿ6 mol kgÿ1


sÿ1 atPO2 from 0 to 720 Torr at 20°C]. It is essential that
the overall rate of autoxidation increases with increase in
oxygen pressure whenR0 is constant (Fig. 4). As follows
from Fig. 2–4, the main contribution to the rate of free
radical formation at lowPO2 values is due to the rate of
thermal reaction (R01) without participation of O2. It is
interesting to compare the rate of the reaction in solution
and in amorphous films. For example, for retinyl acetate
in chlorobenzene solution at 45°C R01 increases linearly
with [RH]2 (at [RH] <0.15 mol lÿ1) and
k01� 3.7� 10ÿ7 l molÿ1 sÿ1. Extrapolating the solution
value ofR01 to the concentration of polyene in the film
(3.05 mol kgÿ1 or about 2.5 mol lÿ1), one obtains at 45°C
R01 = 1.9�10ÿ6 mol lÿ1 sÿ1. In a solid film at the same
temperature (from the data in Table 1)R01 = 4.6�10ÿ3


mole kgÿ1 sÿ1. This value is about 2000 times higher than
that in a hypothetically analogous solution. Moreover, the
rate of free radical formation in solid films is much higher
than that in solution, both in the absence and in the
presence of O2. Forb-carotene autoxidation in solution6


the following expression was found:R0 = 3.7�


Figure 4. Dependences of the autoxidation and initiation
rates in retinal ®lms on oxygen pressure at 25°C


Table 1. Rates and Arrhenius parameters of thermal initiation of polyene autoxidation in solid ®lms


Polyene Temperature (°C)
Oxygen pressure


(Torr)
R0� 105 at 25°C
(mol kgÿ1 sÿ1) Log A E0 (kJ molÿ1)


b-Carotene 25 750 0.68 — —
Retinyl acetate 11–25 720 3.3 29.4� 0.3 193� 12
Retinyl palmitate 25 720 0.1 — —
Methyl retinoate 48–60 760 0.011 19.0� 1.8 148� 11
Retinal 25–45 150 1.03 ÿ1.88� 0.24 17.8� 1.4


Table 2. Kinetic parameters of solid-state autoxidation of polyenes


Polyene Temperature (°C)
R� 104 at 25°C (mol


kgÿ1 sÿ1) Log A E (kJ molÿ1)
(kp/kt


1/2)obsdat 25°C
(kg molÿ1 sÿ1)1/2


b-Carotene 12–25 0.58 3.1� 0.5 37.7� 3.0 0.03
28–48 9.9� 0.5 76.7� 2.9


Canthaxanthin 35–45 6.0� 10ÿ6 23.0� 2.0 161.0� 15.0 —
Lycopene 25 0.54 — — —
Retinyl acetate 25 8.6 — — 0.063
Methyl retinoate 48–60 0.0046 19.6� 3.9 147.7� 2.4 0.00044
Retinal 25–45 0.85 3.1� 0.1 41.1� 9.8 0.0066
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1012[RH][O2]exp[(ÿ107.5 kJ molÿ1)/RT]. Extrapolating
the data to the conditions of film oxidation (35°C,
PO2 = 750 Torr, [RH] = 1.55 mol lÿ1) one obtains
R0 = 3.3� 10ÿ8 and 3.3� 10ÿ9 mole lÿ1 sÿ1 at O2


concentrations of 10ÿ2 and 10ÿ3 mole lÿ1, respectively.
This is 300 and 3000 times less than the rate of free
radical formation in the films [the thermal initiation
reaction (Fig. 3) was not taken into account]. In the
absence of oxygen the formation of free radicals proceeds
in films of retinyl acetate, methyl retinoate, retinal andb-
carotene. Because in solutions of retinyl acetate at high
concentrationsR01� [RH]2, one may suppose that at
these concentrations in solution and also in amorphous
films of the polyene, free radicals are formed by the
following reaction:


2RH! R� � R0� �01�


Several reactions of free radical formation by dis-
proportionation of two unsaturated molecules are known.
These reactions along with their correspondingDH01


values are given in Table 3. For retinyl acetate, we
consider the reaction shown in Scheme 2. The heat of the
reaction was estimated using the equation


Table 3. Heats of reaction (01) and stabilization energies of radicals generateda


No. Reaction �Es (Ri) kJ molÿ1 DH01 (kJ molÿ1) Ref.


1 2C2H4 → CH3CH2
� � CH2 = CH� 18 269.5 11


2 C2H4� c-C5H8 → C2H5
� � c-C5H7


� 112.2 188.0 12
3 2 c-C5H8 → c-C5H9


� � c-C5H7
� 132.8 199.8 13, 14


4 162.6 111.7 15


5 216.2 92.0 16


6 2 (Retinyl acetate)→ I � II (Scheme 2) 293.6 ÿ14.0 This work


a The values of�Es (Ri) andDH01 were calculated using data from Refs. 10–16.


Scheme 2. Thermal formation of radicals from retinyl acetate


Figure 5. Relationship between the heat of reaction (01) and
the sum of the stabilization energies of the radicals formed.
The numbers adjacent to the points are the numbers of
reactions in Table 3. The straight line corresponds to Eqn. 4
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�H01 �D�R---H� � D��C=C� ÿ Es�II�
ÿD�> CH---H� �3�


where D(R— H) = 286 kJ molÿ1,7 Dp(C=C) = 245 kJ
molÿ1,8 Es(II) � 140 kJ molÿ1, from interpolation be-
tween Es� 152 kJ molÿ1 for pentaenyl (I)1 and
Es� 130 kJ molÿ1 for heptatrienyl,9 D(>CH—
H) = 405 kJ molÿ1 (Ref. 10) andDH01�ÿ14 kJ molÿ1.
The result may be regarded as approximate but it is
obvious from Table 3 and Fig. 5 that the endothermicity
of the reaction (01) decreases with increasing stabiliza-
tion energy of the radicals generated. For retinyl acetate
the reaction may be regarded as at least thermoneutral or
even exothermic. The data in Table 3 fit the equation


�H01 � �302� 20� ÿ �1:03� 0:11��Es�Ri
��;


r � 0:954 �4�


whereEs(Ri
�) is the stabilization energy of radical Ri


�.1,10


It is difficult to propose a mechanism for the thermal
initiation reaction of the other polyenes studied. How-
ever, with regard tob-carotene it is reasonable to
consider the possibility of thermal initiation of autoxida-
tion through the biradical state. The thermal formation of
biradicals from this polyene has been proposed and the
Arrhenius parameters of the process have been evalu-
ated.17 If the two radical parts of a biradical react
independently of each other, the overall rate of thermal
initiation may be calculated from the data in Ref. 17 and
equals about 10ÿ7 mol 1ÿ1 sÿ1 for 15–15' biradical and
about 10ÿ6 mol 1ÿ1 sÿ1 for 13–14 biradical at 35°C. Our
experimental value ofR0 is higher, 6� 10ÿ6 mol 1ÿ1 sÿ1


(Fig. 3). There may be two main reasons for the
discrepancy. First, in the amorphous state of such a long
molecule there is a probability of partial twisting around
one of its double bonds. The twisting may be forced by
the strains arising during the formation of a film at the
instantaneous evaporation of a polyene solution drop on
the quickly rotating support. As a result, the activation
barrier separatingtrans from cis isomers may be
considerably reduced, leading to an increased rate of
biradical formation. Second, it is not excluded that the
generation of free radicals in amorphous films ofb-
carotene occurs without mediation of the biradical state.
However, more experimental evidence is needed to
elucidate the real mechanism of thermal free radical
formation in amorphous films of polyenes.


Effect of the reversibility of peroxy radical
formation on the autoxidation kinetics


The increase inR with increase in oxygen pressure at
constantR0 (Fig. 4) should be regarded as a consequence
of the involvement of carbon radicals in the chain


termination reactions (Scheme 3). As a result, the
dependence of the autoxidation rate on the oxygen
pressure is complicated and does not reach a constant
value with increasingPO2


(Fig. 4). Consequently, in the
range of the oxygen pressures studied (up to 820 Torr),
reaction (5) does not play a role in the termination
process which is confined to reactions (3) and (4)
(Scheme 3). In this case the overall reaction rate may
be described by the equation


R� k1kpK1�O2��RH�R0
1=2=����kt11� �kt12��1=2 �5�


wherea = k1� kpK1[RH], b = k1K1[O2] andK1 = k1/Kÿ1.
The dependence of the observed rate constant ratio on


Scheme 3. Simplest mechanism of autoxidation


Figure 6. Dependence of the observed rate constant ratio on
the oxygen pressure for the autoxidation of retinal ®lms
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the oxygen pressure is shown in Fig. 6. At lowPO2
, when


the only termination reaction is reaction (3),


�kp=kt
1=2�obsd�


k1kpK1�O2�
�k1 � kpK1�RH��kt11


1=2
�6�


At higher PO2
values the termination reaction (4)


becomes the prevailing one and


�kp=kt
1=2�obsd�


kp�k1K1�O2��1=2
fkt12�k1� kpK1�RH��g1=2


�7�


As follows from these equations, the linear dependence
of (kp/kt


1/2)obsdonPO2
should change with increase in the


oxygen pressure to a linear dependence onPO2


1/2. This
change was observed for retinal film autoxidation (Fig.
7). In the range ofPO2


from 40 to 350 Torr,


�kp=kt
1=2�obsd� �5:36� 0:22� � 10ÿ5PO2;


r � 0:987 �8�


and at higher oxygen pressures (450–820 Torr),


�kp=kt
1=2�obsd���ÿ3:68� 0:19� � �0:33� 0:32��


� 10ÿ2PO2
1=2;


r � 0:986 �9�


The result may be regarded as an evidence for a high
carbon radical concentration in autoxidizing polyene
films due to the reversibility of reaction (1) (see also Ref.
1).
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ABSTRACT: The transition energy of the charge-transfer UV/Vis absorption maxima (�max, CT) and the structure of
the Michler’s ketone (MK)–tetracyanoethene (TCNE) electron donor–acceptor (EDA) complex are remarkably
solvent dependent. The UV/Vis spectra of the MK–TCNE complex were measured in 20 non-protic and seven protic
solvents. In non-protic solvents,�max, CT of the EDA complex is quantitatively described by a multiple LSE
relationship using the Kamlet–Taft dipolarity/polarizability (p*) and basicity (b) parameters of the solvents. The
influence of the two termsb and p* on �max, CT is opposite, indicating a qualitatively different solvent-induced
stabilization of the electronic ground and excited states of the complex. As expected, increasing dipolarity/
dipolarizability of the solvent causes a bathochromic band shift (positive solvatochromism), whereas the basicity of
solvents is responsible for a hypsochromic band shift due to specific solvation of the TCNE site. In protic solvents, the
complex formation is associated with the formation of an ionic species (nmax= 19800 cmÿ1) derived from Michler’s
ketone due to coordination of TCNE at the carbonyl oxygen of MK (called an n-complex). The solvent-induced
switching of thep-complex into the n-complex is demonstrated for mixtures of DCE with protic solvents and for silica
surfaces. Copyright 1999 John Wiley & Sons, Ltd.


KEYWORDS: Solvato chromism; Michler’s ketone–tetracyanoethene; electron donor–acceptor complex


INTRODUCTION


Weak complexes between organic electron donors and
acceptors often show a new absorption in the visible
region of the UV/Vis spectrum, the so called intermol-
ecular CT (charge-transfer) absorption.1–3 The charge-
transfer absorption process from the donor (D) to the
acceptor (A) of an EDA (electron donor–acceptor)
complex is attributed to the transition of an electron
from the HOMO of the donor to the LUMO of the
acceptor.4 Corresponding to Mulliken’s theory,1b this
intermolecular electron transition process can be ex-
pressed by Eqn. (1),1–5 where the mainly contributing
resonance structure of each state is underlined.


A � D
KCÿÿÿÿ*)ÿÿÿÿ �A  D$ Aÿ�D���ÿÿÿÿ!h�CT


�A  D$ Aÿ�D��� �1�


The charge-transfer absorption (�max, CT, h�max, CT)
[Eqn. (2)] generally occurs in the UV/Vis region with


h�max;CT � IPÿ EAÿ Ec �2�


whereIP is the ionization potential of the electron donor,
EA is the electron affinity of the electron acceptor andEc
is the electrostatic energy (e2/rDA) of the radical ion pair
[Aÿ� D��].4,5


The appearance of new spectral bands arising from the
CT transition between electron donors and electron
acceptors is especially useful and easy to apply for
several purposes. Accordingly, Rathoreet al.6 used weak
EDA complexes for probing steric effects on the inter-
actions of aromatic donors substituted with bulky alkyl
groups and acceptors. Electrostatic repulsion arises
between sterically substituted aromaticp donors and
variousp acceptor components.6 This effect contributes
to the value of the Coulomb term of Eqn. (2) and is
detectable by a hypsochromic shift of the CT band
becauserDA (the distance between Aÿ� D��) increases.
Furthermore, TCNE has been established as a powerful
reference acceptor towards a variety of structurally
different donors for determining their ionization poten-
tial.7
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TheUV/Vis absorptionenergy2,3,5andthecorrespond-
ing emission energy8 of EDA complexes are also
remarkablysolventdependent.


The solventinfluenceon the positionof the intermol-
ecularCT absorptionmaximaof weakEDA complexes
has been investigatedfor various electroneutralcom-
plexes9 and also of EDA complexes with charged
components,e.g. positively charged acceptors with
neutraldonors,10 negativelychargeddonorswith either
positively chargedacceptors2,11 or neutral acceptors12


andnegativelychargedacceptorswith neutraldonors.13


For instance,the solvent-dependent CT absorptionfrom
the iodide ion to the 4-ethoxycarbonyl-N-ethylpyridi-
nium cation was utilized in order to introducethe first
empiricalsolventpolarity scale,theZ-scale,by Kosower
in 1958.11a,b


According to the established theory of the CT
mechanismof weakEDA complexeswith electroneutral
components[Eqn. (1)], a bathochromicshift of the CT
absorption band is expectedwith increasing solvent
polarity becausethepolarity of theexcitedstateis larger
than that of the ground state of the EDA complex.
However,hypsochromicor poorly definedshifts of the
CT absorptionwasfoundfor someEDA complexeswith
increasing solvent polarity by using stronger polar
solvents,e.g. the polarity of which is expressedby the
dielectricconstantor theET(30)solventparameter.14 The
solvent-inducedshifts of the CT absorptionmaximaof
variousEDA complexeswith chargedcomponents,e.g.
the iodide–1,3,5-trinitrobenzene complex12c and other
halide–acceptor complexes,2,12 the pyrene–
trophylium10a,b and other p donor–carbeniumcom-
plexes10 and coloured charge-transfer salts, e.g.
tropylium iodide11c and 4-ethoxycarbonyl-N-ethyl-
pyridinium iodide (Z-scale),11a,b canalsobe interpreted
in terms of specific solvation using empirical solvent
polarity parameters.10e,12c,14b,15b,16


The influenceof different solventpropertiesuponthe
unprecedentedsolvatochromicshifts of varioussolvato-
chromic compounds have often been successfully
analysedby employing the Kamlet–Taft solvent para-
meters,15 which arerecommendedby severalauthorsfor
this purpose.17–19 For this application,the Kamlet–Taft
linear solvationenergy(LSE) relationship[Eqn. (3)] is
usedin the form15,17a,18


XYZ� �XYZ�0� �s� d���� � a�� b� �3�


where XYZ (�max) is the solvent-dependentabsorption
maximum of a solvatochromic compound, (XYZ)0


[�max(0)] is the absorption maximum of the same
solvatochromiccompoundmeasuredin the reference
system,e.g.in thegasphaseor in an inert solvent,p* is
the dipolarity/polarizability of the solvent, � is a
polarizability adjustment term which for aromatic
solventsis � = 1, for polyhalogenatedsolvents� = 0.5
and for all othersolvents� = 0, a is the hydrogen-bond


donating(HBD) capacityor acidityof thesolvent,b is the
hydrogen-bondacceptance(HBA) capacityor basicityof
thesolvent18a,cands, a, b andd aresolvent-independent
coefficientsreflectingthe susceptibilityof the termsp*,
a, b, and �, respectively,upon (�max). Until now, only
relatively weakor moderatelypolar solventshavebeen
used for investigatingthe solvatochromismof neutral
EDA complexes2,3,5,9 becausehighly polar and strong
donorsolvents,e.g.alcohols,DMSO,DMF andtrimethyl
phosphate,preventtheformationof EDA complexesdue
to competingreactionswith the acceptorcomponentor
radical ion pair formationoccurs.2,20


Theobjectiveof this work wastheinvestigationof the
solvatochromismof the EDA complexformed between
4,4'-bis(dimethylamino)benzophenone(Michler’s ke-
tone) and tetracyanoethene(MK–TCNE), taking into
accountalso the strongerdonor solventsas mentioned
above. In spite of the fact that the UV/Vis spectral
propertiesof the MK–TCNE EDA complex have not
been reported in the literature,21 it was chosen for
different reasons.First, Michler’s ketone,amongother
substitutedbenzophenones,14ais well knownto beitself a
solvatochromiccompound.17 Henceit is expectedthat
relatedEDA complexesarealsosolvatochromic.Second,
the CT absorptionband of the MK–TCNE complex
appearsclearly separatedfrom the expecteddisturbing
radical-anionabsorptionof TCNE20 by using stronger
donor solvents. In order to detect with certainty the
charge-transferabsorptionof the MK–TCNE complex
alsoin highly polarsolvents,a specialUV/Vis technique
wasemployed(seeExperimentalsection)becauseof the
disturbing reactionsof TCNE with thesevery strong
HBA solvents.


RESULTS AND DISCUSSION


The UV/Vis absorption spectra of the MK–TCNE
complex were measuredin 21 non-protic and seven
protic solvents. The complex was also measured
adsorbedon silica particlesfrom its 1,2-dichloroethane
(DCE)solution.Thestrikingobservationis thattheMK–
TCNE complex exists in two different structures,
accompaniedby a characteristiccolour changein the
two differentgroupsof solvents.It shouldbeemphasized
thattheformationof two differentkindsof complexesas
a function of solventpropertyseemsto be specific for
4,4'-bis(dialkylamino)benzophenone–TCNEcomplexes.
For comparison,UV/Vis spectroscopicinvestigationsof
variousotherbenzophenone–p acceptorcomplexeswere
carriedout in DCE,protic solventsandsolventmixtures.
Qualitativeresultsareshownin Table1.


None of the other investigated EDA complexes,
excluding the unstableMK–TCNQ complex, show a
new absorptionmaximum as the 4,4'-(dialkylamino)-
benzophenone–TCNEcomplexesdo in DCE by adding
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methanolor otherwell behavedprotic solvents(seethe
discussionon protic solvents).


However, TCNE is known to be a highly reactive
speciestowardsamines;with tertiary aromaticaminesit
yields intensely coloured 4-(tricyanovinyl)arylamine
dyes22 andwith pyridine andwater it yields pyridinium
saltsandHCN andCO2 aregenerated.22a,dExperimental
preliminariesby meansof 1H NMR spectroscopyof MK
and TCNE mixturesshowedthat suchreactionsdo not
occur in the solventsstudiedprovided that moistureis
excluded.Also, otherproductswerenot detectedsuchas
expected from electrophilic ortho-substitution of the
phenylring of MK with TCNE.22c


In eachcase,MK and TCNE give a stoichiometric
(1:1)complex.Theformationconstantof theMK–TCNE
complex in DCE was calculated as Kc = 7.5 (�0.5)
1 molÿ1 and the absorption coefficient as " = 1000
(�100) 1 molÿ1 cmÿ1 at nmax,CT = 14880cmÿ1 by
meansof the methodof Scott.23 Thus, the MK–TCNE
complexaccomplishestheconditionfor aweakintermol-
ecularinteractionaccordingto theMulliken theory.1b


Owingto its versatileUV/V is spectroscopicbehaviour
andits unexpectedlyhigh stability in differentclassesof
solvents,we investigatedthe solvatochromismof MK–
TCNE in order to establishan indicator that may be
suitable for detecting manifold microenvironmental
polarities. First, we will present the results from
measurementscarriedout in non-proticsolvents.


Non-protic solvents


The solvent-dependentCT absorptionmaxima of the
MK–TCNE complex as measuredin 21 non-protic
solventsarecompiledin Table2.


In eachcase,the typical CT absorptionbandof the
MK–TCNE complex could be detectedin non-protic
solvents.In the strongdonorsolventsDMF andDMSO,
the CT absorption was immediately recorded after
mixing the components(see footnotes to Table 2).
During the first few secondsafter complex formation,
no disturbing influenceswere detected.The observed
bathochromicband shift observedfor the MK–TCNE
complex(Dn = 3100cmÿ1) rangesfrom trimethyl phos-
phate (No. 21, highest observed�max,CT) to 1,1,2,2-
tetrachloroethane(No. 1, lowestobserved�max,CT).


The resultsof multiple correlationanalysesof theCT
maxima with various empirical solvent parametersare
summarizedin Table3.


Polarity scaleswhich arebasedon a single reference
process,e.g. the DN (donor number)or AN parameter
(acceptornumber)of Gutmann16 and the ET(30) para-
meter of Reichardt,14 are not suitableto explain suffi-
ciently thesolvatochromismof theMK–TCNE complex.
Advantageously, it can be shown that a multiple
correlationaccordingto Eqn. (3) by using the Kamlet–
Taft solvent parametersb and p* is very suitable in
describingthesolvatochromismof this EDA complexin
non-proticsolvents(Fig. 1):


�max;CT � 10ÿ3=cmÿ1 � 16:667ÿ 2:426�� � 3:028�


(4)


It is interestingthat the respectiveinfluencesof theb
andp* termsof the solventon the valueof �max,CT are
opposite.An increasein the dipolarity/polarizability of
the solvent,as measuredby p*, causesa bathochromic
bandshift dueto astrongersolvationof thelargerdipolar
andmorepolarizableexcitedstate(D�� Aÿ�) of theEDA


Table 1. UV/Vis absorption maxima of 10 benzophenone±acceptor complexes, measured in 1,2-dichloroethane (DCE) and in
binary DCE±alcohol mixtures


Benzophenonecomponent Acceptor �max (cmÿ1) In DCE (CT band) In DCE–ROH


4,4'-Bis(methoxy)benzophenone TCNE 22000 -c


4-(N,N-dimethylamino)benzophenone TCNE 15000 -c


4-(N,N-Dimethylamino)-4'-methylbenzophenone TCNE 14920 -c


4-(N,N-Dimethylamino)-4'-methoxybenzophenone TCNE 14760 -c


MK TCNE 14880 19600d


4,4'-Bis-(N,N-dimethylamino)benzophenone TCNE 13600 19200d


MK TNBa 21000 -c


MK TCQb 16000 -c


MK TCNQ 14000 19600e


MK (C6H5)3C
�AsF6


ÿ 15000 -f


a 1,3,5-Trinitrobenzene.
b Tetrachloro-1,4-benzoquinone.
c Theintensityof theCT absorptionbanddecreaseswith increasingconcentration(5–10cggÿ1) of addedmethanolor 2,2,2-trifluoroethanol(TFE).A
novelUV/Vis absorptionbandor a shoulderis not observed.
d The intensityof this newabsorptionbandincreaseswith increasingconcentrationof methanol,ethanol,propan-2-ol,or cyclohexanol.Note that
additionof TFE or 1,1,1,2,2,2-hexafluoropropan-2-olto thebenzophenone–acceptorcomplexdoesnot causethis newabsorptionband.
e TheMK–TCNQ complexremainsunstablein thepresenceof protic solvents.Within minutes,radicalion pair formationoccursandsidereactions
takeplace.Therefore,this complexwasnot suitablefor solvatochromicmeasurements.
f Thecommonalcoholsreactwith thecarbeniumsalt.
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complex.This result is expectedand agreesvery well
with the theory.1,2,3,5The hypsochromicshift of the CT
bandon increasingtheLewis basicityof thesolvents,as
measuredby b, hints at a specific solvation of the
electronicgroundstateof theEDA complex.Becausethe
solvatochromicshift of pure MK is not affectedby the
solvent’sbasicity,17 the specificsolvationof the TCNE
componentshouldto beresponsiblefor thiseffect,which
is observedfor thewholeMK–TCNE complex.A similar
explanationwasalsousedin interpretingthehypsochro-
mic shift of theCT bandof five different alkylbenzene–
TCNE complexeswhich havebeeninvestigatedin the
two solvents, 1,2-DCE (b = 0.1) and acetonitrile
(b = 0.40).9c,d It is also well establishedthat TCNE
interacts weakly with n donors.5,7,9d Therefore, we
concludethat the influenceof the b term upon�max,CT


is dueto aspecificsolvationof theTCNEcomponentsite
in the groundstateof the EDA complex. It shouldbe
notedthat the goodlinear correlationshownin Fig. 1 is
only valid for non-HBDsolvents.


In spiteof thepositivesolvatochromismof pureMK in
HBD solvents,which is well documentedby a multiple
LSE relationship including the p* and a term of the
solvents,17 a different behaviour is observedfor the
solvatochromismof the MK–TCNE complex in protic
solvents.


Protic solvents


The characteristicbroad CT absorptionmaximum of
MK–TCNE is not observedin all pureprotic solvents.A


Table 2. Charge-transfer UV/Vis absorption maxima of the MK±TCNE complex, measured in 21 non-protic solvents of different
polarity, and the solvent parameters used in the correlation analysis (taken from Refs 15,16 and 18b)


No. Solvent nmax,CT� 10ÿ3 (cmÿ1) p* b a DNb ANb


1 1,1,2,2-Tetrachloroethane 14.30 0.95 0.00 0.00 — —
2 Dichloromethane 14.87 0.82 0.10 0.13 1.0 20.4
3 1,2-Dichloroethane 14.88 0.81 0.10 0.00 0.0 16.7
4 Nitrobenzene 15.05 1.01 0.30 0.00 4.4 14.8
5 1,1-Dichloroethane 15.36 0.48 0.10 0.10 — 16.2
6 Acetonitrile 15.64 0.75 0.40 0.19 1.1 18.9
7 1,1,1-Trichloroethane 15.72 0.49 0.00 0.00 — —
8 Benzene 15.80 0.59 0.10 0.00 0.1 8.2
9 Acetophenone 15.84 0.90 0.49 0.04 15.0 —


10 4-Butyrolactone 15.90 0.87 0.49 0.00 18.0 17.3
11 Toluene 16.12 0.54 0.11 0.00 0.1 —
12 Ethyl benzoate 16.30 0.74 0.41 0.00 15.0 —
13 1,4-Dioxane 16.32 0.55 0.37 0.00 14.3 10.3
14 Cyclohexanone 16.44 0.76 0.53 0.00 18.0 —
15 Dimethyl sulphoxide 16.69a 1.00 0.76 0.00 29.8 19.3
16 Butan-2-one 16.72 0.67 0.48 0.06 17.4 —
17 N,N-Dimethylformamide 16.75a 0.88 0.69 0.00 26.6 16.0
18 Isobutyl acetate 16.76 0.46 0.45 0.00 15.0 —
19 Ethyl acetate 16.80 0.55 0.45 0.00 17.1 9.3
20 Tetrahydrofuran 16.92 0.58 0.55 0.00 20.0 8.0
21 Triethyl phosphate 17.26a 0.72 0.77 0.00 26.0 —


a The radicalanionof TCNE is immediatelyformed.
b DN = donornumber;AN= acceptornumber.


Table 3. Correlation equations for the correlation of the solvent-dependent UV/Vis absorption maxima (�max, CT) with the solvent
parameters AN (acceptor number), b, p* and DN (donor number): XYZ = XYZ0� a AN� b b� s p*� d DN


XYZ XYZ0 a b s d r2a SDa


nCT� 10ÿ3 (cmÿ1) 17.623 ÿ0.113 — — — 0.360 0.678
nCT� 10ÿ3 (cmÿ1) 14.997 — 2.733 — — 0.663 0.645
nCT� 10ÿ3 (cmÿ1) 17.248 — — ÿ1.720 — 0.137 0.780
nCT� 10ÿ3 (cmÿ1) 15.178 — — — 0.067 0.666 0.450
nCT� 10ÿ3 (cmÿ1) 16.667 — 3.028 ÿ2.426 — 0.930 0.232
nCT� 10ÿ3 (cmÿ1) 16.900 — — ÿ2.340 0.070 0.920 0.231
nCT� 10ÿ3 (cmÿ1) 17.322 ÿ0.135 — 0.852 — 0.382 0.702
nCT� 10ÿ3 (cmÿ1) 16.063 ÿ0.072 2.546 — — 0.881 0.308


a r2 = Correlationcoefficientsquared;SD= standarddeviation.


Copyright  1999JohnWiley & Sons,Ltd. J. Phys.Org. Chem.12, 547–556(1999)


550 S. SPANGEET AL.







new visible absorption band appears at about n =
19800cmÿ1 in methanol,ethanol,propan-2-ol,cyclo-
hexanol, 2,2,2-trichloroethanoland benzyl alcohol as
solvents.The samenewbandis observedin theUV/Vis
spectrumof theMK–TCNE complex,measuredin DCE
by successivelyaddingmethanol.Figure2(a)showsthat
thecharacteristicCT absorptionbandof theMK–TCNE
complex at �max,CT = 14880cmÿ1 (�max= 672nm) de-
creases and a new absorption maximum at
nmax= 19800cmÿ1 (�max= 505nm) simultaneouslyin-
creases.Onincreasingtheamountof methanoladded,the
appearanceof an isosbesticpoint at n = 18900cmÿ1


(� = 530nm) is clearly detectablein theUV/Vis absorp-
tion spectrum.


Obviously, the MK–TCNE complex in DCE is
converted stoichiometrically into another species by
protic solvents,as indicatedby the appearanceof the
isosbesticpoint asseenin Fig. 2(a).The new speciesis
fluorescent,as shown in Fig. 2(b); the fluorescence
intensity of the emissionat � = 560nm increaseswith
increasingmethanolcontentin the mixture correspond-
ing to the increasein the absorptionintensity of the
carboxeniumzwitterion formed(for an explanation,see
later) at � = 505nm.


Identicalspectraseries,asshownin Fig. 2(a) andFig
2(b), are also obtained by titrating the MK–TCNE
complexin DCEwith ethanol,propan-2-ol,cyclohexanol
or benzyl alcohol. The UV/Vis spectrumof the last
example shows no isosbestic point becausebenzyl
alcoholandTCNE alsoform a typical p-complex.


In protic solvents,MK undergoescomplexformation
with TCNE via the non-bondingelectron pair of the
carbonyloxygenatombecausea stronginteractionof an


electrophiletowardsthe carbonyloxygenof MK causes
theformationof acarboxeniumzwitterionthatabsorbsin
the UV/Vis region at about � = 500nm.17b,24


[4-(CH3)2NC6H4)]2COR� speciescan also be formed
by complexingMK with methyl triflate (MTF), bromo-
triphenylmethane (TPMB) or trimethylsilyl triflate
(TMSTF) in DCE or CD2Cl2. The formation of O-
substitutedoxeniums[4-(CH3)2NC6H4)]2COR� is usual-
ly associatedwith a typicalUV/Vis absorptionmaximum
at about �max= 500nm. The UV/Vis absorptionmax-
imum of theoxeniumof MK is slightly dependenton the
O-fixed substituent: R = —CH3, nmax= 18900cmÿ1;
R = —Si(CH3)3, nmax= 19700cmÿ1; and R = —
C(C6H5)3, nmax= 19960cmÿ1. A hypsochromicband
shift is observedin the order R = —CH3 <—Si(CH3)3


<—C(C6H5)3. This effect is due to the fact that the
conjugationalong the p-electronsystemis disturbedby
theO-fixed substituentbecausea growingstericdemand
of the substituentR causesan increasingtwisting of the
phenyl—C� bond.17bAll attemptsto isolatethenovelred
[4-(CH3)2NC6H4)]2COR� compoundsaspurecrystalline
solids have failed so far.26 Structuraldataand UV/Vis
spectroscopicresults for analogous compounds are
particularlyreportedfor adductsof MK with substituted
phenolsandtrifluoromethanesulphonicacid.24


Using 2,2,2-trichloroethanolas solvent, the MK–
TCNE complex was obtainableas a red oil. This oil
wassuitablefor investigationby 1H NMR spectroscopy
in CDCl3. Besidesthe signalsof the two N,N-dimethyl-
aminogroupsof unreactedMK at� = 2.95ppm,only one
new single signal of the dimethylamino groups at
� = 3.13ppmappeared,indicatingthesinglecoordination
of an electrophileat the oxygen atom of the carbonyl


Figure 1. Linear correlation of the experimental UV/Vis absorption maxima of MK±TCNE and the values predicted according to
Eqn. (3). The inset shows the structure of MK±TCNE
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group. Correspondingly, the model compound
[4-(CH3)2NC6H4]2COSi(CH3)3


� CF3SO3
ÿ shows the


single 1H signal of the dimethylamino groups at
� = 3.25ppm.26


Owingto theverylow concentrationof theMK–TCNE
complexin DCE–alcoholmixtures(below1%of thetotal
amount of the MK componentused), NMR and IR
measurementswere unsuccessfulin elucidating the
structurein solution.


Accordingto theexperimentalresults,we suggestthe
following explanation.The former EDA p complex of
MK–TCNE (in 1,2-dichloroethane)is transformedinto a


zwitterioniccomplexby protic solvents(Scheme1). For
instance,the formation of similar zwitterions between
phenazinedonorsandTCNE wassuggestedby Dietz et
al.27 In the present paper, the zwitterionic form is
designatedas an n-complex becausethe interaction
betweenthe non-bondingelectron pair of the oxygen
atomof MK andthe antibondingp* orbital of TCNE is
the dominant step, and the oxenium zwitterion (2a)
shouldbethemaincontributingresonancestructure.The
contributions of the mesomericcarbenium (2b) and
immonium(2c) (quinoidform) structuresstabilizethen-
complex.Sincenot only the n-electronsat the oxygen
atom are involved, but also the p*-electrons of the
carbonylbond,it is notapuren-complex.Thisdiscussion
showsthatawell definedassignmentof thecomplextype
is not possible.


According to the exact definition of solvatochro-
mism,14 it should be noted that the formation of the
zwitterion, associatedwith the UV/Vis absorptionat
�max= 500nm, does not fit well in this accurate
description becausethe observedUV/Vis absorption
maximaareattributedto speciesof differentconstitutions
and,therefore,aredueto qualitativelydifferent electro-
nic transitions.


It is conceivablethatthenegativelychargedsiteof the
MK–TCNE zwitterionic speciesis either stabilizedby
specificsolvationwith theHBD solventor evenbecomes
protonated.Consideringthe pKa values of 15–19 and
0–12 of the correspondingprotic acids ROH (protic
solvents) and C(CN)3H to C(CN)2H2 (cyanomethane
derivatives),22b,28 respectively, the zwitterionic form
should be the dominant speciesin the protic solvents
methanol,ethanol,propan-2-ol,cyclohexanolandbenzyl
alcohol.Oxeniumformationis not observedon titrating
the MK–TCNE complex(in DCE) with extremelypolar
protic solvents such as 2,2,2-trifluoroethanol [TFE,
ET(30)= 59.8,pKa = 12.4]14,28or 1,1,1,3,3,3-hexafluoro-
propanol [HFI, ET(30)= 65.3, pKa = 9.3].14,28 The ab-
sorption intensity of the CT band of the MK–TCNE
complexat n = 14880cmÿ1 in DCEdecreasesdrastically
with increasingconcentrationof addedTFE or HFI; this
changeis evidently largerasobservedwith methanolor
theotheralcohols.Thetwo strongHBD solventsTFEand
HFI strongly solvate the MK component itself and
competewith the TCNE component.The latter effect
doesnot occur in protic solventspossessingpKa values
rangingfrom 15 to 19, i.e. from methanolto propan-2-ol.
Furthermore,thepositivelychargedsiteof thezwitterion
requiresthe stabilizationby two dialkylaminogroupsin
the para positionof the phenylrings. It appearsthat the
electrophilic strength of TCNE is not sufficient to
generatean oxenium speciesof such benzophenone
components25 with weaker donor substituents than
dialkylamino groupsin the para position of the phenyl
rings (seeTable1). However,an electrophilicattackof
theTCNE upononeof thedimethylaminogroupsof MK
is alsoconceivable.However,the lattereffectwould not


Figure 2. (a) UV/Vis absorption spectra series of the MK±
TCNE complex as obtained with successive additions of
methanol. Conditions: [TCNE] = 8.6 mmol lÿ1; [MK] =
20 mmol lÿ1; solvents, 1,2-dichloroethane (12 ml). Addition
of methanol: (1) MK±TCNE in 1,2-DCE (without methanol);
(2) addition of 0.012 mol lÿ1 methanol; (3) 0.363 mol lÿ1; (4)
0.722 mol lÿ1; (5) 2.061 mol lÿ1. (6) Corresponding emission
spectra series of the MK±TCNE complex. Excitation wave-
length: � = 505 nm
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causea bathochromicshift of the UV/Vis absorptionof
MK as observed.In contrast, a hypsochromiceffect
would be expectedin this case. The results of the
fluorescence measurements of the [4-
(CH3)2NC6H4]2COR� speciessupport our suggestion.
The Stokesshiftobservedfor the positively chargedpart
of the MK–TCNE zwitterionic complex
(Dn = 1620cmÿ1) is much smaller than that for [4-
(CH3)2NC6H4]2COCH3


� (Dn = 2100cmÿ1). As a conse-
quenceof this result,a smallerdifferencein the dipole
momentbetweentheelectronicgroundandexcitedstates
of theoxeniumpartof theMK–TCNE zwitterion would
beexpectedcomparedwith [4-(CH3)2NC6H4]2COCH3


�.
This can also be explainedas being due to the larger
stericeffect of the TCNE substituentcomparedwith the
methyl group. Hence the TCNE substituentcausesa
strongertwistingbetweenthephenylringsandthecentral
carbonatom.


In the pure solvent HFI, the MK–TCNE complex
undergoescompletedissociationinto theradicalion-pair
salt (MK��TCNEÿ�). The sharpvisible absorptionband
of the MK�� radical cation appearsat n = 15000cmÿ1.
The favoured stabilization of radical cations in the
extremelypolarandhigh ionizing powersolventHFI has
beenreportedrecentlyby Ebersonet al. in detail.29 Our
resultsarein completeagreementto the resultsgivesby
Ebersonet al.29 In pure TFE, MK and TCNE yield a
mixture of both MK��TCNEÿ� and [4-
(CH3)2NC6H4]2C


�—O—C(CN)2—C(CN)2
ÿ.


Silica surface


Thep- andthe n-complexof MK–TCNE eachexhibit a
characteristicUV/Vis spectrum.Boththeinfluenceof the
solvent’s dipolarity/polarizability and basicity on the
charge-transferenergy and the influence of the HBD
propertyon the switching of the EDA complexcan be
demonstratedby adsorption the MK–TCNE complex
from DCE solution on the surfaceof different silica
particlesin suspensionof DCE. The silica samplesused
were Aerosil 300 and KG 60. The surfacesof these
materialsare evidently polar (p* = 1� 0.2) and beara
large HBD capacity (a = 1� 0.2), whereasthe HBA
capacity is very low (b = 0.2 to ÿ0.26). The polarity
parametersof Aerosil300andKG 60werealsomeasured
in DCE andtakenfrom Ref. 30a.


Immediately after mixing the green MK–TCNE
complex DCE solution with dried silica, the solution
phaseturnscolourlessandtheEDA complexis adsorbed
completelyon the particle surfaceby usingappropriate
amountsof both components.Accordingto the valueof
the polarity parametersof the silicas, the following
effectsareexpected:abathochromicshift of theCT band
andtheappearanceof theoxeniumspecies,but probably
alsoof theprotonatedzwitterionbecausethepKa valueis
about2–3 for baresilicas.


ThecorrespondingUV/Vis spectrabeforeandafterthe
adsorptionof MK–TCNE on thetwo differentsilicasare
shownin Fig. 3.


Scheme 1. Occurrence of the MK±TCNE complex in non-protic and protic solvents
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For KG 60, the characteristicbroad charge-transfer
absorptionbandof the adsorbedEDA complexesshifts
bathochromically becausethe dipolarity of the silica
surfaceis higher than that of DCE. The observedband
shift correlates very well with the value expected
accordingto Eqn. (3) if oneconsidersonly thep* term.
The basicity propertiesof bare silicas are difficult to
analyse.30c Thus, the solvatochromismof the adsorbed
MK–TCNE complexcan be usedto achieveadditional
information aboutsurfacepolarity.30b As expected,the
oxenium absorption maximum of MK at nmax=
19800cmÿ1 (� = 505nm) appearson adsorption on
silica. The ionic form is producedby the acidic silanol
groups analogouslyas observedin protic solvents. It
shouldbe noted that the concentrationof the oxenium
species, which is generated on the silica surface,
increaseswith time. After 1 day, a dark reddish
suspensionis obtained.


For comparison,the related model compound [4-
(CH3)2NC6H4]2COCH3


+ canbegeneratedquantitatively


by chemisorptionof thedimethylketalof MK on a silica
surface. The correspondingUV/Vis absorption and
emission spectra of [4-(CH3)2NC6H4]2COCH3


� ÿO-
silica (�max,abs= 18860cmÿ1; �max,em= 16700cmÿ1)
areshownin Fig. 4.


[4-(C2H5)CH6H4]2COCH3
� (�max,abs= 18500cmÿ1;


�max,em= 16690cmÿ1) was generated by the same
procedure.It shouldbe emphasizedthat the processfor
generatingthe[4-(CH3)2NC6H4]2COCH3


� is very sensi-
tive to water impurities (see Experimental section).
Figure 4 showsa successfulexperimentbecausein the
regionbetween� = 350and420nm thereappearneither
an additional band nor shouldersderived from MK
impuritieswhich areformedby reactionof thedimethyl
ketal of MK with residual tracesof water. The bath-
ochromicshift of theUV/Vis absorptionmaximumof the
oxenium(Dn = 500cmÿ1) observedfor thediethylamino
ascomparedwith thedimethylaminoderivativeis dueto
the stronger positive inductive effect of the ethyl
groups.17b


Acetalsandketalsusuallyreactwith silicain forminga
functionalizedsurface(Scheme2).31


Thetwo strongn-donatingdialkylaminogroupsin the
parapositionof thephenylring significantlystabilizethe


Figure 3. UV/Vis absorption spectra of the MK±TCNE
complex (1) in 1,2-DCE, (2) adsorbed on the KG 60 surface
and (3) adsorbed on the Aerosil surface


Figure 4. UV/Vis (1) absorption and (2) emission spectra of
[4-(CH3)2NC6H4]2COCH3


� chemisorbed on Aerosil 300 in
DCE


Scheme 2. Surface reaction of ketals with silanol groups
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positive chargeof the central carbonatom. Hencethe
nucleophilicity of the silanolate is too low to form a
covalent bond in this case.The structure of the [4-
(CH3)2NC6H4]2COCH3


� presenton the silica surface
wasprovedby the surfacereactionwith tri-n-butylstan-
naneas hydride donor. Tri-n-butylstannaneis a strong
nucleophile that reacts even with weak electrophilic
cations32 but not with the covalentprecursorMK or its
dimethylketal.[4-(CH3)2NC6H4]2CHOCH3 wasobtained
in moderateyield (seeExperimentalsection).Surpris-
ingly, amigrationof theortho-linkedmethylgroupto the
nitrogen atoms was not observed.Perhapsthe two
dialkylaminogroupsareprotectedby surfacesilanols.


CONCLUSION


The MK–TCNE EDA complexis suitableasa UV/Vis
spectroscopicpolarity probe for the investigation of
environmentspossessingboth HBD capacityand high
dipolarity/polarizability properties. In non-protic sol-
vents, the visible absorptionmaxima of the CT band
correlateswell with theKamlet–Taftp* andb parameters
of the solvents.In moderateprotic solvents,a zwitter-
ionic speciesis formeddueto coordinationof TCNE at
thecarbonyloxygenof MK. Furthermore,in thecaseof
highly ionization power solventswith ET(30) >58, the
EDA complexdissociatesinto its correspondingradical
ion pair.


EXPERIMENTAL


Materials. TCNE wassublimedunderreducedpressure
beforeuse.TCNQ,1,3,5-trinitrobenzeneandtetrachloro-
1,4-benzoquinonewerepurchasedfrom Fluka.MK from
Merck was recrystallizedtwice from ethanoland dried
carefully over CaH2. Methyl triflate and trimethylsilyl
triflatewerepurchasedfrom Merckandusedasreceived.
Bromotriphenylmethanewas purchasedfrom Merck. It
wasrecrystallizedfrom toluene–hexanecontaining2%of
acetylbromide.


Thesolventswerecarefullydriedandfreshlydistilled
before use.The purity was checkedby measuringthe
ET(30) solvent parameter.DCE was distilled freshly
beforeusein eachcaseandstoredoveraluminato avoid
tracesof HCI.


Aerosil 200andsilica (LC 1500,Grace)weredriedat
400°C for 12h beforeuseandallowedto cool to room
temperatureunderdry argon.


The substitutedbenzophenoneswere commercially
available products except 4-(N,N-dimethylamino)-4'-
methoxy- and 4-(N,N-dimethylamino)-4'-methylbenzo-
phenone.Thesetwo compoundsweresynthesizedfrom
the correspondingbenzanilide component and N,N-
dimethylanilineby a Friedel–Craftsreactionaccording
to Ref. 33.


The dimethylketalof MK wasobtainedby a two-step
synthesisfrom theMK dichlorideandsodiummethoxide
in methanolaccordingto Ref.34.Thisprocedurerequires
carefulexclusionof tracesof waterto preventunreacted
MK remainingasimpurity.


To prepare an Aerosil–dichloroethanesuspension,
about 0.5g of Aerosil 200 was suspendedin 15ml of
1,2-dichloroethane.


Procedure for preparing [4ÿ(CH3)2NC6H4]2COCH3
�


ÿO-silica. A 0.8g (2.3mmol) amountof the dimethyl-
ketalof MK wasaddedto a suspensionof 9.8g of silica
(LC 1500)in 15ml of 1,2-dichloroethane.A darkreddish
suspensionwas immediately obtained. After adding
1.2ml (4.5mmol) of tri-n-butylstannaneto the mixture,
thereddishcolourof thesilicadisappearedandit became
colourless.A samplefrom the supernatantsolutionwas
taken for thin-layer chromatography[TLC platesfrom
Merck, KG 60 F254; mobilephase,cyclohexane–acetone
(70:30, v/v)]. The chromatography showed [4-
(CH3)2NC6H4]2CHOCH3 in additionto thedimethylketal
of MK. [4-(CH3)2NC6H4]2CHOCH3 was assignedby
using the methoxy ether of Michler’s hydrol as a
reference compound. The yield of [4-
(CH3)2NC6H4]2CHOCH3 was30–50%.


Spectra. TheUV/Vis spectrawererecordedby meansof
an MCS 400 diode-arrayspectrometerfrom Carl Zeiss
Jena,connectedwith an immersion cell (TSM 5) via
glass-fibreoptics.In atypicalexperiment,MK andTCNE
weredissolvedin thepuresolventandthespectrumwas
immediatelyrecordedasa functionof time, aftermixing
the individual componentsin the reactionvessel.The
concentrationof MK was20mmol lÿ1 andthatof TCNE
was8.6mmol lÿ1.


The fluorescencespectrawere recordedwith an RF-
5001PCfluorescencespectrometer(Shimadzu).


NMR spectrawererecordedwith a 300MHz Gemini
NMR spectrometerfrom Varian.


Correlation analysis. Multiple regressionanalysiswas
performedwith theSPSS6.1 statisticprogram.
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ABSTRACT: The popular statistics used in correlation analysis, the correlation coefficientR and coefficient of
determinationR2, belong to the model of common linear regression with an exact explanatory variable and freely
fitted intercept. When they are used in other models, the common equation must be modified and the interpretation
revised. The resulting equations are discussed for the model with a fixed intercept. For the models with errors in either
variable and with both modifications, new equations are suggested. Under these conditions,R may be defined
differently, always in at least two ways; the different interpretations are discussed. Some properties of these
definitions are shown, particularly the sensitivity to coordinate transformations. These properties and interpretations
differ from those ofR in the common linear regression, hence the values in different models must not be directly
compared. Applications in chemistry and some cases of misuse in the literature are mentioned. Copyright 1999
John Wiley & Sons, Ltd.


KEYWORDS: correlation coefficient; linear regression; no-intercept regression; functional model


INTRODUCTION


In the correlation analysis of chemical data, simple or
multiple regression is the most common mathematical
tool.1 The adherence of the model to the data is often
expressed by the correlation coefficient,R. In connection
with regression, the more exact term is the coefficient of
determination,R2. Two notes have appeared2 suggesting
the suitable statistics which should be published in
chemical papers to evaluate the fit and to compare
various regressions; the coefficient of determination was
always included. Jaffe´’s classical review3 gives, in
addition toR, the standard deviation from the regression
line, SD, and the number of data points,N. These
statistics can be considered as standard and are also in the
output of all programs. Some papers are excessively brief
when they give justR as the only characteristic (e.g. Ref.
4), and sometimes evenN is not explicitly given.5 On the
other hand, some cautionary notes6 have drawn attention
to the asymmetric distribution ofR and its strong
dependence on the number of degrees of freedom. Great


caution is necessary when interpretingR derived with
only a few degrees of freedom, and in this case even the
adjusted coefficient of determination,7 R2


a, will not help.
Several times, the use ofR was completely rejected in
connection with regression,8 for not convincing reasons.
In fact,R is closely related to one specific model of linear
regression whose conditions are not fulfilled in all
applications.9 Alternative models have also been used
in chemistry but are not common. Regression with a fixed
origin (the no-intercept model) has been advocated,8b,10


mainly in cases when this origin has a particular physical
meaning, in correlation analysis, for instance, with
hydrogen as substituent. In other cases, regressions are
of importance with experimental errors on both coordi-
nates.11 Sometimes,R was calculated even in these cases,
although already its definition may be doubtful. Sum-
marizing, applications ofR in chemistry are not always
satisfactory and clear instructions for its use in various
cases have not been presented.


In this paper, we deal with the extension ofR2 to these
non-typical regressions. There are questions of what
modifications of the mathematical formula are needed
and to what extent the interpretation can be maintained
that is common in the normal regression. The problem
has been tackled by Kva˚lseth9 in a more general way. He
collected several general expressions forR2, postulated
their desirable properties and applied them also to the no-
intercept model (denoted B below). In this paper, these
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considerations will be extended also to the functional
models (denoted C and D) with particular attention to the
applications in the chemical correlation analysis: several
misunderstandings in the literature will be pointed out.


DEFINITIONS OF R


Of the various possible definitions7,9 we have chosen the
following two:


R2
1 � 1ÿ RSSP�yÿ �y�2 �1�


R2
2 �


�P�yÿ �y��ŷÿ �̂y��2P�yÿ �y�2P�ŷÿ �̂y�2 �2�


They are general and can be applied in various types of
regressions and even outside regression, i.e. always when
real values ofy and those predicted by any theory,ŷ, are
to be compared.R1


2 in Eqn 1 may be understood as the
amount of information gained from the regression.9 The
numeratorRSS is the residual sum of squares, i.e. of
squared differences between the values ofy and the
predicted valuesŷ. It may be denoted also as the
information entropy after the regression. The denomi-
nator is the entropy before any regression has been
attempted, i.e. when only the mean valuey and the
standard deviation from this mean were known.R2 in Eqn
2 can be viewed as cosine of the angle of two vectors in
theN-dimensional sample space: the vector of real values
y and the vector of predicted values yˆ; y and ŷ are the
mean values ofy andŷ, respectively. These two equations
are considered here as basic definitions and will be
applied in regressions of four types which differ by the
explanatory variable (exact or loaded with error) and by


the intercept (freely fitted or fixed). Kva˚lseth9 gives some
other general equations but some of them differ very
little. We found the two definitions in Eqns 1 and 2 to be
sufficient for differentiating and characterizing our
models.


R IN VARIOUS REGRESSION MODELS


(A) Common linear regression


This common type of linear regression with an exact
explanatory variable and freely fitted intercept is used in
almost all chemical applications. The regression line is a
common straight line and the least-squares condition
concerns the sum of squares of vertical deviations from
this line (see Table 1 where the equations are summar-
ized). The slope of the regression line is estimated asb3


(we use always the same subscript as is the number of the
equation):


b3 �
P�xÿ �x��yÿ �y�P�xÿ �x�2 �3�


The two definitions ofR2 in Eqns 1 and 2 yield in this
case the same popular equation known from textbooks:


R2
4 �


�P�xÿ �x��yÿ �y��2P�xÿ �x�2P�yÿ �y�2 �4�


Some properties of this characteristic are given in Table
1. Note thatR2


4 according to Eqn 4 is invariant to any
linear transformation of either variable, i.e. to both shift
of the intercept and change of scaling. However, it is
affected by rotation of coordinates. This is all well


Table 1. Some properties of various regression models


Model


Parameter A B C D


Equation of dependence y = a�bx y= bx y= a�bx y= bx
Criterion to be minimized � (yÿ aÿ bx)2 � (yÿ bx)2 � (yÿ aÿ bx)2/(1� b2) � (yÿ bx)2/(1� b2)
Estimate ofb b3, Eqn 3 b5, Eqn 5 b9, Eqn 9 b12, Eqn 12
Definition based onR1


2 R4
2, Eqn 4 R6


2, Eqn 6 R10
2 Eqn 10 R13


2, Eqn 13
Invariance to multiplication by a


positive constant
Yes Yes Yes if both the same Yes if both the same


Invariance to shift Yes No Yes No
Invariance to rotation No No Yes Yes
Definition based onR2


2 R4
2, Eqn 4 R7


2, Eqn 7 R4
2, Eqn 4 R7


2, Eqn 7
Invariance to multiplication by a


positive constant
Yes Yes Yes Yes


Invariance to shift Yes No Yes No
Invariance to rotation No No No No
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known. The only problem in this type of regression may
be whether it has been applied correctly in a given case.
Particularly the following applications may be accepted
as correct: (a) the variablex is (approximately) free of
error, the variabley is loaded with an experimental error
and the deviations from the regression are caused only by
these errors; (b) both variables are (approximately) exact
but y contains an unknown component which does not
depend onx and possesses a regular distribution; the
deviations are caused by the latter factor; (c) both
variables are exact and the deviations are caused by their
inexact dependence; there are physical reasons whyy can
be predicted fromx and not vice versa (for instance, the
reaction rate can depend on temperature, not conversely).
Many applications in chemistry meet these presumptions
only roughly, or not at all.


(B) No-intercept model


This model assumes an exact explanatory variable and
fixed intercept. The intercept may lie at the point (0,0).
The regression line goes through this point and the least-
squares criterion is the same as in the preceding model
(see Table 1). The estimateb5 of the unknown slopeb is
given by


b5 �
P


xyP
x2


�5�


The two definitions ofR2 in Eqns 1 and 2 in this case
yield different results, Eqns 6 and 7, respectively, but the
derivation is not self-evident. Here we retained the
meaning of y in Eqn 6. In Eqn 7, which was
recommended as the only possibility,9 bothy andŷ were
taken as zero, i.e. at the fixed origin.


R2
6 �
�P xy�2 ÿ �P x2��P y�2=NP


x2
P�yÿ �y�2 �6�


R2
7 �


�P xy�2P
x2
P


y2
�7�


Following the definitions, the meanings ofR2
6 andR2


7 are
different. WhereasR2


6 characterizes the adherence to the
model and the success of predicting within the data set,
R2


7 describes the fit viewed from the point (0,0), with
respect to the whole size ofy. In extreme cases,
particularly when all data points are distant from the
origin, R2


6 and R2
7 may differ sharply andR2


6 may be
even negative.9 Such an extreme case is shown in Fig.
1(a). A negativeR2


6 means that the model is completely
wrong in this case; a better prediction would be to predict
for all points the mean value ofy: ŷi = y. On the other
hand,R2


7 tells us that the prediction is not so bad with
respect to the whole value ofy: from the point (0,0) we
see the predicted and real values in similar directions.


Another extreme case, Fig. 1(b), shows dramatically the
consequences of the hard condition of a fixed intercept.
All points are situated on the same side of the regression
line: the fit is bad according to bothR2


6 and R2
7. A


characteristic feature of bothR2
6 and R2


7 is also their
sensitivity to shift (Table 1). When the data points are far
from the intercept,R2


6 and R2
7 may differ considerably


from each other and also fromR2
4 in the model A. On the


other hand, forx = y = 0, R2
4 = R2


6 = R7
2


Figure 1 also shows that the models A and B can yield
divergent results. Therefore, the common correlation
coefficient R2


4 must not be introduced into the no-
intercept model. An often used statistic10 of this model is
f [Eqn 8]. In this equation,SD is the standard deviation


Figure 1. Schematic representation of linear regression with
the ®xed intercept (model B) in two extreme cases of bad
®tting; scaling on both axes is arbitrary. Regression lines (full
lines) are controlled by the hard condition of the ®xed
intercept: very low values of the coef®cient of determination
R2


6 indicate that the model is wrong and unable to predict the
values of y from x. In Fig. (b) the prediction is bad even with
respect to the whole value of y (low R2


7) but in Fig. (a) it is not
so bad (reasonable R2


7; the points are seen from the intercept
in the right direction). When the constraint of the ®xed
intercept is left, the model is changed to model A with a
much better ®t (broken lines and coef®cients R2


4)
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from the regression line, which is connected toR2
7 [see


Eqn 8, right part]. A similar parameter , suggested many
years ago by Exner,12 is related in a similar way toR2


4 and
belongs to the model A but its main significance is
outside the regression models. Includingf in model A, for
instance,5b,13 is a misunderstanding, similar to usingR2


4
in the no-intercept model.14


f � SD�����������������P
y2=N


p �
������������������������������


N
N ÿ 1


�1ÿ R2
7�


r
�8�


In practical applications, the no-intercept model is
warranted particularly in the following situations: (a)
the point (0,0) has an absolute significance (for instance,
null dose–no response); (b) one point has been obtained
experimentally with an extraordinary precision; (c) each
value yi has been determined against a referenceyi


0,
measured simultaneously;11 the actual variable is then (y
-y0)i. These conditions are not met in the most popular
chemical applications;8b,10 there the point (0,0) may
sometimes be known with an improved precision and
sometimes not; in no case has its higher precision been
statistically proven. In most of these applications,
however, y is not far from the origin, so that the
difference between models A and B is not dramatic.


(C) Functional model


This model assumes both variables loaded with error and
freely fitted intercept. The whole model is symmetrical
with respect to the two variables, which means that their
interchange does not affect the results. The errors in both


variables can be assumed with the same variance and
independent. If the variances are not the same, one
variable may be rescaled. The least-squares condition
(see Table 1) refers to the squared perpendicular
distances from the regression line. It gives the estimate
of the slopeb according to the equation


b9 �
P�yÿ �y�2ÿP�xÿ �x�2


2
P�xÿ �x��yÿ �y�


�
��������������������������������������������������������������������������������������������������
�P�yÿ �y�2 ÿP�xÿ �x�2�2� 4�P�xÿ �x��yÿ �y��2


q
2
P�xÿ �x��yÿ �y�


�9�


When applying Eqn 1, one must give a new meaning to
the denominator, which generally means the information
entropy before the regression. We suggest here the
following definition:


R2
10 � 1ÿ RSS


RSSmax
� �b2


9� 1�P�xÿ �x��yÿ �y�
b9
P�yÿ �y�2�P�xÿ �x��yÿ �y�


�10�


RSS means the minimum sum of squares when the
regression line has the optimum slope andRSSmaxmeans
the residual sum of squares when the line has the worst
possible slope (perpendicular to the optimum slope). An
alternative definition of the denominator leads to Eqn 11,
which corresponds to that used in a previous paper.11 The
properties ofR2


10 andR2
11 are similar, but we prefer the


former, which can be understood in a simpler way. The
main defect ofR2


11 is that it is always greater than 0.5. In
the region of close correlations their values are near to
each other, generallyR2


11>R2
10>R2


4.


R2
11 � 1ÿ RSSP�xÿ �x�2�P�yÿ �y�2


�
P�xÿ �x�2 � b9


P�xÿ �x��yÿ �y�P�xÿ �x�2�P�yÿ �y�2 �11�


The second definition ofR2 [Eqn 2] yields the same result
as in model A, viz. Eqn 4. Again, the meanings ofR2


10 and
R2


4 in this model are different.R2
10 characterizes the


adherence of the points to a straight line, irrespective of
its slopeb. Its invariance to rotation of coordinates is the
most striking feature (Table 1); we may imagine that it
characterizes a property of an array of points irrespective
of its position in the plane. On the other hand,R2


4 in this
model describes the effectiveness of predictingy from x
or, with respect to the model symmetry, alsox from y. A
great difference between the two concepts is to be


Figure 2. Schematic representation of linear regression with
errors in both variables, model C, in an extreme case with a
small slope; scaling is arbitrary but equal on both axes.
Adherence to the regression line is not bad according to R2


10
(or R2


11 with the same signi®cance), but a prediction of y from
x would be ineffective (low value of R2


4)
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expected when the regression slope is far from unity.
Such an extreme case is shown in Fig. 2. Adherence to the
regression line is not so bad (R2


10) but an efficient
prediction is impossible (R2


4). Even in more realistic
examples,R2


10 is generally greater thanR2
4 for the same


data set, and the two values must not be directly
compared.


In practice, this model is applicable particularly in the
following cases: (a) the two variables are given in the
same units and their experimental errors are equal; (b) the
two variables are given in different units and scaled
in such a way that the experimental errors are represented
by equal given lines (this standardization seems to us
more reasonable than that based on the standard
deviations15 sx and sy). The case when the variables
are in the same units and their precisions differ
considerably may be better approximated by model A.


(D) Functional no-intercept model


In this model, both variables are loaded with error and the
intercept is fixed. Again, the errors in either coordinate
are equally dispersed and independent, and the fixed
intercept is at the point (0,0). The regression line passes
through the origin as in model B, the least-squares
condition relates to the perpendicular distances as in
model C (see Table 1). The estimate of the slopeb is
given by Eqn 12 and the coefficient of determination by
Eqn 13; both equations follow from Eqns 9 and 10 for
x = y = 0.


b12 �
P


y2 ÿP x2�
��������������������������������������������������������
�P y2ÿP x2�2� 4�P xy�2


q
2
P


xy �12�
R2


13 �
�b2


12� 1�P xy
b12
P


y2�P xy
�13�


The other possibility isR2
14 in Eqn 14, used previously,11


which follows in the same way from Eqn 11. The
difference betweenR2


13 and R2
14 is slight, as it was


betweenR2
10 andR2


11


R2
14 � 1ÿ RSSP


x2�P y2
�
P


x2� b12
P


xyP
x2�P y2


�14�


The second, less suitable, definition of the coefficient of
determination according to Eqn 2 yields the same result11


as in model B, Eqn 7. The meaning of these two
definitions is less easy to understand then in the preceding
models since the properties of models B and C are
combined. The most striking feature ofR2


13 is again its
invariance to rotation of coordinates (Table 1). It
expresses the adherence to a straight line passing through
the origin, using a perpendicular straight line as
reference. It is therefore sensitive to the distance from
the origin. On the other hand,R2


7 is oriented to the
prediction of y from x or vice versa. Differences are
expected particularly when the slopeb is far from unity.
In an extreme case (Fig. 3),R2


13 is high since the origin is
relatively distant, although the adherence to the model is
evidently not good.R2


7 is low since any prediction would
be very bad. None of these values bears any relation to
the adherence to the better model C (dashed line). This is
due to the hard condition of a fixed intercept and shows
conclusively how misleading such a hard condition can
be when it is not realistic.


The conditions when this model is preferable are not
encountered often. In one case,11 x andy were measured
in the same units and at the same accuracy (as in model
C) against the standards; the actual variables were thus
the valuesxÿ x0 andyÿ y0 (as in model B).


CONCLUSIONS


The coefficient of determination can be defined in a
different way and no definition can bea priori preferred.
Only in classical linear regression (model A) do all
definitions yield the same equation [Eqn 4], which meets
all requirements for this statistic.9 In the other models, B–
D, two or more meaningful definitions ofR2 are possible
but their values cannot be compared with each other and
the less so between individual models.


The main problem is already in the choice of the proper
model. In our opinion, the no-intercept regression (model
B) is acceptable only if it is dictated by strict physical


Figure 3. Schematic representation of linear regression with
the ®xed intercept and errors in both variables, model D, in
an extreme case of bad ®tting; scaling is arbitrary but equal
on both axes. Adherence to the line is apparently family
good (according to R2


13 or R2
14), but this is caused by the hard


condition of a ®xed intercept and by the arti®cial comparison
with a perpendicular line involved in Eqn 13. When the
constraint of the ®xed intercept is left, the model is changed
to model C (broken line and coef®cient R2


10)
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grounds; this is not often the case in chemical applica-
tions. In common cases, when the zero intercept is
theoretically anticipated but may be also loaded with
error, we recommend, in agreement with others,16 the use
of the common regression, model A. When a statistically
insignificant value is obtained for the intercept, the
anticipation has been confirmed and there is no strong
necessity to use the no-intercept model B. On the other
hand, the improper use of model B can lead to great
mistakes (see Fig. 1). In practice, the consequences will
not be so great, particularly in the two following limiting
cases. In the first case, the center of gravity of all points
(x, y) is not far from the origin, thenR2


4, R2
6 andR2


7 are
near to each other. In the second case, the correlation is so
close thatR2 according to any definition is approaching
unity.


The functional model (C or D) is different in principle
but even here there is some possibility of replacing it by
the common type A. One such case is when the error of
one variable is much smaller than that of the other. Then
the former variable can be taken as exact with a good
approximation. Another such case arises when one
variable must be considered as independent and can
never be predicted from the other (time, temperature).
Sometimes the values of this variable can be taken as
exact if they are adjusted to a certain value, i.e. not
measured17 (for instance,x would denote the temperature
for which the thermostat was adjusted, not the actual
temperature in the reaction vessel). In the statistical
sense, such a value represents the expected value for all
possible experiments with the given value ofx, hence the
whole experimental error is shifted to the dependent
variabley.When the functional model cannot be replaced
by the common type with a reasonable approximation,
one has to use one of the two types ofR discussed here.
The choice between them should depend on the purpose:
R10 or R13 quantify the adherence to a straight line and
are independent of rotation whereasR4 or R7 express the
strength of prediction ofy from x or vice versa.


In conclusion, the classical model of regression and the
common equation forR2


4 can be used to a broader extent
than follows from the strict conditions of their derivation.
In the cases when it cannot be used, a particular definition
of R2 must be specified and values ofR2 according to
different definitions must not be compared. Let us stress
that the coefficient of determination is never satisfactory
for judging the fit or the importance of an empirical
correlation: it should be always considered in connection
with other statistics2 (e.g. residual standard deviation,
standard deviations of the regression coefficients). Of


course, all statistical tools can prove only a disagreement
with the model, not agreement.


Note that the relationships developed here could in
principle be extended to multiple linear regression and
the pertinent equation could be developed. In addition to
the standard model A, model B may also have practical
importance whereas for models C and D it is difficult to
imagine a situation with three equivalent interchangeable
variables.


Acknowledgements


This work was supported by grant 203/96/1658 from the
Grant Agency of the Czech Republic (to O. E.) and by
grant Copernicus JRP-10053 (to K.Z.)


REFERENCES


1. O. Exner, Correlation Analysis of Chemical Data, Chapt. 8.
Plenum Press, New York (1988).


2. P. N. Craig, C. Hansch, L. W. McFarland, Y. C. Martin, W. P.
Purcell and R. Zahradnik,J. Med. Chem.14, 447 (1971); M.
Charton, S. Clementi, S. Ehrenson, O. Exner, J. Shorter and S.
Wold, Quant. Struct.–Act. Relat.4, 29 (1985).
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Synthesis of podands bearing aromatic end groups and
complex formation with tropylium tetra¯uoroborate in
1,2-dichloroethane
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ABSTRACT: A series of podands bearing phenyl, naphthyl and anthryl end groups were prepared and characterized.
UV–visible spectrophotometry was used to investigate the host–guest chemistry of the podands in complexation with
tropylium tetrafluoroborate in 1,2-dichloroethane. The results are discussed and compared with those for previously
studied systems containing crown ethers. The stability constants for these open-chain polyethers are in the range 5.1–
8.4 dm3 molÿ1, except for the podand having anthryl end groups [1,12-bis(anthryl-9)-2,5,8,11-tetraoxadodecane],
which gives a 10-fold increase in the stability constant. Copyright 1999 John Wiley & Sons, Ltd.


KEYWORDS: molecular recognition;p–p stacking; podands; tropylium tetrafluoroborate


INTRODUCTION


Crown ethers and their acyclic analogues, podands,1 are
of wide interest because of their tendency to form
complexes with cations and uncharged organic mol-
ecules. The research on crown ethers and podands has
mostly focused on their complexation with alkali metals,
alkaline earth metals and ammonium cations, but
complexation has also been demonstrated with diazo-
nium, hydronium, acylium and hydrazinium species.2


Recently, investigations in host–guest chemistry have
focused on molecular recognition and the potential ofp–
p interactions to secure strong and selective binding for
organic molecules. We have demonstrated thatp–p
stacking and cation–p interactions play a significant role
in the host–guest complexation between benzene-sub-
stituted crown ethers and electron-deficient aromatic
carbenium ions such as tropylium3,4 and pyridinum.5


Tropylium ion has been shown to be an ideal guest for
investigation ofp–p interactions. It is a monocharged
organic cation containing an even number of electrons
and as such represents a new type of guest in host–guest
chemistry. That tropylium ion is an effectivep-acceptor
is exemplified by the successful synthesis of many
intramolecular and intermolecular charge-transfer com-
plexes with aromatic hydrocarbons.6,7 In addition, a large


number of tropyliophanes, which have the tropylium ion
as a part of the molecular skeleton, and other macrocyclic
compounds containing tropylium ion have been synthe-
sized.8–10


The capability of podands for complex formation with
organic molecules depends on several factors, including
the number and nature of the donor atoms, ring size,
substituents and topological and conformational proper-
ties.1 The selectivity and binding efficiency of podand
molecules can be improved by adding functional groups
in terminal position(s), while their wrap-around cap-
ability can be modified through substitution of the
polyether chain. The aromatic end groups should be
such as to allowp–p stacking interaction with aromatic
guests. Likewise, enlargement of the aromatic surface in
podands would be expected to improve and strengthen
the complexation with an aromatic guest.


Here we report the synthesis and characterization of a
series of podands bearing aromatic substituents at both
ends of the oligoether chain. The capability of the
podands for complexation with an organic guest was
studied with tropylium tetrafluoroborate in 1,2-dichloro-
ethane (DCE) by UV–visible absorption spectrophoto-
metry. An important aim of the study was to determine
the influence of the macrocyclic effect, donor atoms and
aromatic substituents on the complexation of aromatic
cations. A comparison between crown ethers and
podands was undertaken as it was expected to be
informative for the development of new tweezer-type
hosts capable ofp–p binding with cationic organic
molecules.
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RESULTS AND DISCUSSION


Synthesis


Our aim wasto prepareacyclic analoguesof previously
investigatedbenzene-substitutedcrown ethers, which
contain multiple binding sites bearingaromaticsubsti-
tuents.In particular,we wereinterestedin the introduc-
tion of large aromatic substituentsat the end of the
acyclic polyether chain. We applied the ‘end group
concept’11 to imitate the structure of crown ethers
substitutedwith benzeneor other aromatic groups.In
essence,this is the recognitionthat whenconformation-
ally flexible systemsarerigidified, theybecomestronger
complexing agents and form more ordered crystals.
Aromatic groups were introduced into the terminal
positions by the Williamson ether synthesis(Scheme
1). The reactants were dichlorinated or ditosylated
glycols were preparedfrom the respectiveglycols and
commerciallyavailablearomaticalcohols.The 4-(ben-
zyloxy)phenyl-substituted podandsP5 and P6 are also
precursors for the dibenzo-substitutedcrown ethers
2B28C8and2B34C10,respectively.12


Severalcombinationsof basesand solventstestedin
thepreparationof ananthracene-substituted podandfrom
chlorinatedor tosylatedglycols and 2-aminoanthracene
or 2-hydroxyanthracene,butwithoutsuccess.However,a
reaction between 9-(hydroxymethyl)anthracene and
triethyleneglycol ditosylatein the presenceof sodium
hydride led to the anthracene-substituted podand1,12-
bis(9-anthryl)-2,5,8,11-tetraoxadodecane(P9).


Properties of complexes


Thecomplexationbehaviourof thepodandsin DCEwith


tropylium tetrafluoroboratewas followed by absorption
changesin the UV–visible spectra.Except for P9, a
yellow–orangecolourdevelopedspontaneouslyuponthe
additionof podandto a solutionof tropylium tetrafluoro-
boratein dry DCE. The anthracene-substituted podand
P9 behaveddifferently; its addition to a solution of
tropylium ion in DCE induced the developmentof
intense red colour. The electronic spectrum of the
substitutedpodandsin the presenceof tropylium ion
exhibiteda broadwavelengthabsorptionat 300–600nm.
For example, the addition of 3-methoxybenzene-sub-
stituted podand (P3) to DCE solutions containing
tropylium salt led to theappearanceof a newabsorption
bandwith maximumat about465nm, not found in the
spectrumof eithertropylium tetrafluoroborateor P3. The
intensityof thenewbandincreasedwith the incremental
additionsof podand.The bandis indicativeof a charge-
transfer interaction and the formation of a molecular
complexbetweentropylium ion andthepodand(Fig. 1).
The substantialhypsochromic(blue) shift from 468 to
435nmaccompanyingthechangefrom DCEto MeCNas
solvent (Fig. 2) is in accordancewith the solvent
sensitivityof a charge-transferband.


The methodof continuousvariation, or Job’s meth-
od,13 was used to confirm the stoichiometry of the
complex.As canbe seenin Fig. 3, the occurrenceof a
maximumat a molefractionof 0.5 implies thatonly one
complex (1:1) was presentunder the conditionsused.
Typical double-reciprocalplots for the podand–tropy-
lium ion complexesrevealeda linear relationshipfor the
entire rangeof concentrationstested.This was further
evidencefor the 1:1 stoichiometryof the complexesin
solution.Valuesfor the stability constantsK andmolar
absorptivities of complex "C in DCE for podand–
tropylium ion complexeswere calculatedby the Rose
andDragomethod.3,14 Resultsaregiven in Table1.


Scheme 1.
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Thedatain Table1 suggestthatstepwiseextensionof
the polyetherchaindoesnot lead to an enhancementof
thebindingof thetropylium ion. Likewise,thevaluesof
thestability constantgenerallyrespondedonly slightly to
changesin the aromaticsubstituent.Again, the anthra-
cene-substitutedpodandP9 constitutesanexception;the
value of the stability constant of P9 (85.5� 4.3
dm3 molÿ1) is 10 times larger than the values for the
other podandsstudied. The number of oxygen atoms
involved in the complexation with tropylium ion
hasan impact on the stability of the complexes.Com-
parisonof theK values3 of 0.7� 0.1 dm3 molÿ1 for 1,4-
diphenoxybutane–tropylium (1,4-diPhBu)and 1.5� 0.2


Figure 1. Absorption spectra of tropylium tetra¯uoroborate
(2.0� 10ÿ3


M) in DCE solutions at 25°C in the presence of
increasing amounts of P3: (1) 0, (2) 0.006, (3) 0.012, (4)
0.024, (5) 0.036, (6) 0.048 and (7) 0.06 M


Table 1. Stability constants, molar absorptivities of complexes and free energies of binding for the interaction of podands with
tropylium ion in 1,2-dichloroethane solution at 25°Ca


Podand �max (nm) K (dm3 molÿ1)
"C


(dm3 molÿ1 cmÿ1) ÿDG° (kJ molÿ1) r2


P1 410 7.6� 1.0 662� 43 5.01 0.9966
P2 425 5.9� 2.3 726� 199 4.42 0.9719
P3 465 5.1� 0.7 791� 82 4.05 0.9995
P4 475 5.2� 0.5 573� 43 4.06 0.9997
P5 460 7.7� 1.7 710� 123 5.05 0.9977
P6 450 6.7� 1.2 909� 108 4.73 0.9969
P7 470 7.1� 0.4 1408� 69 4.85 0.9999
P8 430 8.4� 3.3 1447� 353 5.28 0.9809
P9 502 86.2� 4.6 1765� 31 11.05 0.9995
2B18C6b 435 128.5� 4.1 1575� 18 12.04 —
2B24C8b 425 273.5� 13.8 1060� 13 13.91 —
1,4-DiPhBuc 425 0.7� 0.1 — — —
1,8-DiPhOcc 423 1.5� 0.2 — — —


a Valueswerecalculatedfrom the absorbanceat selectedwavelengthby the methodof RoseandDrago,Eqn. (1). Crown ethersare includedfor
comparison.
b Ref. 3.
c Ref. 4.


Figure 2. Absorption spectra of P3±tropylium tetra¯uoro-
borate complex in DCE and MeCN solutions at 25°C. The
change of solvent from DCE to MeCN is accompanied by a
hypsochromic shift (33 nm)


Figure 3. Job plot for P3±tropylium tetra¯uoroborate in DCE
at 25°C, � = 425 nm
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dm3 molÿ1 for 1,8-diphenoxyoctane–tropylium (1,8-di-
PhOc)in DCE at 25°C with our presentK valuesshows
that the stability of the complexes increaseswith
increasingnumberof oxygendonorsin theacyclicchain
(Table 1). The length of the carbon chain in 1,8-
diphenoxyoctane is the sameas in P2, andequalto the
lengthof theopenedmacrocycleof 12-crown-4or half of
the length of openedmacrocycleof 24-crown-8.The
crown ethersdibenzo-24-crown-8 (2B24C8)anddiben-
zo-30-crown-10(2B30C10)arethecyclic counterpartsof
thepodandsP1andP2, andthestability constantsof 274
dm3 molÿ1 for 2B24C8–tropylium3 and 418 dm3 molÿ1


for 2B30C10–tropyliumcomplexes3 in DCE at 25°C
demonstratethatthestericfactorsandmacrocyclicnature
of the host molecule play an important role in the
complexationof tropylium ion (Table1).


The x-ray crystal structureof the solid 1:1 complex
formedbetween2B24C8andtropylium tetrafluoroborate
hasrevealedthat the electron-deficienttropylium ring is
insertedinto the cavity of the macrocyclebetweentwo
adjacentbenzenerings.15 The data in Table 1 indicate
that the acyclic host moleculesare not able to form a
cleft-like cavity stableenoughfor tropylium cation.The
wrap-aroundcapabilityof podandshasbeenexploitedin
many metal ion complexes.16 In these podand–metal
complexes,cationsaresurroundedby oxygenatomsand
the addition of suitableendgroupsenhancesthe ligand
rigidity sufficiently to permit the isolation of the
complexes.Becauseof the sizeandnatureof tropylium
ion, a similar wrap-aroundphenomenonis not encoun-
teredin the podand–tropyliumion systemsstudiedhere.
Theflexibility of thepolyetherchainandtheweaknessof
thep-stackinginteractionin theabsenceof awell shaped
cavity result in relatively weak binding betweenthe
podandsandtropylium ion. Substitutionof the benzene
ringsandincreasein the aromaticsurfacefrom benzene
to naphthaleneboth haveonly a minimal effect on the
stability of the complexes.This observationprovides
furtherevidencethat thep–p interaction,face-to-faceor
edge-to-face,cannotcontributewith full efficacy to the
tropylium complexationwith acyclichosts.Thesizeable
stability constantof P9 showsthat the structuralfactors
of the ligands are of considerableimportancein the
podand–tropyliumion complexation.Multiple bindingis
important in the molecularrecognitionof both neutral
andchargedorganicmoleculesand the requirementsof
steric and functional complementarity and spatial
preorganizationof the host compoundare correspond-
ingly high.17 The attachment of anthraceneto the
polyetherchain via the methyl group in position 9 and
theareaof thearomaticsurfacedifferentiateP9 from the
otherpodandsstudied.Evidentlythespatialpreorganiza-
tion andthereforethep–p interactionalsohavea greater
effecton thestability of theP9–tropyliumcomplexthan
on the stability of the other podandcomplexesin the
presentstudy.


In an attempt to shed light on the complexationof


podandswith tropylium ion, we carriedout semiempi-
rical RHF-AM1 calculationsfor the P1–tropylium sys-
temusingGaussian94.18 As a startingpoint we took the
crystal structureof the 2B24C8–tropyliumtetrafluoro-
boratecomplex.4 Thecyclic structureof thecrownethers
wasbrokenby removingoneof thepolyetherchainsand
thecounterion wasalsotakenaway.Figure4 showsthe
geometry-optimizedstructureof the P1-tropylium ion
complex.Dottedlines indicatethe possibleinteractions.
Similar characteristicswere also displayed by the
optimized 1,7-bis(phenyl)-1,4,7-trioxaheptane–tropy-
lium and1,7-bis(3-methoxyphenyl)-1,4,7-trioxaheptane–
tropylium cation structuresderived from the unsatis-
factorily solved structure of the 2B18C6–tropylium
tetrafluoroboratecomplex.4 The observededge-to-face
interactionbetweenthe aromaticunits in the calculated
structuresdiffers from the interaction in the crystal
structuresof the complexesformed betweendibenzo-
crown ethersand tropylium cation, where the face-to-
face stacking is observed.4 The calculated structures
emphasizethe importanceof the interactionsbetween
oxygenatomsin the podandframeworkand tropylium
cation.The lower stability constantof the1,8-diphenox-
yoctane(two oxygenatoms)thanP1 (four oxygenatoms)
complexesin DCEsolution(Table1) agreeswell with the
importanceof direct interactionsbetweenoxygenatoms
andthe tropylium ion. Additionally, we havepreviously
observedby fast atombombardmentmassspectrometry
thattropylium ionsform complexesin thegasphasewith
acyclic polyetherswithout aromaticsubstituentsin the
polyetherchain.19


CONCLUSIONS


The intermolecularinteractionsin the complexationof
organicguestmoleculesareessentiallyweakerthanthose
in the complexationof metal ions. Among the non-
covalent intermolecular forces that contribute to the
complex formation betweenpodandand tropylium ion
are cooperativeinteractions,suchasaromatic–aromatic


Figure 4. Calculated (RHF-AM1) minimum energy confor-
mation of P1±tropylium ion complex
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p–p interactionbetweenthe electron-richand electron-
deficient aromatic units, CH— O hydrogen bonding
betweenthe polyetheroxygenatomsand the tropylium
hydrogenatomsand electrostaticcation–p interactions
betweenthep-faceof anaromaticsystemandthepositive
chargeof tropylium ion. The sameforces also play a
significant role in self-assemblyprocesseswhere large
ordered nanometre-scale structures are formed in a
selective way from relatively small molecular com-
pounds. Recently, podands and their complexation
capability have beenutilized in supramolecularchem-
istry, most notably in the preparationof rotaxanesand
pseudorotaxanes.20


EXPERIMENTAL


Materials and methods. The starting materials were
purchasedfrom commercialsourcesand usedwithout
further purification,unlessmentionedotherwise.Aceto-
nitrile (MeCN) (Fluka, Buchs, Switzerland) and 1,2-
dichloroethane(DCE) (Lab-Scan,Dublin, Ireland)were
dried and distilled accordingto literatureprocedures.21


1,8-Dichloro-3,6-dioxaoctane and 1,11-dichloro-3,6,9-
trioxaundecanewere preparedby a literature method22


from triethyleneglycol (Fluka) andtetraethyleneglycol
(Fluka), respectively.Thin-layerchromatography(TLC)
was carriedout on aluminium platescoatedwith silica
gel.Compoundsweredetectedby UV radiationmeasure-
ment.Flashcolumn chromatographywasperformedon
silica gel with the solventsspecified.1H and 13C NMR
spectrawererecordedon a BrukerAM200 spectrometer.
NMR chemicalshiftsarereportedin ppmdownfieldfrom
internaltetramethylsilane(TMS).Thecouplingconstants
are expressedin Hz. Electron ionization (EI) and fast
atom bombardment(FAB) massspectrawere obtained
usinga KratosMS 80 massspectrometeroperatingwith
theDART datasystem.Ultraviolet–visible(UV–visible)
spectrawere recordedwith a Philips PU 8740 spectro-
photometerandmatchedglasscellsof 10mmpathlength.
Thecell containingthesolutionwasmaintainedwithin to
�0.05°C of asettemperatureby circulatingwaterfrom a
thermostatedbath through a double-walledcell insert.
The temperatureinside the cell was monitoredwith a
digital thermometer.Small amountsof the compounds
were accurately weighed with a Perkin-Elmer AD-2
autobalance.Elementalanalysiswas carriedout with a
Perkin-Elmer2400apparatus.Melting points(m.p.)were
determinedwith a Thermopanmicroscope(Reichert,
Vienna, Austria) melting-point apparatusand are un-
corrected.


General procedure for the synthesis of substituted
podands P1±P8. A mixtureof NaOH(2.04g,0.051mol),
aromatic alcohol (0.05mol) and dichloroglycol
(0.025mol) wasstirredandheatedat reflux in 20ml of
H2O–EtOH (1:1) for 16–24h, after which the reaction


mixture was allowed to cool to room temperature.The
mixture was partitioned betweendichloromethaneand
water.Theorganiclayerwasseparatedandwashedwith
5% NaOH solution, water and brine and dried over
MgSO4. Evaporationgavethecrudeproduct,which was
subjectedto further purification.


1,10-Diphenyl-1,4,7,10-tetraoxaundecane (P1). The
compound was prepared in 75% yield by literature
method.23 White crystals;m.p. 43°C (lit. 43.5–45°C);23


1H NMR (CDCl3, 25°C), � 7.22–7.32(4H, aryl, m),
6.87–6.92(6H,aryl, m), 4.13(4H,a-CH2, t, J = 4.37Hz),
3.87(4H, b-CH2, J= 4.6Hz, t), 3.76(4H, g-CH2, s); 13C
NMR (CDCl3, 25°C), � 68.1, 70.5, 71.6, 115.4,121.5,
130.1; EI MS (70eV), m/z 302 [M�]; HRMS (EI),
calculated302.1518,observed302.1512.


1,13-Diphenyl-1,4,7,10,13-pentaoxatridecane (P2).
1,11-Dichloro-3,6,9-trioxaundecanewas converted to
the title productand isolatedasa colourlessoil in 84%
yield by distillation. B.p. 151°C (0.1mmHg); 1H NMR
(CDCl3, 25°C), � 7.21–7.31(4H, aryl, m), 6.81–6.98
(6H, aryl, m), 4.12(4H,a-CH2, m), 3.87(4H,b-CH2, m),
3.87(8H, g-Z-CH2, m); 13C NMR (CDCl3, 25°C), � 68.2,
70.5,71.4,115.5,121.6,130.1,159.8;EI MS (70eV), m/
z 346[M�]; CI (NH3) MS, m/z 365[M � NH3]


�; HRMS
(EI), calculated346.4224,observed346.1777.


1,10-Bis(4-methoxyphenyl)-1,4,7,10-tetraoxaunde-
cane (P3). Recrystallizationfrom EtOHaffordedthetitle
compoundasa whitecrystallinesolid in 96%yield. M.p.
70°C; 1H NMR (CDCl3, 25°C), � 6.78(8H, aryl, s),5.18
(4H,a-CH2, m), 3.60–3.80(6H,OCH3, 4H,8H, g-Z-CH2,
m); 13C NMR (CDCl3, 25°C), � 43.4,56.5,71.3,72.1,
115.6,116.7,150.2,154.4;EI MS (70eV),m/z362[M�],
CI (NH3) MS, m/z 380 [M � NH3]


�; HRMS (EI),
calculated362.1729,observed362.1712.


1,13-Bis(4-methoxyphenyl)-1,4,7,10,13-pentaoxatri-
decane (P4). Subjectionof thecolourlessoil to silica gel
columnchromatographywith EtOAc–n-hexane(1:1) as
the eluentaffordedP4 in 82% yield. 1H NMR (CDCl3,
25°C), � 6.78–6.88(8H, aryl, m), 4.06 (4H, a-CH2, t,
J = 4.8Hz), 3.82 (4H, b-CH2, t, J = 4.8Hz), 3.75 (6H,
OCH3, s), 3.70 (8H, g-Z-CH2, m); 13C NMR (CDCl3,
25°C), � 56.3,68.7,70.5,71.3,71.4,115.2,153.6,154.5;
EI MS (70eV), m/z 406 [M�]; HRMS (EI), calculated
406.1991,observed406.1966.


1,8-Bis[(4-benzyloxy)phenoxy]-3,6-dioxaoctane (P5). 4-
Benzyloxyphenol(Aldrich, Milwaukee, WI, USA) was
used as a starting material. The crude product was
recrystallized from CH2Cl2–Et2O affording a white
crystalline solid in 28% yield. M.p. 110°C; 1H NMR
(CDCl3, 25°C), � 7.30–7.40(10H, aryl, m), 6.81–6.91
(8H, aryl, m), 5.00 (4H, CH2, s), 4.08 (4H, a-CH2, t,
J = 4.8Hz), 3.83(4H, b-CH2, J = 4.8Hz, t), 3.74(4H, g-
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CH2, s); 13C NMR (CDCl3, 25°C), � 68.8, 70.6, 71.4,
71.5, 116.3, 116.5, 128.2, 128.6, 129.2, 153.9; EI MS
(70eV),m/z514[M�]; HRMS(EI), calculated514.2355,
observed514.2359.


1,11-Bis[(4-benzyloxy)phenoxy]-3,6,9-trioxaundecane
(P6). Thewhite solid wasobtainedafter recrystallization
from CH2Cl2–Et2O, yield 88%. M.p. 84°C; 1H NMR
(CDCl3, 25°C), � 7.30–7.43(10H, aryl, m), 6.80–6.91
(8H, aryl, m), 5.00 (4H, CH2, s), 4.07 (4H, a-CH2, t,
J = 4.8Hz), 1.98(4H, a-CH2, t, J = 4.8Hz), 3.70(8H, g-
-CH2, m); 13C NMR (CDCl3, 25°C), � 68.1,69.8,70.6,
70.7, 70.8, 115.6, 115.7, 127.5, 127.9, 128.5, 137.3,
153.1; EI MS (70eV), m/z 558 [M�]; HRMS (EI),
calculated558.2617,observed558.2614.


1,10-Dinaphthalene-1,4,7,10-tetraoxaundecane (P7).
Evaporationgave the solid, which was recrystallized
from CH2Cl2–Et2O in 37% yield. M.p. 77–78°C; 1H
NMR (CDCl3, 25°C), � 7.66–7.77(6H, aryl, m), 7.27–
7.48(4H, aryl, m), 7.09–7.22(4H, aryl, m), 4.23(4H, a-
CH2, m), 3.91 (4H, b-CH2, m), 3.57–3.80(4H, g-CH2,
m); 13C NMR (CDCl3, 25°C), � 67.5,69.8,70.6,71.0,
106.8,119.0,123.6,126.3,126.8,127.6,129.1,129.4,
134.5, 136.3, 156.7; EI MS (70eV), m/z 402 [M�];
HRMS (EI), calculated402.1831,observed402.1813.


1,13-Dinaphthalene-1,4,7,10,13-pentaoxatridecane
(P8). Evaporation gave the white solid, which was
recrystallizedfrom CH2Cl2–Et2O in 76% yield. M.p.
44–46°C; 1H NMR (CDCl3, 25°C), � 7.65–7.78(6H,
aryl, m), 7.26–7.48(4H, aryl, m), 7.09–7.21(4H, aryl,
m),4.23(4H,a-CH2, m), 3.91(4H,b-CH2, m),3.57–3.80
(10H, g-Z-CH2, m); 13C NMR (CDCl3, 25°C), � 67.4,
69.7,70.7,70.8,106.8,119.0,123.6,126.3,126.7,127.6,
129.0,129.3,134.5,156.7;EI MS (70eV),m/z446[M�];
HRMS (EI), calculated446.2093,observed446.2105.


1,12-Bis(anthryl-9)-2,5,8,11-tetraoxadodecane (P9). At
room temperature,to a solution of 9-hydroxymethylan-
thracene (1.12g, 5.36mmol) (Aldrich) in dry DMF
(40ml) was addeddropwisewith stirring NaH 0.28g
(5.5mmol,50%in mineraloil, washedpreviouslywith n-
pentane)in dry DMF (10ml). Stirring wascontinuedfor
30min after completion of the addition. A dry DMF
solution(10ml) of triethyleneglycol ditosylate24 (1.23g,
2.68mmol) wasthenintroduceddropwise.The reaction
mixture waswarmedfor 18h at 80°C beforecooling to
roomtemperature.The excessof NaH wasquenchedby
theadditionof a few dropsof water,thenthesolventwas
removed in vacuo and the residue was partitioned
between water (30ml) and dichloromethane(40ml).
Theorganiclayerwaswashedtwicewith 2 M HCl, water
andbrine anddried over MgSO4. Evaporationgavethe
crudeproduct,which wassubjectedto silica gel column
chromatographywith EtOAc–n-hexane (1:1) as the
eluent. Recrystallizationfrom EtOH afforded the title


compoundas a light yellow crystalline solid in 23%
yield. M.p. 73°C; 1H NMR (CDCl3, 25°C), � 8.39(6H,
aryl,d,J = 10.5Hz),7.97(4H,aryl,dd,J = 9.4Hz),7.38–
7.55(8H, aryl, m), 3.72–3.78(4H, a-CH2, m), 3.63–3.67
(4H, b-CH2, m), 3.63(4H, g-CH2, s); 13C NMR (CDCl3,
25°C), � 66.0, 70.2, 71.4, 71.6, 125.1, 125.6, 126.8,
129.0,129.5,129.6,132.1;EI MS (70eV),m/z530[M�],
HRMS (EI), calculated530.2457,observed530.2420.


1,3,5-Cycloheptatrienylium tetra¯uoroborate. Tropy-
lium salt was preparedaccording to literature proce-
dures;25 m.p. 203°C (decomp.); 1H NMR (CD3CN,
30°C), � 9.24(7H, s).


Complexation studies. Stability constant determina-
tion by UV±visible spectrophotometry. The stability
constantfor 1:1 complexationwasdefinedby a method
describedin detail elsewhere.3 The absorptionmeasure-
mentsweremadeimmediatelyafterthemixing of podand
andtropylium solutions.TheRose–Dragoequation:


1
K
� Aÿ A0


"C ÿ "A
ÿ CA ÿ CD � CDCA�"Cÿ "A�


Aÿ A0
�1�


whereA0 is theabsorbanceof pureacceptorsolution,A is
the absorbanceof the acceptor–donorsolution, CA and
CD are the initial concentrationsof acceptoranddonor,
and"C and"A arethemolarabsorptivitiesof complexand
acceptorin solution,respectively,containstwo unknown
constants,K and"C, whichwereevaluatedby aniteration
method with a PC implementing the SigmaPlot 4.0
program.26 The program relies on a least-squares
procedurewith the Marquardt–Levenbergalgorithm.27


The errors in K and "C were evaluatednumericallyby
standarddeviationsof single K and "C valuesusually
obtainedfrom 6–10measurements.
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5. M. Lämsä, J. Huuskonen,K. Rissanenand J. Pursiainen,Chem.


Eur. J. 4, 84 (1998).
6. (a)K. Ikai, K. Takeuchi,K. Komatsu,R.Tsuji,T. KinoshitaandK.


Okomoto,TetrahedronLett. 30, 99 (1989);; (b) Y. Fukazawa,S.
Harada,A. Inai and T. Okajima, TetrahedronLett. 34, 8493
(1993).


7. M. FeldmanandS. Winstein,J. Am.Chem.Soc.83, 3338(1961).


Copyright  1999JohnWiley & Sons,Ltd. J. Phys.Org. Chem.12, 557–563(1999)
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Disorder as adaptation of the crystal structure to increase
the crystallization temperature. X-ray crystal structure of
the host±guest complexes between 1,1'-binaphthyl-2,2'-
dicarboxylic acid and dimethyl sulphoxide obtained at 50
and 60°C
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ABSTRACT: The complex formation of 1,1'-binaphthyl-2,2'-dicarboxylic acid (BNDA) with dimethyl sulphoxide
(DMSO) at different temperatures was investigated. The crystal structures of thea- and b-form [triclinic, P1,
a = 9.614(2),b = 11.743(2),c = 12.029(2) Å, a = 99.35(3),b = 93.58(3), = 110.51(3)°, V = 1244.5(4) Å3, Z = 2,
R = 0.053 for 4879 reflections] host–guest complexes obtained at 50 and 60°C, respectively, were determined by x-
ray structure analysis (the crystal structure of thea-form obtained at room temperature was studied previously). There
is disorder of the guest molecules characteristic of thea-form of the 1:1 BNDA�DMSO complex obtained at 50°C and
the host carboxylic groups in theb-form of the 1:2 BNDA�DMSO, considered a consequence of the changed
conditions for crystal preparation. By disordering of the crystal structure the interaction of the solvent molecule with
its environment, especially with nearest BNDA molecules, is improved. The new orientation leads to the formation of
a more compact host–guest associate which resists the escape of the guest molecules from the growing crystal during
crystallization and may exist even in the nucleation step. Thus disordering of the solvent molecules (a-form) and
disordering of the carboxyl groups of the host molecules (b-form) are the two modes of operation in this system.
Copyright  1999 John Wiley & Sons, Ltd.


KEYWORDS: crystalline complexes; dicarboxylic acid host; dimethyl sulphoxide guest; x-ray crystal structure;
pseudopolymorphism; hydrogen bonding


INTRODUCTION


Crystalline host–guest compounds are objects of con-
siderable attention owing their promising behaviour.1


They make possible a wide range of applications,
especially the separation and retrieval of chemical
species differing in chemical nature, dimensions and
shape of molecules or chirality. Odorous, toxic and
hazardous substances may be solidifiedvia inclusion,
reducing their vapour pressure and volatility, allowing
controlled, retarded and suppressed release.2 Recently a
new field of application of the host–guest compounds to
chemical sensor development has been discovered.3 All
this has stimulated a great demand for easily obtainable


compounds serving as typical hosts in the crystalline
state.


In order to design new host structures, different
approaches have been applied in recent years, such as
the ‘hexa-host’ strategy,4 the ‘wheel-and-axle’ simile and
the concept of symmetry-constrained host molecules.5


Moreover, one may refer to the coordinatoclathrate
concept for predicting the main principles of the solid-
state host–guest association.6


However, there is another unique way to prepare new
host–guest complexes apart from the synthesis of new
host compounds. Having a crystalline inclusion complex
with a definite host and a given guest, one can try to
obtain a new modification of the clathrate for this host–
guest pair. This may be achieved by controlling the
crystallization conditions,i.e. changing the concentra-
tion, temperature and pressure in the crystallization
medium. This approach has proved efficient in the
example of several well known versatile hosts such as
gossypol7 and its derivatives,8,9 cyclotriveratrylene10 and
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others.11,12 Applying the same principle to the complex
formed between 1,1'-binaphthy1-2,2'-dicarboxylic acid
(BNDA) (Scheme 1) and ethanol, exhibiting both proton
donor and acceptor abilities, we succeeded in preparing a
new modification of the clathrate including half the
content of the guest component and also the guest free
host.13


Previously, a 1:1 coordinatoclathrate of BNDA with
dimethyl sulphoxide (DMSO) was obtained and its x-ray
crystal structure determined.14 In order to apply the
above-mentioned strategy to the complex with the aprotic
solvent DMSO, showing only proton acceptor properties,
in this work we investigated host–guest formation
between BNDA and DMSO at different temperatures.
At 50°C the known 1:1 clathrate (a-form) was obtained
but crystallization at 60°C gave rise to a new (b-form)
modification with a 1:2 host:guest stoichiometric ratio. In
the hope of obtaining rearrangements caused by the
influence of temperature, we decided to determine the
respective crystal structures. This paper is devoted to a
discussion of the crystal structures of thea- andb-forms
of BNDA�DMSO complexes.


RESULTS AND DISCUSSION


Molecular structures


The general features of the host conformation are a
dihedral angle between the naphthyl moieties, coplanar-
ity of the atoms of these moieties and an orientation and
inclination of the carboxyl groups to the naphthyl
fragments. The former features of the BNDA conforma-
tion are similar in all previously studied crystals,6 i.e. the
planes of the naphthyl fragments are nearly perpendicular
to each other and atoms of these fragments are coplanar
to a great extent. In thea- and b-form complexes, the
naphthyl moieties are tilted at an angle of 80.5(2)° and
88.6(2)° to each other, respectively (Fig. 1). The carboxyl
groups may be differently inclined relative to the
respective naphthyl fragment in the different complexes.
The observed dihedral angles are 8.0(4)° and 30.2(2)° for
thea-form. In theb-form complex, one group is located
in two and the other in three different positions [Fig.
2(a)]. These two- and threefold disordered groups are


different in site occupation factors (sof) and therefore
each of them may be characterized as major and minor
orientations. In the major orientation the —CO(2)O(1)H
group with sof = 0.87(1) is more tilted [21.8(4)°] than in
minor orientation with sof 0.13(1) inclined to 7(1)°. The
carboxyl group of the other half has three different
orientations with sof = 0.73(1), 0.13(1) and 0.14(1).
Dihedral angles of the —CO(2)O(1)H group to the
parent naphthyl nuclei in major and minor (A and B)
orientations are 10.8(4)°, 40(1)° and 45.9(8)°, respec-
tively.


It should be noted that the intrinsic symmetryC2 of the
host molecule is lost in both the previous BNDA�DMF14


and the b-form BNDA�DMSO complex. In these
conformations two carboxyl groups of BNDA are
differently oriented to the respective naphthyl fragment
in order to form a relatively strong intermolecular H-
bond between the carboxyl hydroxy group and the
oxygen atom of the solvent molecule [Fig. 1(b)].


The bond distances and angles of the BNDA molecules
are in good agreement with those found in early studied
structures.13–15


Crystal structure of the a-form


In the crystal of the 1:1 BNDA�DMSO complex,14


solvent molecules show double-acceptor abilities, in-
corporating host molecules in the infinite chains by H-
bonds, O—H(BNDA1)� � �O(DMSO)� � �H—O(BNDA2).
Such behaviour is characteristic for DMSO complexes.16


Aside from these conventional O—H� � �O H-bonds there
are a number of weak C—H� � �O type interactions. This
particular mode of interaction has given rise to an
animated discussion in recent years, mostly because of
the uncertainty of the cut-off criteria.17 Considering the
conclusion of Steiner18 in a recent review devoted to this
problem, we follow the so-called 2.8 A˚ limit that he
suggested. More properly, by means of a pair of host–
guest interactions O(1)—H� � �O(1S) and C(1S)—
H� � �O(2), BNDA and DMSO molecules form an eight-
membered loop. This host–guest associate incorporated
with neighbouring analogous units yield infinite zig-zag
chains running along the [101] direction by H-bonding,
O(3)—H� � �O(1S). These chains are incorporated in
layers parallel to thexz plane by means of weak
interactions, C(1S)—H� � �O(4), C(2S)—H� � �O(1),
C(4)—H� � �O(4) and C(1S)—H� � �p-system of the ben-
zene ring C(15)—C(20) (Table 1). The crystal structure
appears in the packing of such bimolecular layers (Figure
3). The interaction between the layers is realized by van
der Waals contacts.


It is worth noting that in the two different positions the
DMSO molecule has completely different interactions
with BNDA molecules. In the main position with
sof = 0.825 an O atom is tightly fixed by H-bonds (Table
1) and the methyl group C(1S) is located in the host


Scheme 1. BNDA
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pocket surrounded by five BNDA molecules (these host
molecules are at a distance of 3.4–3.8 A˚ ). This methyl
group is also fixed by three bonds (Table 1). Another
methyl group C(2S) has only two host molecules in its
vicinity at distances of 3.4 and 3.7 A˚ and only one
hydrogen atom of this methyl group participates in the


weak CH2—H� � �O interaction (Table 1) that cannot fix
this group, have high temperature factors are character-
istic of it. On the other hand, the minor occupied other
position (sof = 0.175) is favourable for this methyl group
because here it is found to be in the region of four BNDA
molecules at distances of 3.4–3.8 A˚ . Furthermore, this


Figure 1. View of the asymmetric unit of the BNDA�DMSO supramolecular
associates without showing the disorder of the DMSO molecule and of the
carboxylic group of the BNDA molecule (a) in the a-form 1:1 BNDA�DMSO and
(b) the b-form 1:2 BNDA�DMSO complexes, respectively, including atom
labelling scheme
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position is favourable for the S atom, making possible a
close distance to the carboxyl group of the BNDA (up to
3.0 Å). The O atom and the C(1S) group are in their
previous positions. Therefore, in the new position the
DMSO molecule (or its all four atom groups) is strongly
fixed. Moreover, Fig. 2(b) shows that the new orientation
is enantiomeric with the major one with sof = 0.825,
which means that it is impossible to come to the minor
occupied position if the atom O and the methyl group
C(1S) are held fixed. Hence conversion of the ordered
crystal species of BNDA�DMSO obtained under ordinary
conditions into the disordered crystal species grown at
50°C is impossible just by heating the ordered crystals. In
order to prepare the disordered crystals, the temperature
of the crystallization medium (solution) should be


increased. Gradually raising of the crystallization tem-
perature might be used in order to shift all guest
molecules to the new position in thea-phase if
unexpected crystallization of theb-form did not occur
at 60°C.


Crystal structure of the b-form


There are one BNDA molecule and two DMSO
molecules in the asymmetric part of the unit cell of the
BNDA�DMSO (1:2) b-form complex. These solvent
molecules are attached by H-bonds to the carboxyl
groups of both halves of the BNDA molecule. The
structure of this unit is shown in Fig. 1(b), where only


Figure 2. Perspective views of (a) the two- and threefold disordering of the carboxyl groups of the
BNDA molecule in the b-form 1:2 BNDA�DMSO complex and (b) the disordering of the DMSO molecule
in a-form 1:1 BNDA�DMSO complex with the framework of the BNDA molecules being replaced by
spheres


Table 1. Intermolecular H-bonds and selected weak interactions in the a-form 1:1 BNDA�DMSO complex


Atoms involved Symmetry D� � �A (Å) D—H (Å) H� � �A (Å) �D—H� � �A (°)


O(1)—H(10)� � �O(1S) x, y, z 2.643(2) 0.91(3) 1.75(3) 169(3)
O(3)—H(30)� � �O(1S) ÿ0.5� x, 1.5ÿ y, 0.5� z 2.650(2) 0.86(3) 1.82(3) 164(3)
C(1S)—H(1SA)� � �O(2) x, y, z 3.303(4) 0.97(3) 2.38(3) 160(2)
C(1S)—H(1SB)� � �O(4) 1� x, y, z 3.169(3) 0.96(3) 2.68(3) 112(2)
C(1S)—H(1SC)� � �p(naphtyl) 1� x, y, z 3.674 0.96(3) 2.74 145
C(4)—H(4)� � �O(4) ÿ0.5� x, 1.5ÿ y, ÿ0.5� z 3.488(3) 0.94(2) 2.62(2) 153(2)
C(2S)—H(2SA)� � �O(1) 0.5� x, 1.5ÿ y, 0.5� z 3.400(5) 0.92(4) 2.61(4) 144(3)
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major orientations of the disordered groups are repre-
sented. As can be seen, the mode of association between
the guest and different halves of the BNDA molecule is
not the same. While the mode of association of the
DMSO moleculeI is analogous to that found in thea-
form structure,i.e. two intermolecular interactions close
eight-membered loops, the DMSO moleculeII is
oriented relative to the carboxyl group in such a way
that the carbonyl oxygen O(4) of the BNDA molecule is
located in the middle of the methyl groups being
simultaneously involved in the nearly symmetric bonds
C(3S)—H� � �O(4) and C(4S)—H� � �O(4) showing double
acceptor properties. The O(3)—H group is H-bonded to
the oxygen atom of the DMSO molecule. These three
bonds form two eight-membered loops and one six-
membered loop (Table 2).


By translation, for example, along thex-axis and


further inversion of these 1:2 associates, the DMSO
molecules are concentrated in the region consisting of the
four solvent molecules and the same amount of host
molecules. Here, in the ‘solvent region,’ DMSO
molecules of both types are in contact with each other
and with the carboxyl groups to which they are not
directly bonded. The latter contact may not be considered
an H-bond but only a van der Waals interaction.18 The
DMSO molecules of the different types are associated by
C(4S)—H� � �O(1S) and C(1S)—H� � �O(2S) bonds. As a
consequence of these interactions, a column running in
the direction of thex-axis and having bimolecular
thickness in the direction of the two other axes is formed
in its neighbouring ‘solvent regions’ joined through
BNDA molecules. In the direction of they-axis these
columns are incorporated by C(7)—H� � �O(4) bonds,
giving rise to the layers in thexy plane. The packing of


Figure 3. Stereoview of the crystal structure of the a-form 1:1 BNDA�DMSO complex. O
and S atoms are indicated as bold dots and hatched circles, respectively. Hydrogen bonds
are given as broken lines


Table 2. Intermolecular H-bonds and selected weak interactions in the b-form 1:2 BNDA� DMSO complex


Atoms involved Symmetry D� � �A (Å) D—H (Å) H� � �A (Å) �D—H� � �A (°)


O(1)—H(10)� � �O(1S) x, y, z 2.605(3) 0.82(3) 1.79(3) 172(3)
C(2S)—H(2SA)� � �O(2) x, y, z 3.257(4) 0.95(4) 2.43(4) 145(3)
O(1A)—H(1OA)� � �O(1S) x, y, z 2.61(1) 0.82 1.79 174
C(2S)—H(2SA)� � �O(2A) x, y, z 3.42(1) 0.95(4) 2.65(4) 139(3)
O(3)—H(30)� � �O(2S) x, y, z 2.623(3) 0.71(5) 1.92(6) 173(5)
C(3S)—H(3SA)� � �O(4) x, y, z 3.325(6) 0.94(3) 2.48(3) 150(3)
C(4S)—H(4SA)� � �O(4) x, y, z 3.439(8) 0.86(4) 2.68(4) 148(3)
O(3A)—H(30A)� � �O(2S) x, y, z 2.73(1) 0.82 1.92 169
C(3S)—H(3SA)� � �O(4A) x, y, z 3.30(1) 0.94(3) 2.43(4) 155(3)
O(3B)—H(30B)� � �O(2S) x, y, z 2.68(1) 0.82 1.91 157
C(4S)—H(4SA)� � �O(4B) x, y, z 3.24(1) 0.86(4) 2.44(4) 156(3)
C(7)—H(7)� � �O(4) 1ÿ x, 1ÿ y, 1ÿ z 3.191(4) 0.95(3) 2.59(2) 122(2)
C(8)—H(8)� � �O(4A) 1ÿ x, 1ÿ y, 1ÿ z 3.39(1) 0.91(2) 2.71(2) 132(2)
C(15)—H(15)� � �O(4B) x, 1ÿ y, 1ÿ z 3.307(7) 0.96(2) 2.70(2) 121(2)
C(4S)—H(4SB)� � �O(1S) ÿx, ÿy, 1ÿ z 3.403(4) 0.96(4) 2.65(4) 136(3)
C(1S)—H(1SC)� � �O(2S) ÿ1� x, y, z 3.414(4) 0.85(3) 2.76(3) 136(2)
C(2S)—H(2SC)� � �O(3B) ÿ1� x, y, z 3.054(9) 0.87(3) 2.35(3) 138(3)
C(1S)—H(1SA)� � �O(1A) ÿ1ÿ x, ÿy, ÿz 3.258(9) 0.90(4) 2.57(4) 133(3)
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these layers with nearly hydrophobic surfaces form the
crystal structure of theb-form complex (Fig. 4). This
structure results if one takes into account interactions of
the major orientations of the disordered carboxyl groups.
However, if interactions by the minor orientations of the
disordered groups are considered, the interacting pattern
within the layer becomes more complicated, making the
associates more compact, but the formation of the three-
dimensional network does not occur.


The twofold disorder of the —CO(1)O(2)H group does
not change the direction of coordinative interactions
between BNDA and DMSO molecules. In contrast, in the
case of the threefold disorder of the other carboxylic
group, it is changed. The carbonyl atom O(4) in theA or
B orientation is located strictly opposite the methyl group
of DMSO and has only one C(3S)—H� � �O(4A) or
C(4S)—H� � �O(4B) bond, respectively, to it instead of
the two bonds in the case of the major orientation. The
loss of the interaction energy by this bond is compensated
for by other C(8)—H� � �O(4A) or C(15)—H� � �O(4B)
interactions (Table 2).


CONCLUSIONS


In the a-form complexes of BNDA with DMSO, a
complicated system of intermolecular interactions is
revealed. The oxygen atom of the DMSO molecule
shows specific double proton acceptor properties, but in
the case of theb-complex as second component of the
bond there is a C–H� � �O interaction instead of the
traditional O—H� � �O bonds. The DMSO molecule tries
to form as many H-bonds as possible. For example, all
hydrogen atoms of its one methyl group are involved
simultaneously in the different interactions with three
different partners in thea-form complex. Four different


dispositions of the DMSO molecule relative to the
carboxyl group of the BNDA molecules giving rise to
the four respective host–guest associates are established.
Together with conventional O—H� � �O type H-bonds,
more rarely occurring C—H� � �p, C—H� � �O and Ar—
H� � �O interactions exist in the crystal structures. The
realization of no less than four different types of
interactions in each bimolecular complex, components
of which are hosts having only carboxylic groups and
aprotic solvent, is a characteristic feature of these pseudo-
dimorphic complexes.


It is known that disordering takes place because of the
requirement for the entropy to be increased. As a rule, the
interaction energy with the environment is not changed as
a consequence of disordering. We consider that the
disorder encountered in both of our structures obtained at
relatively high temperatures is the reaction of the crystal
to changes in its growing conditions. In order to support
crystallization of the clathrate growing at relatively high
temperatures, the system should react to the escape of the
guest component by its stronger enclathration which
occurs as a result of the structure rearrangement. Stronger
enclathration means a strong interaction with the
environment, especially with the nearest molecules. For
this purpose, some of the components will change
orientation,i.e. a ‘new’ structure appears relative to the
given structure. Superposition of these two structures
gives rise to the disordered crystal structure. A more
compact association between the host and guest mole-
cules is realized in two ways: through involving of the
extra types of host–guest H-bonding appearing as a result
of reorientation and by more effective interaction because
of optimization of the orientation. In order for these
effects to arise there are also two ways: disordering of the
guest and disordering of the host. In the case of thea-
form complex the DMSO molecules are disordered


Figure 4. Stereoview of the crystal structure of the b-form 1:2 BNDA�DMSO complex. O and S
atoms are indicated as bold dots and hatched circles, respectively. Hydrogen bonds are given as
broken lines
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whereas in theb-form complex the disordered molecules
are BNDA. Based on results of the present investigation
we think that if crystals of the 1:2b-form BNDA�DMSO
complex could be obtained at room temperature and
crystals of the 1:1a-form BNDA�DMSO complex could
be obtained at lowest possible temperature, the clathrates
should have less disorder or may not have disorder at all.


EXPERIMENTAL


In order to obtain single crystals at the relatively high
temperatures, saturated solutions of BNDA in DMSO
were prepared under ambient conditions and 1–2 drops of
water were added before inserting of samples in the
thermostat at 50 and 60°C. Colourless and prism-shaped
crystals were grown during evaporation of the solvent.
Single crystals of a- and b-form complexes with
dimensions 0.5� 0.5� 0.3 and 0.5� 0.4� 0.2 mm,
respectively, were used for all measurements on an
Enraf-Nonius CAD-4 diffractometer. The unit cell
parameters were determined by a least-squares fitting of
the setting angles of 25 reflections (� in the range 12–
15°). Crystal data and selected experimental details are
shown in Table 3.


Reflection intensities were measured with graphite
monochromatized Mo Ka radiation. The structure was
solved by direct methods using the program SHELXS-


86.19 All non-hydrogen atoms and disorder of the DMSO
molecules and the carboxyl groups in thea- andb-form
complexes, respectively, were located from the first E-
map. The refinement of the structures was carried out
with the program SHELXL-9320 using its facilities for
disordering structures.


All hydrogen atoms of the molecules were found from
difference syntheses and refined with isotropic vibration
parameters in both compounds. H-atoms of the dis-
ordered OH groups in theb-form complex and disordered
solvent methyl group hydrogens in thea-form having
small sof were placed at the calculated positions.


Carboxylic groups disordered around two positions in
the b-form and DMSO molecules in thea-form were
restrained by equating the sof sum to unity using free
variables, whereas in the case of carboxylic groups
disordered in three positions in theb-form complex the
analogous restraint was applied by involving the SUMP
and PART instructions in SHELXL-93.


Supplementary data


The tables of final fractional atomic coordinates, bond
lengths and angles involving all the non-hydrogen and
hydrogen atoms and anisotropic displacement parameters
for the non-hydrogen atoms have been deposited as
supplementary data at the Cambridge Crystallographic


Table 3. Crystal data and selected experimental details for the complexes of BNDA with DMSO


Host–guest complex a-Form b-Form


Empirical formula C22H14O4 � C2H6OS C22H14O4 � 2C2H6OS
Formula weight 420.46 498.59
Crystal system Monoclinic triclinic
Space group P21/n P1
a (Å) 9.694(2) 9.614(2)
b (Å) 17.963(4) 11.743(2)
c (Å) 12.913(3) 12.029(2)
a (°) 90 99.35(3)
b (°) 110.75(3) 93.58(3)
g (°) 90 110.51(3)
V (Å3) 2103 1244
Z 4 2
Dc (g cmÿ3) 1.328 1.330
Absorption coefficient (mmÿ1) 0.187 0.253
F (000) 880 524
Crystal size (mm) 0.5� 0.5� 0.3 0.5� 0.4� 0.2
�-Range (°) 2.03 to 29.97 1.73 to 29.98
Index ranges 0� h� 13, 0� k� 22,ÿ17� �� 16 0� h� 13,ÿ16� k� 15,ÿ16� l � 16
Radiation,� (Å) Mo Ka, 0.71073 Mo Ka, 0.71073
Temperature (K) 293(2) 293(2)
Reflections collected 6309 7652
Independent reflections 5999 [R(int) = 0.0154] 7251 [R(int) = 0.0103]
Refinement method Full-matrix least-squares onF2 Full-matrix least-squares onF2


Data/restraints/parameters 5074/0/365 6261/7/440
Goodness-of-fit onF2 1.008 1.053
Final R indices [I > 2� (I)] R1 = 0.054,wR2 = 0.1201 R1 = 0.053,wR2 = 0.1394
R indices (all data) R1 = 0.097,wR2 = 0.1448 R1 = 0.088,wR2 = 0.1627
Largest diff. peak and hole (e A˚ ÿ3) 0.26 andÿ0.18 0.38 andÿ0.24
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Data Centre. Lists of the observed and calculated
structure factors and the anisotropic displacement para-
meters for the non-hydrogen atoms may be obtained from
the authors (B.T.I. and E.W.) on request.
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g-Silyl-stabilized tertiary ions? Solvolysis of
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ABSTRACT: Rate constant, isotope-effect, and product studies of the solvolysis of 4-(trimethylsilyl)-2-chloro-2-
methylbutane,11, and its carbon analog, 2-chloro-2,5,5-trimethylhexane,10, in aqueous ethanol and aqueous 2,2,2-
trifluoroethanol (TFE) indicate very little participation of theg-silyl substituent. These results are in sharp contrast to
earlier reports on secondaryg-silyl substituted systems, in which the back lobe of the silicon–carbon bond has been
shown to overlap with the carbocation p-orbital to form a so-called ‘percaudally’ stabilized intermediate. While the
solvolytic behaviors of11 and10 are nearly identical in ethanol, differences in the TFE lead to the conclusion that
there is a minor amount of participation by the silyl substituent in that solvent. Interestingly, this observation lends
credence to an earlier suggestion that TFE is better than ethanol at stabilizing more highly delocalized ions. Copyright
 1999 John Wiley & Sons, Ltd.


KEYWORDS:g-silyl stabilized tertiary ions; solvolysis; 4-(trimethylsilyl)-2-chloro-2-methylbutane


INTRODUCTION


Silicon is well known to influence reactivity at carboca-
tion centers (for reviews of silyl-substituted carbocations,
see Ref. 1). However, the exact nature and magnitude of
the silicon effect is highly dependent upon the position of
the silicon atom relative to the developing positive charge
and the structure and conformation of the reacting
substrate.


Notwithstanding complications resulting from steric
and ground-state effects, results indicate that ana-silyl
substituent seems to stabilize carbocations relative to
hydrogen, but retards solvolysis rates relative to alkyl
substituents. Cartlege and Jones2 found 2-bromo-2-
(trimethylsilyl)propane to solvolyze 38000 times slower
than the carbon analog, 2-bromo-2,3,3-trimethylbutane.
Apeloig and co-workers3,4 found 2-(trimethylsilyl)-2-
adamantylp-nitrobenzoate to solvolyze at roughly the
same rate as 2-methyl-2-adamantylp-nitrobenzoate, but
concluded that the destabilizing influence of thea-silyl
effect was masked by a leaving group-dependent
electronic geminal interaction which raised the ground-
state energy for the silyl-substituted nitrobenzoate. In a
study designed to minimize such complexities, Shimizu
et al.5 determined solvolytic rates for1 and its carbon
analog2, and concluded that thea-silyl substituent was


roughly 4 kcal molÿ1 (1 kcal = 4.184 kJ) less effective
than an alkyl-substituted system in stabilizing carboca-
tions in solution. The decreased ability of ana-silyl
substituent to stabilize positive charge is believed to
result from poorer hyperconjugation of Si—C bonds with
the carbocation p-orbital.1,2,6 Although one gas-phase
study7 suggests otherwise, several theoretical calcula-
tions have supported this supposition, and suggest that
the order of stability fora-substituted carbocations is H
< Si <C.3,8


In contrast,b-silyl substituents have been shown to
stabilize carbocations greatly. Since an early report by
Ushakov and Itenberg9 in 1937, there have been
numerous investigations to determine the magnitude
and origins of this effect. In a solvolytic study of the
conformationally restricted systems3 and4, Lambertet


al.10 reported rate accelerations of 2.4� 1012 and
4.0� 104, respectively, over cyclohexyl trifluoroacetate.
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In addition,it waspossibleto resolvetheinfluenceof the
b-siliconinto contributionsfrom aninductiveeffectanda
conformationally dependenteffect believed to arise
either from hyperconjugationor from a true, bridged
ion containinga five-coordinatesilicon. The conforma-
tionaleffectis, unlessforbiddenby geometry,believedto
provide the majority of the stabilizing influenceof the
silyl substituent.Although someambiguity still exists
regardingtheextentof bridging in thestabilizedion,8,11


measurementof a-deuteriumisotope effects by Flem-
ing,12 Lambert et al.13 and Shimizu1a tend to support
hyperconjugationratherthana bridgedintermediate.


The ability of a g-silyl substituent to stabilize
carbocationsis an interestingphenomenon.In an early
paper, unusual reactivity of a g-silyl system was
demonstratedby Sommer et al.,14 who found (3-
chloropropyl)trichlorosilane to react with ethanolic
KOH within 1 h, whereasn-hexyl chloride did not.
Indeed,it waslatershownthat1,3-eliminationof ag-silyl
substituentcouldbeusedto synthesizecyclopropanes.15


Fleming and co-workers16–19 reportedthe ability of g-
silyl substituentsto control carbocationrearrangements
underLewisacid-catalyzedconditions.Duringastudyof
cyclopropaneformation from 1,3-deoxystannylationof
norbornyl mesylates,Davis and Johnson20 proposedan
alternativemechanismto concertedelimination, which
involveda ‘percaudally’stabilizedintermediatewherein
the back lobe of the carbon–tinsigmabondoverlapped
with the p-orbital of the carbocationto stabilize the
positive charge. In an attempt to detect such an
intermediate,g-silyl andg-stannylsubstitutedsulfonates
weresolvolyzed.21 In aqueousaceticacid, 4-(trimethyl-
silyl)-2-butyl methanesulfonatewas found to solvolyze
7.8 times faster than 2-butyl methanesulfonate,but no
methylcyclopropanewasfound.It wasconcludedthatno
g-silyl stabilizedion existed.


ShinerandEnsinger22,23havedescribedanumberof g-
silyl-substituted secondarysystemswhose solvolyses
have conclusively been demonstratedto involve per-
caudallystabilizedions.Duringthesolvolysesof cis-and
trans- 3-(trimethylsilyl)cyclohexyl brosylates (brosy-
late= 4-bromobenzenesulfonate), the cis- (but not the
trans-) isomer was found to react two orders of
magnitudefaster than carbonanalogsin 97% aqueous
2,2,2-trifluoroethanol(97T). This rateincrease,andalso
the difference in reactivity betweenthe cis and trans
systems,wasindicativeof a conformationallydependent
g-silicon effect.A b-d4 isotopeeffectof nearlyunity, the
presenceof a bicyclohexane1,3-eliminationproductand
anethanol–TFEplot24 markedlydifferent from theother
systemsprovidedfurtherevidenceof the involvementof
percaudallystabilized ion in a ‘W’ conformation,as
shown in Figure 1. Theoretical calculationsare also
consistentwith an orientation-dependent g-silicon ef-
fect.25


The g-silyl effect has also been evidenced in
conformationallyunrestrictedstraight-chainsystems.4-


(Trimethylsilyl)-2-butyl brosylate,5, wasfound to react


120 times faster in 97T than the carbon analog 5,5-
dimethyl-2-hexylbrosylate,6.26 Reducedb-d3 and a-d
isotope effects and unusually small or inverse b-d2


isotopeeffectswerealsoseen,aswell astheformationof
significant amounts of methylcyclopropane.Conse-
quently, the proposedmechanismfor this reactionalso
involved silicon-promotedcarbon participation. Addi-
tionally, sincethe productswerefound to be racemic,it
wassuggestedthat,unlikethecyclohexylsystemwherein
participationoccursexclusivelythroughaW conforma-
tion, the g-silyl substituentcan stabilize the transition
statefor the straight-chainsystemby either aW or an
endo-sickle conformation. Several later studies of
stereospecificallylabeled straight-chain g-silyl-substi-
tuted secondarybrosylateslent further support to this
conclusion.27,28


While there is ample evidence for participation
involving a g-silyl substituentfor secondarysystems,
surprisinglylittle work hasbeendoneon thecorrespond-
ing tertiary systems. Fleming and co-workers16–19


reported Lewis acid-catalyzedrearrangementsfor g-
silyl-substituted tertiary alcohols. Grob and co-work-
ers29,30 measuredsolvolysis rates for the substituted
adamantyl bromides 7 and 8 in 80% (v/v) aqueous


ethanol(80E) and found only modestrateaccelerations
of 8.6-and33-fold, respectively.Grob andWaldner31,32


also studied the ethanolysis of the tertiary stannyl
chloride, 9, and its carbon analog, 2-chloro-2,5,5-


trimethylhexane,10. Productstudiesof 9 indicatedthe


Figure 1. Carbocation stabilized by `Percaudal' overlap of g-
silyl substituent
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exclusiveformationof dimethylcyclopropane;this com-
pound was seen to react 12–14 times faster in 80E
(calculatedfrom rateconstantsreportedat 50 and60°C)
than the carbonanalog.By comparisonof Grunwald–
Winsteinm values,33 it wasconcludedthat this reaction
was not concerted,but involved a carbocationinter-
mediate.


Accordingly,we decidedto studythe solvolysisof 4-
(trimethylsilyl)-2-chloro-2-methylbutane,11. The study
of thissystemwasexpectedto providefurtherinsightinto
the nature of the stabilizing influence of a g-silyl
substituent,and to determineits effect, if any upon a
tertiary system.Measurementsof rateconstants,kinetic
isotopeeffects and product studieswere madeon this
systemandon thecarbonanalog,10.


RESULTS


The conductometricrate constantsfor the solvolysisof
11andseveralcarbonanalogs34,35in aqueousethanoland
2,2,2-trifluoroethanolat 25°C are given in Table 1. In
caseswheremultiple determinationsof a rate constant
wereperformed,valuesin parenthesesindicateaverage
deviations.To aid in making comparison,relative rate
constantsarealsoindicated.
b-Deuteriumkinetic isotopeeffectsfor 10 and11 are


givenin Table2.Forcomparison,theisotopeeffectsfor a
numberof othertertiary chloridesarealsoincluded.35,36


In order to determine reaction products, 11 was
allowed to solvolyze for at least10 half-lives at 25°C
in deuterated80E(80%ethanol-d6–20%D2O by volume)


and deuterated97T (97% 2,2,2-triflurorethanol-d3–3%
D2O by weight). The identitiesandrelative proportions
of the productswere determinedby 1H NMR and are
given in Table3. In additionto theexpectedelimination
and substitutionproducts,a small amount of the 1,2-
eliminationproduct,20, wasalsoobservedin 97T. This
compoundresultsfrom a hydrideshift to form a b-silyl-
stabilized carbocation,followed by elimination of the
trimethylsilyl group. Such a rearrangementhas been
previouslyobservedby Flemingandco-workers.18,19


DISCUSSION


At first glance, stabilization of the carbocation by
percaudalparticipationof the g-silyl substituentappears
to be absent.The resultsappearto confirm expectations
thata tertiarycarbocationintermediateexhibitsasmaller
electrondemandon a silyl substituent.For example,Li
and Stone37 have previously demonstratedin the gas
phasethatthemagnitudeof theb-silyl effectdecreasesby
10kcalmolÿ1 with eachreplacementof ab-hydrogenby
a methylgroup.Consequently,it seemslikely that theg-
effect would also be much reducedfor the tertiary as
opposedto thesecondarysystem.


In contrastto thesecondaryg-silyl brosylate,5, which
reacted129 times faster26 than the carbonanalog,6, in
97T and2.7 timesfasterin 80E, the tertiary chloride11
solvolyzedonly 2.35timesasfastasits carbonanalogin
97T; therateconstantsareessentiallyidenticalin 80E.It
is interesting that, of the two solvents, the only
accelerationdetectedfor the silyl compoundis seenin


Table 1. Rate constants for solvolyses of tertiary chlorides at 25°C


Solvent


Compound 97T (k� 10ÿ5 s) 97T (krel) 80E (k� 105 s) 80E(krel)


130.9(0.2) 2.35 1.185(0.003) 1.13


55.75(0.02) 1.00 1.050(�0) 1.00


13.19a 0.237 0.9338b 0.889


a Ref. 34.
b Ref. 35.
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97T. This observation is in accord with data for
secondarysystemswhich also show (but to a much
greaterextent)larger rateenhancementsin TFE thanin
ethanol.22,23,26,28 Thus, while rate studies seem to
indicate greatly diminishedparticipation of the g-silyl
substituent,the possibility of somestabilizationin 97T
still exists.


Indeed,the bÿd2 andbÿd3 isotopeeffectsfor 11 in
97T, which aresignificantlysmallerthanthoseseenfor
10, lendfurthersupportto thepossibilityof theexistence
of a percaudallystabilizedion in that solvent.TheW or
endo-sickleconformation required for percaudalpar-
ticipation of a g-silyl substituenthas been shown to
lead to greatly reducedor even inversebÿd2 isotope
effects in secondary straight-chain and cyclohexyl
systems.22,23,26,28In such instances,the dihedral angle
betweentheC—D bondsandthedevelopingp-orbitalof
the reactingcarboncenteris suchas to allow for very
little hyperconjugation(for adiscussionof theconforma-
tional dependenceof theb-deuteriumisotopeeffect,see
Refs36,38), and often only the inductive effect (which
leads to inverse isotope effects) is observed.Since a


stabilizedintermediatein the solvolysisof 11 would be
expectedto proceedthroughasimilar conformation(Fig.
1), theb -d2 isotopeeffect for this systemwould alsobe
expectedto besmall. Indeed,in 97T, theb -d2 effect for
11 of 1.159,althoughnot assmall as for the secondary
systems,is considerablysmallerthanthatof 1.452for 10.


It might be argued that the reduced b-deuterium
isotopeeffectis theresultof aparticularconformerbeing
sterically favored.This hasbeenobservedfor 2-chloro-
2,4,4-trimethylpentane,15 (b -d2 isotopeeffect 1.08).36


However,conformationalrestrictiondueto steric repul-
sion between adjacent alkyl groups would not be
expectedto be as important for 11. Indeed,the carbon
analog10, which would in fact be expectedto be more
congested,exhibitsatypicalb -d2 isotopeeffectof 1.452.
Furthermore,the b -d3 isotopeeffect for 11 in 97T (in
which the b-methyl group is freely rotating and
unaffectedby conformationalrestrictions)is also seen
to bereducedrelativeto theb -d3 effect for 10. Thefact
that the isotopeeffectsarereducedto a greaterextentin
97T than80Ealsorulesout thestericexplanation.


The isotope effects also appearto reflect differing


Table 2. Isotope effects for solvolyses of tertiary chlorides at 25°Ca


Solvent


Compound Parameter 97T 80E


b d6 (kH/k2ÿmethylÿd3ÿ1,1,1ÿd3
)


b d3 (kH/k2ÿmethylÿd3ÿ1,1,1ÿd3
) 1/2


b d2 (kH/k3,3ÿd2
)


1.610
1.269
1.159


1.727
1.314
1.320


b d6 (kH/k2ÿmethylÿd3ÿ1,1,1ÿd3
)


b d3 (kH/k2ÿmethylÿd3ÿ1,1,1ÿd3
) 1/2


b d2 (kH/k3,3ÿd2
)


1.761
1.327
1.452b


1.741
1.320
1.409b


b d3 (kH/kb ÿd9
)1/3 1.378c 1.349c


b d3 (kH/k1,1,1ÿd3
)


b d2 (kH/k3,3ÿd2
)


—
—


1.34d


1.40d


b d3 (kH/k1,1,1ÿd3
)


b d2 (kH/k3,3ÿd2
)


—
—


1.34d


1.47d


b d3 (kH/k1,1,1ÿd3
)


b d2 (kH/k3,3ÿd2
)


—
—


1.40d


1.08d


a Exceptwherenoted,the isotopically labeledcompoundsusedwereat least97%deuterated.
b Compoundwasapproximately 90%deuterated.
c Ref. 35.
d Ref. 36.
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amounts of competing rate-determiningelimination,
dependingupontheextentof participationof thesilicon.
An examinationof theproductsfrom thesolvolysisof 11
supports this observation. The relative amounts of
elimination in 97T and in 80E are remarkablysimilar.
This is in sharpcontrastwith resultsobtainedfor tert-
butyl chloride,34,36 which shows considerably larger
amountsof elimination and also a larger b -d3 isotope
effect in TFE ascomparedwith ethanol.The resultsfor
the tert-butyl systemhavebeenattributedto partial rate-
determiningelimination from the tight ion-pair in TFE,
with the larger b-deuteriumisotopeeffect arising from
the contribution of a primary isotopeeffect.36 Indeed,
resultssimilar to thoseobtainedfor tert-butyl chlorideare
seen for 10, whose b -d3 isotope effect remains
essentiallyidentical in the two solvents,but whoseb-d2


isotopeeffect is largerin 97T.
In spiteof theevidenceof participationprovidedby the


similarity in theamountsof eliminationproductsin both
solvents, the absenceof significant amounts of 1,1-
dimethylcyclopropaneseemsto precludethe possibility
of an intermediate carbocation stabilized by strong
silicon-promotedcarbonparticipation.For secondaryg-
silyl-substitutedsystems,significant amountsof cyclic


1,3-elimination products derived from loss of the
trimethylsilyl grouphavebeenobserved.22,23,26–28Strong
percaudalparticipation in the solvolysis of 11 should
therefore be accompaniedby the formation of 1,1-
dimethylcyclopropane. It is thereforepossiblethat,while
the degreeof positivechargedelocalizationat silicon is
insufficient to favor attack of a solvent molecule at
silicon to cause 1,3-elimination, the conformation
required by participation apparentlytends to disfavor
rate-determiningb -CH2 eliminationin 97T.


Using the results of this study and by drawing an
analogy with solvolytic studies of tert-butyl chlor-
ide,34,36,39we havepostulateda reasonablemechanistic
picturefor thesolvolysesof 10and11, asshownin Fig.2.
The rate-determiningstep for all of the systemsis
probablytheformationof thesolvent-separatedion pair.
However,whereascompetingrate-determiningelimina-
tion appearsto beoccurringfor 10 in 97T, this doesnot
seemto be thecasefor 11, whoseb -d2 isotopeeffect is
much smaller in that solvent. Indeed, the ion formed
during the solvolysis of 11 may gain someadditional
stability from participation(albeit slight) of the g-silyl
substituent.In 80E, although a very small extent of
participationmaybeindicatedby theslightly smallerb -
d2 isotope effect of 11 (1.32 versus 1.40), both
compoundsprobably react by similar mechanisms.In
neithersystemis evidenceof competingrate-determining
eliminationconclusive.


CONCLUSION


Theresultsof thisstudyindicateamuchsmallerextentof
percaudalparticipationby a g-silyl substituentduringthe
solvolysis of a tertiary substratethan for a secondary
substrate.Consideringthe inherentstability of tertiary
carbocations,it is not surprisingthat thereis a reduced
demandontheability of thesilyl substituentto delocalize
thepositivecharge.


An interestingcomparisoncan be madebetweenour
results and Grob and co-workers’ earlier study29,30


involving ethanolysisof theg-silyl substitutedadamantyl
system7. The rateaccelerationof 8.6-fold found in 80E
is larger than our value of 1.13-fold (essentiallynone).
This observationis in goodagreementwith theexpecta-
tion that percaudalparticipationof the silyl substituent
would be much lessfor the open-chainsystemthan the
adamantylsystemin whichsilyl substituentis heldin the
conformationrequiredfor maximumparticipation.


Additionally, while we did not observeappreciable
rate accelerationfor the open-chainsilyl system11 in
80E,WaldnerandGrob31 reporteda rateaccelerationof
12–14-foldfor the correspondingstannylanalog9, and
also the formation of 1,1-dimethylcyclopropane.These
results concur with the expectation that percaudal
participationis moreimportantfor ag-stannylasopposed
to a g-silyl system, becauseof the greater electron-


Table 3. Solvolysis products of 4-(trimethylsilyl)-2-chloro-2-
methylbutane


Solvent


Producta Deuterated97T Deuterated80E


14.6 39.6


50.1 26.0


Total substitutionproducts 64.7 65.6


21.0 20.7


12.7 13.6


1.7 0


Total eliminationproducts 35.4 34.3


a Expressedasmol% of total mixture.
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donatingability of tin. While deuteriumkinetic isotope
effectsfor 9 havenotbeenmeasured,it is likely thatthey
would provide evidence for a mechanisminvolving
percaudalparticipationin theopen-chainstannylsystem.
Moreover,if measured,therateaccelerationin 97Tmight
beexpectedto bemuchgreaterthanthat in 80E.


In ethanolicsolvents,the apparentnear total lack of
participation of the g-silyl substituent during the
solvolysisof 11 implies that the percaudallystabilized
ion is not appreciablymorestablethanthe opentertiary
ion. However, in TFE, there is some bias toward a
percaudallydelocalizedion. Interestingly,this observa-
tion is in good accord with an earlier suggestionof
Stoelting and Shiner40 that TFE is relatively more
effective than ethanol at stabilizing larger, more
delocalized carbocations. Indeed, in view of this
evidence,it appearsthat the g-silyl effect is greatly
reducedfor tertiary systems,but can manifestitself to
someextentundertheappropriatecircumstances.


EXPERIMENTAL


General


NMR spectrawererecordedon a 300MHz Varian XL-
300, a 500MHz Bruker AM-500 or a 500MHz Varian
UnityINOVA 500spectrometer.IR spectraweretakenona
MattsonInstruments4020 Galaxy SeriesFourier trans-
form IR spectrometer.Analytical gas chromatography
(GC) was carried out using a Hewlett-PackardModel
5890gaschromatograph,equippedwith a50m� 0.2mm
i.d. (0.33mm film thickness)HP-5 column and a flame
ionizationdetector.PreparativeGCwasperformedusing
a Varian Aerograph Series 2700 gas chromatograph,
equippedwith a 6 ft � 1/4 in columnof 20%OV101on
ChromosorbP (60–80mesh)anda thermalconductivity
detector.Massspectrawererecordedon a KratosMS80
RFAQQinstrument.GC–massspectrawereobtainedon
a Hewlett-PackardGC/MSD 5971instrument,equipped


Figure 2. Proposed mechanisms for solvolysis of 4-trimethylsilyl-2-chloro-2-methylbutane and 2,5,5-trimethyl-2-chloropentane
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with a 60 m� 0.25mm i.d. SPB-5 column. Melting-
pointsandboiling-pointsareuncorrected.Boiling-points
for moleculardistillations were not directly determined
sincethestill did not haveprovisionsfor a thermometer.


Materials


Nitrogen. In orderto ensureremovalof carbondioxide
andwater,all nitrogenusedfor transferringanddistilling
conductivitysolventswaspurifiedby passagethrougha3
ft glasscolumnpackedwith 4 Å molecularsieves.


Conductivity solvents. Conductivity water and con-
ductivity ethanolwerepreparedasdescribedby Murr41


and Tilley.42 Conductivity 2,2,2-trifluoroethanolwas
preparedasdescribedby Shineret al.34 andTilley.42


Kinetics


All rate constants for this work were determined
conductometrically at 25°C using a bipolar pulsed
conductance(BIPCON) instrument,basedon the design
of Casertaet al.43 with the modificationsof Ensinger44


and Tilley.42 The constant-temperatureoil-bath em-
ployed for kinetic measurementswas designed by
Murr,41 with computer-regulatedtemperaturecontrol
lateraddedusingmodificationsof Ensman,45 Withnell,46


Wilgis47 andTilley.42 The conductancecells usedwere
madein this laboratory,basedon the designof Murr,41


usingmodificationsby Rapp,48 Tomasik,49 Wilgis47 and
Tilley.42 Datacalibrationandacquisitionwereperformed
on a JCCSystemscomputercontainingan Intel 33MHz
386 processorwith a 387 mathco-processorchip, using
softwaredescribedby Tilley,42 which is basedon earlier
programsof Ensinger,44 Wilgis,47 Tomasik,49 Sporle-
der50 andStoelting.51 Calibrationwasdonewith the aid
of a Dial-An-Ohm resistor box (General Resistance,
North Branford, CT, USA). After acquisition,the raw
datawerethenconvertedinto resistance–timedatausing
a programwritten by Tilley42 andanalyzedusinga non-
linear,doublyweightedleast-squaresprogramoriginally
writtenby Murr,41 with modificationsby Buddenbaum,52


Vogel,53 Pinnick,54 Bowersox,55 Tomasik,49 Wilgis,47


Stoelting,56 Ensinger57 andTilley.42


NMR product studies of 4-(trimethylsilyl)-2-
chloro-2-methylbutane, 11


Product study in deuterated 97T. In anNMR tubewith
a Pyrex extensionwas placed2,2,2-trifluoroethanol-d3


(CambridgeIsotopeLaboratories),706.5ml, 970mg,and
D2O, 30ml. To this was added 4-(trimethylsilyl)-2-
chloro-2-methylbutane, 11, 10ml, 0.049mmol [density
0.869gmlÿ1 (Ref. 58)], and 2,6-lutidine, 6.5ml,


0.056mmol. The tube was sealedand the mixture was
allowed to react at 25°C for at least 10 half-lives.
Relativeamountsof the productsweredeterminedfrom
integratedpeakareasof the500MHz 1H NMR spectrum;
the error using this techniqueis estimatedto be 2–3%.
Peaks unique to each product are as follows: 16a,
1.475ppm (m, CH2, 3-carbon,b- to Si); 17a, 1.502(m,
CH2, 3-carbon,b- to Si); 18, 1.393(d, CH2, 4-carbon,a-
to Si, J = 8.5Hz), 1.56(swith finesplitting,allylic CH3),
1.68(s with fine splitting, allylic CH3), 5.213(triplet of
septets,vinyl H, J = 8.5Hz, 1.4Hz); 19, 0.656(m, CH2,
4-carbon,a- to Si), 1.72(s,allylic CH3), 2.027(m, CH2,
3-carbon,b- to Si), 4.66(m, vinyl H), 4.72(m, vinyl H);
20, 0.976(d, 2CH3’s), 2.25(m, CH), 4.85(overlappedd
of d,E-terminalvinyl H, Jcis = 10.4Hz),4.96(overlapped
d of d of d; looks like d of t, Z-terminal vinyl H,
Jtrans= 17.3Hz, Jgem= 1.7Hz, Jallylic = 1.7Hz), 5.83
(overlappedd of d of d, internalvinyl H). (Alcohol 16a
andether17aweredistinguishedby spikingthereaction
mixturewith known16. Themultipletsusedto determine
the 16a/17a ratio were of similar shapebut partially
overlapped.An estimateof the relative amountsof 16a
and17a wasobtainedby measuringandcomparingthe
relativeheightsof theoutermostpeakof eachmultiplet.)


Product study in deuterated 80E. Theaboveprocedure
was repeatedby adding 10ml, 0.049mmol of 11 and
6.5ml, 0.056mmol of 2,6-lutidine to a tube containing
ethanol-d6 (CambridgeIsotopeLaboratories),800ml, and
D2O,200ml. Peaksuniqueto eachproductareasfollows:
16a, 0.496ppm (m, CH2, 4-carbon,a- to Si), 1.136(s,
geminalCH3s); 17b, 0.450(m, CH2, 4-carbon,a- to Si);
18, 1.342(d, CH2, 4-carbon,a- to Si, J = 8.5Hz), 1.5 (s
with fine splitting, allylic CH3), 1.646 (s with fine
splitting, allylic CH3), 5.103(triplet of septets,vinyl H);
19, 0.6113(m, CH2, 4-carbon,a- to Si),1.679(swith fine
splitting,allylic CH3), 1.962(m, CH2, 2-carbon,b- to Si),
4.615(m, vinyl H), 4.648(m, vinyl H).


Synthetic Procedures


Synthesis of g-silyl-substituted chlorides. (Trimethyl-
silyl)methyl iodide, 21. This was synthesizedas de-
scribed by Whitmore and Sommer.59 Under nitrogen,
approximately 1500ml of acetone were purified by
refluxing for 6 h over CaO and KMnO4, followed by
fractionation through a 40cm Vigreaux column (b.p.
56°C; lit.60 b.p.56.2°C).


To sodium iodide, 215.1g, 1.435 mol, dissolvedin
approximately1200ml of acetone,wasadded(trimethyl-
silyl)methyl chloride, 101.3g, 0.8258mol, all at once,
using an additional 200ml of acetonefor rinsing. The
mixture was stirred under nitrogen at reflux for 24h.
Almost immediately,a white precipitateof NaCl formed
that thickenedover time, eventuallyhinderingagitation.


The cooledsolution was filtered througha medium-
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porosity, 600ml fritted funnel, rinsing with 200ml of
washacetone.Acetonewas then removedby fractiona-
tion through a 40cm Vigreaux column. After cooling,
pentane(50ml) andwater(250ml) werepoureddownthe
Vigreaux column into the pot. The mixture was
transferredinto a separatingfunnel, using 150ml of
waterand250ml of pentane,shakenandseparated.The
aqueouslayer wasextractedwith pentane(6� 50mL).


The combinedorganiclayerswerewashedwith 10%
aqueoussodiumthiosulfate(3� 100ml) to removefree
iodine, and then with water (2� 100ml). The pentane
solutionwasdried(MgSO4), filtered,andconcentratedby
rotaryevaporationin a room-temperaturebath.


The residue was then distilled (10cm Vigreaux
column, b.p. 137–140°C; lit.59 b.p. 139.5°C) to give
137.8g of 21(78%):1H NMR (CDCl3, 300MHz) � 0.147
(s),2.00(s);13C NMR (CDCl3, 75MHz), � ÿ12.06,1.59.


Ethyl 3-(trimethylsilyl)propionate, 22. Compound 22
was synthesizedusing a procedureby Sommer and
Marans.58 Undernitrogen,sodiummetal,6.51g, 0.2831
mol, wasdissolvedin 100ml of commercialanhydrous
ethanol,completionrequiringappliedheat(reflux).


Next,purifiedethylacetoacetate,60 33.5g, 0.2574mol,
wasaddedatrefluxduring15min.Then21, 50.0g,0.234
mol, wasaddedover15 min.


After 36h atmoderatelyfastreflux,thecooledmixture
was stirred with 6.76g, 0.049 mol, of sodium hydro-
gensulfate monohydrate, for 10min (insolubles, pH
basic), heated(clarified) and gently refluxed for 30–
40min (brownishprecipitatecloudiness,pH 5–6). The
mixturewascooled,transferredandagitatedwith 500ml
of diethyl etherandultimately filteredon a fine-porosity
frit to removeprecipitatedsalts(NaI, NaHSO4, Na2SO4).
Most of the ether was removed by distillation. The
concentratewastransferredto a 250ml round-bottomed
flask. The remaining ethanol and ethyl acetatewere
mainly removedby distillation througha40cmVigreaux
column, whereupon NaI precipitation occurred. The
cooledresiduewas transferredwith 400ml of pentane,
causing further precipitation of NaI. The filtrate was
washed with water (3� 100ml), dried (CaSO4) and
filtered througha pentane-slurried4 cm bedof alumina
gel (Fisher,basic,BrockmanI) in a medium-porosity,
350ml fritted funnel, rinsing the bed with 200ml
additional pentane.Pentanewas mainly removed by
distillation through a 40cm Vigreaux column, the last
tracesby blowing with a gentlenitrogenstream,giving
20.39g of 22 (50%): 1H NMR (CDCl3, 500MHz) �
ÿ0.035(s,9H),0.799(m,2H),1.21(t, 3H),2.23(m,2H),
4.08 (q, 2H); 13C NMR (CDCl3, 125MHz), � ÿ2.05,
11.60,14.16,28.85,60.18,175.01.


Methyl 2-(trimethylsilylmethyl)acetoacetate, 2319, 61, 62.
This was preparedby a procedurebasedon those of
SommerandMarans58 andFlemingandGodhill.62 DMF
was purified by stirring over KOH pellets for 15min,


followed by distillation from CaO.Methyl acetoacetate
waspurifiedby distillationatreducedpressure(b.p.69°C
at13mmHg).To asuspensionof 0.80g,0.10mol, of LiH
in 100ml of DMF were addeddropwise,with stirring,
11.6g, 0.10mol of methyl acetoacetateduring 10min.
Hydrogen evolved slowly, requiring stirring for an
additional3 h. 1H NMR of an aliquot (500MHz, neat)
showedquantitative formation of the lithium enolate.
Next, 21, 21.4g, 0.10 mol, was addeddropwiseover
10min. The mixture was stirred for 20h at room
temperature,48h at 60°C and24h at 100°C to ensure
total reaction.


The cooled reactionmixture was pouredinto 1 l of
water, with additional rinses of 200 and 300ml. The
combined pentaneextracts (5� 200ml) were washed
with water(3� 500ml), dried(MgSO4) andsolventwas
removedby rotary evaporation.A distillation fraction
(113–122°C at 20mmHg) was found by NMR (CDCl3,
500MHz) to containmostly the desiredproduct.This,
when re-distilled (10cm Vigreaux column; lit.61 b.p.
60°C at2.0mmHg)wassufficientlypureby NMR for use
in the next reaction. A total of 8.76g of 23 were
synthesized(43%). NMR indicatedboth a keto and an
enol form. 1H NMR (CDCl3, 500MHz, keto form), �
ÿ0.009(s, 9H), 1.028(m, 1H), 1.150(m, 1H), 2.207(s,
3H), 3.425 (m, 1H), 3.714 (s, 3H); 1H NMR (CDCl3,
500MHz, enol form), � ÿ0.033 (s, 9H), 1.530 (s, 2H),
1.942 (s, 3H), 3.715 (s, presumably3H; very close to
larger peakof keto form), 12.5 (s); 13C NMR (CDCl3,
125MHz, ketoform),� 1.420,15.21,27.58,52.05,55.30,
171.17,202.28;13C NMR (CDCl3, 125MHz, enolform),
� ÿ1.13,14.52,19.11,51.14,97.10,169.64,173.60;IR
(neat),1744.9cmÿ1 (s, C=O str for esterC=O of keto
form), 1719.3cmÿ1 (s,C=O str for ketoneC=O of keto
form), 1648(m, C=O str for conjugatedC=O of enol
form), 1613.7(m, C=C strof enolform); MS (CI, NH3),
m/z 203.1 (M � 1, 1.3%), 202.1 (M�, 2.1%), 187
(43.4%), 170 (6.0%), 160 (12.8%), 159 (24.5%), 155
(27.3%), 143 (24.2%), 127 (18.9%), 113 (27.6%), 89
(58.7%), 75 (20.5%), 73 (100.0%), 59 (17.8%), 55
(66.3%),45 (12.8%),43 (29.3%).


Methanol-d, 2463,64. Methanol-d was synthesizedac-
cordingto the proceduredescribedby Streitwieseret al.
64 Dimethylsulfatewaspurifiedby distillationat reduced
pressure(b.p. 81–83°C at 15mmHg). Dimethyl carbo-
nate,treatedwith 4 Å molecularsievesfor 4 days,was
fractionally distilled through a 50cm vacuum-jacketed
glasscolumnpackedwith glasshelices(b.p.91°C;C).


To dimethyl carbonate,414g, 4.60 mol, and D2O,
102.6g, 5.12 mol, in a 1 l one-neckedround-bottomed
flask,dimethyl sulfate,16g, 0.13mol, wasadded;a stir
bar was insertedand a 60cm reflux column affixed,
protectedby Drierite (Hammond).After a 120h reflux,
1H NMR (neat, 500MHz) showedonly 0.3 mol% of
dimethyl carbonateremaining.After cooling, the reflux
column was replaced by a 50cm vacuum-jacketed
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column packed with glass helices. Methanol-d was
collected at a reflux ratio of 10:1 (b.p. 60.5°C at
742.6mmHg). 1H NMR indicated approximately99%
deuteration.A 234.7g amountof 24wasobtained(77%):
1H NMR (500MHz, neat), � 3.35 (relative to added
tetramethylsilane).


Methyl 3-(trimethylsilyl)propionate-2,2-d2, 2519,65.
Compound25 was preparedby reverseClaisen con-
densationof 23 in methanol-d, analogousto Sommerand
Marans’ preparationof 22.58 To 60ml of anhydrous
diethyl etherwere added2.2g of a 60% dispersionof
NaH in mineraloil, 0.055mol NaH. An additional15ml
of diethyletherwereusedto facilitatetransferof theNaH
into theflask.To thesuspensionof NaH in diethyl ether
wasadded23, 8.54g, 0.042mol, overaperiodof 15min,
suchthat hydrogenevolutionwasnot too rapid.


Methanol-d, 5ml, wasthenaddedover5 min,suchthat
HD evolution was not too rapid, forming a thick,
unstirrablepaste.Additional methanol-d, 55ml, added
all at once with stirring, led to dissolution to give a
slightly cloudy, pale yellow solution.This mixture was
heated,distilled througha Vigreauxcolumnto a b.p. of
61°C;Candrefluxed(condenserreplacingcolumn)under
nitrogenfor another45 h.


The cooledmixture was neutralizedto pH 6–7 with
2.4ml of glacial aceticacid-d (Aldrich) andpouredinto
250ml of water, with an additional 50ml of water for
rinsing. This solution was extracted with pentane
(4� 50ml). The combinedorganiclayerswere washed
with water (2� 60ml) anddried (CaSO4). Pentanewas
mainly distilled througha 10cm Vigreauxcolumn.The
residuewas then distilled to give 4.53g of colorless
liquid. A 1H NMR spectrum showed the desired
compound,but integrationof residualprotonsat the 2-
position showedonly approximately92% deuteration,
necessitatingfurther exchange.


The incompletely deuterated25, 4.52g, 0.028 mol,
was added to a solution of metallic sodium, 0.19g,
0.0083mol, pre-reactedin 30ml of methanol-d. After a
48h reflux, this was cooled,neutralizedwith 0.6ml of
glacial aceticacid-d, and treatedwith 150ml of water.
This was extracted with pentane (4� 50ml); the
combined organic layers were washed with water
(2� 50ml) and dried (MgSO4). Solvent was distilled
(10cm Vigreauxcolumn).Theresiduewasthendistilled
onamolecularstill (58mmHg,bath90–100°C; lit.19 b.p.
undeuterated68°C at 18mmHg.)The1H NMR spectrum
(CDCl3, 500MHz) now indicated97% deuteration.GC
indicated93%purity, adequatefor thenextstep.A total
of 3.48g of 25 wasobtained(51%): 1H NMR (CDCl3,
500MHz),� ÿ0.017(s, 9H), 0.810(s, 2H), 3.65(s, 3H);
13C NMR (CDCl3, 125MHz), � ÿ2.16, 11.27, 28.07
(multiplet), 51.35, 175.41; IR (neat), 3466cmÿ1 (m,
overtoneof C=O str), 2965(s),2896(s),2222(m, C–D
str),2130(m,C–Dstr),1739(s,C=O str),1435(s),1280
(vs), 1204(vs), 1107(s), 842 (vs).


4-(Trimethylsilyl)-2-methyl-2-butanol, 1658. Under ni-
trogen, to 30ml, 0.09 mol, of 3 M methylmagnesium
bromide in diethyl ether (Aldrich) was added, with
stirring, at a rateto maintainmoderatereflux, a solution
of 22, 5.0g, 0.0287 mol, pre-dissolvedin 30ml of
anhydrousdiethyl etherfrom a freshlyopenedcan.After
addition the mixture was stirred overnightat reflux. At
roomtemperatureaftergradualadditionof 20ml of water
with agitation, the flask contentswere transferredto
150ml of water in a separatingfunnel, with the aid of
200ml morewater.While maintainingpH 6–7by added
glacial aceticacid, theaqueouslayerwasextractedwith
diethyl ether(1� 100, 2� 75ml). The combinedether
layerswerewashedwith saturatedsodiumhydrogencar-
bonate (2� 50ml) and water (2� 50ml) and dried
(CaCl2). Diethyl etherwas removedby rotary evapora-
tion (35°C bath).Moleculardistillation at 4mmHg(bath
50°C) (lit.58 b.p. 48°C at 4mmHg) gave 3.17g of 16
(69% yield): 1H NMR (CDCl3, 500MHz), � ÿ0.018(s,
9H), 0.485(m, 2H), 1.18 (s, 6H), 1.38 (s, OH, variable
shift), 1.41 (m, 2H); 13C NMR (CDCl3, 125MHz), �
ÿ1.92,10.48,28.54,37.79,71.56.


4-(Trimethylsilyl)-2-methyl-d3-2-butanol-1,1,1-d3, 16b.
Into 85ml of 1 M methylmagnesium-d3 iodide in diethyl
ether (Aldrich), 0.85 mol, stirred under nitrogen were
added5.00g, 0.287mol of 22 at a gradualratesuchasto
maintainmoderatereflux. After an additional90min of
stirred reflux, the cooledsolution was treatedgradually
with 30ml of saturatedNH4Cl. The ether layer was
decantedandthreeadditionalextractionswereperformed
(1� 100,2� 25ml). Thecombinedorganiclayerswere
washedwith 5% aqueousNH4Cl (3� 50ml) andwater
(2� 50ml) anddried over Na2SO4. Most of the diethyl
ether was removed by distillation through a 10cm
Vigreauxcolumn (warm water-bath)and the remainder
by rotary evaporation(room temperaturebath). The
residuewaspurifiedby moleculardistillation (8mmHg).
Integrationof residualmethyl protonsin the 1H NMR
spectrumshoweddeuteriumincorporationin thedesired
positionsto beat least99%.A totalof 3.51g of 16bwere
obtained(74%): 1H NMR (CDCl3, 500MHz), � ÿ0.045
(s,9H), 0.457(m, 2H), 1.38(m, 2H), 1.61(broadsinglet,
variable,OH); 13C NMR (CDCl3, 125MHz), � ÿ1.95,
10.40,27.50(septet),37.64,71.20.


4-(Trimethylsilyl)-2-methyl-2-butanol-3,3-d2, 16c. This
wassynthesizedfrom 25 usingthesameprocedureasfor
16bexceptthat3 M methylmagnesiumbromidewasused
insteadof 1 M methylmagnesium-d3 iodide.In this work-
up, after removingmost of the diethyl ether througha
10cmVigreauxcolumn,theresiduewasdirectlydistilled
on a molecularstill (4mmHg,bath70–85°C), affording
2.31g of 16c. 1H NMR (CDCl3, 500MHz) indicated
impurealcohol;GC showed96% purity. After prepara-
tive GC,1.84g of 99.99%pure16cwasobtained(54%);
integrationof the residualmethyleneprotonsin the 1H
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NMR spectrumshowedthe extentof deuterationin the
desiredpositionsto be at least97%. 1H NMR (CDCl3,
500MHz), � ÿ0.023(s,9H),0.463(s,2H),1.175(s,6H),
1.46 (broad s, variable, OH); 13C NMR (CDCl3,
125MHz), � ÿ1.91, 10.26, 28.48, 36.98 (quintet),
71.45; IR (neat),3374cmÿ1 (s, broad),2967 (s), 2908
(s), 2183 (m), 2128 (w), 2081 (w), 1364 (m), 1249 (s),
1184(s), 863 (s), 835 (s).


4-(Trimethylsilyl)-2-chloro-2-methylbutane, 11. This
was preparedaccording to the method describedby
Sommerand Marans.58 In a separatingfunnel, 1.8g,
0.011mol, of 16 was shakenfor 15min with 30ml of
concentratedHCl. Pentaneextracts (4� 25ml) were
washed with 5% NaHCO3 (3� 30ml) and water
(2� 40ml) anddried(CaCl2). Solventrotaryevaporation
followedby moleculardistillation at55mmHg(lit. b.p.58


90°C at 55mm Hg) gave0.80g of 11 (40%): 1H NMR
(CDCl3, 500MHz), � 0.002(s,9H), 0.647(m, 2H),1.550
(s, 6H), 1.705(m, 2H); 13C NMR (CDCl3, 125MHz), �
ÿ1.91,11.76,31.67,40.49,72.82;gated-decoupled13C
NMR (CDCl3, 125MHz), � ÿ1.90(q, J = 119Hz), 11.75
(t, J = 119Hz), 31.66 (q, J = 128Hz), 40.48 (t,
J = 125Hz), 72.85(s);GC–MS,m/z165(37Cl M�ÿCH3,
1.3%), 163 (35Cl M�ÿCH3, 3.8%), 95 (27.8%), 93
(78.2%),73 (100%),70 (70.8%),55 (36.6%).


4-(Trimethylsilyl)-2-chloro-2-methyl-d3-butane-1,1,1-
d3, 11a. Compound11awassynthesizedfrom 16busing
the sameprocedureas for 11, exceptthat most of the
pentanewas distilled out through a 10cm Vigreaux
columnwith anice–water-cooledcondenser,andthelast
tracesby rotaryevaporationfrom asmallflaskatambient
temperature.Theresiduewaspurifiedonamolecularstill
(56mmHg).Integrationof residualmethylprotonsin the
1H NMR spectrumshoweddeuteriumincorporationin
thedesiredpositionsto beapproximately99%.A total of
2.5g of 11a was obtained (75%): 1H NMR (CDCl3,
500MHz), � 0.00(s,9H), 0.642(m, 2H), 1.697(m, 2H);
13C NMR (CDCl3, 125MHz), � ÿ1.90, 11.73, 30.72
(septet,J = 19Hz), 40.36,72.39.


4-(Trimethylsilyl)-2-chloro-2-methylbutane-3,3-d2,
11b. Compound11bwassynthesizedfrom 16cusingthe
sameprocedureas for 11a. Integrationof the residual
methyleneprotons in the 1H NMR showeddeuterium
incorporationin thedesiredpositionsto be not lessthan
97%. The yield was 1.12g (55%). 1H NMR (CDCl3,
500MHz), � 0.002(s, 9H), 0.629(s, 2H), 1.548(s, 6H);
13C NMR (CDCl3, 125MHz), � ÿ1.897,11.56,31.61,
39.73(quintet),72.66.


Synthesis of carbon analogs. 1-Chloro-3,3-dimethyl-
butane, 26. The synthesis followed Schmerling’s
procedure.66 Into a three-necked,100ml round-bottomed
flask equipped with a thermometerand a bubbler-
monitoredgasinlet (nebulator),anda bubbler-monitored


outlet,with theinlet monitorconnectedto a lecturebottle
of ethylene,were placed50ml of pentaneand 28.1g,
0.303mol, of tert-butyl chloride.While stirring, theflask
was cooled to ÿ60°C in a dry-ice–acetonebath and
2.81g, 0.021mol, of aluminumchloridewereadded.


Ethylenewasthenbubbledthroughthemixtureandthe
dry-ice–acetonebathwasremoved.At ÿ20°C, vigorous
absorptionof ethylenewasindicatedby cessationof gas
flow from the outlet bubbler,which requiredincreasing
thegasflow to preventsuck-back.A simultaneousrapid
temperaturerise requiredprompt restorationof dry-ice
bath cooling. Cooling to aboutÿ30 to ÿ40°C (slow
absorption) and allowing to warm to ÿ10°C (rapid
absorption)werecycleduntil ethyleneabsorptionceased,
asseenby equalgasflow in theinlet andoutletbubblers.


At ÿ40°C, thepentanesolutionwasdecantedfrom the
solids,usinganadditional50ml of pentaneto rinse.The
pentanesolutionwasthenwashedwith water(2� 50ml),
saturatedNaHCO3, again with water (2� 50ml) and
driedoverK2CO3.


Pentanewas removed through a 14cm vacuum-
jacketedcolumnpackedwith glasshelices.The remain-
ing liquid was fractionally distilled; the large fraction
(b.p.115–119°C; lit.66b.p.115°C) comprising27.62g of
26 (76%):1H NMR (CDCl3, 500MHz), � 0.929(s, 9H),
1.73, (m, 2H), 3.52 (m, 2H); 13C NMR (CDCl3,
125MHz), � 29.28,30.80,41.59,46.95.


4,4-Dimethylpentanoic acid, 2767,68. Undernitrogen,to
8 g, 0.33 mol, of oven-driedMg turningsand 50ml of
anhydrousdiethyletherwasaddedaportionof asolution
of 21.0g,0.174mol, of 26 in 150ml of anhydrousdiethyl
ether.After brief heatingwith a heatgun had initiated
reaction,the remainingchloride solution was addedto
maintainreflux. Thereafter,a 55°C bathwasappliedto
continuereflux another1.5 h.


Thecooledsolutionwaspouredinto 101.5g of dry-ice
pellets. The resulting thick slurry required additional
diethyl etherto facilitate stirring. Whenmostof thedry-
ice hadevaporated,250ml of 1 M HCl wereadded,and
stirring was continueduntil the dry-ice was gone.The
etherlayerwasseparated,combinedwith additionalether
extracts (2� 100ml), dried (CaSO4), and the ether
removedby rotaryevaporation.


Theresidue,dissolvedin 250ml of 5%aqueousNaOH,
was washedwith diethyl ether(4� 100ml), discarding
the ether layers. The aqueouslayer was acidified by
gradual addition of concentratedHCl; the product
separatedasanoil. Themixturewasthenextractedwith
CH2Cl2 (3� 100ml). ThecombinedCH2Cl2 layerswere
washedwith water and dried. Rotary evaporationon a
warm water-bathgave 16.1g of crude product,which
wasvacuumdistilled (b.p. 104–108°C at 13–14mmHg;
lit.68 b.p. 105°C at 13mmHg) to give 13.22g of 27
(58%):1H NMR (CDCl3, 500MHz), � 0.907(s,9H),1.56
(m, 2H), 2.32(m, 2H), 11.32(very broadsinglet,OH).
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Ethyl 4,4-dimethylpentanoate, 28. A 13.22g, 0.10mol,
amountof 27 was refluxedwith a catalytic amountof
sulfuric acid in 370ml of ethanolfor 18h. The mixture
wasneutralizedwith aqueousNaHCO3 andmostof the
ethanoldistilled. The residue,in pentane,was washed
with aqueousNaHCO3, thenwater,anddried (K2CO3).
Pentanewasmainlydistilledatambientpressure,andthe
residueunder vacuum(b.p. 105–109°C at 105mmHg;
lit.69 b.p. 60–62°C at 8.0mmHg) to give 9.44g of 28
(64%):1H NMR (CDCl3, 500MHz), � 0.87(s,9H), 1.23
(t, 3H), 1.52(m, 2H), 2.25(m, 2H), 4.10(q, 2H).


Ethyl 4,4-dimethylpentanoate-2,2-d2, 28a. This was
preparedby repeatedbase-catalyzedexchangeof 9.44g
of the undeuteratedester,28, with ethanol-d–ethoxide.
Ethanol-d was removedafter eachexchangethus: the
mixture was neutralized with glacial acetic acid-d
(Aldrich). Most of the spentethanol-d wasremovedby
distillation. The residue,in pentane,was washedwith
water,dried(MgSO4) andthesolventdistilled.After 2–3
exchanges,the deuteratedesterwaspurified by vacuum
distillation (b.p. ca 72°C at 20mmHg) to give 5.40g of
28a (56%). 1H NMR analysisof the residualmethylene
protonsshoweddeuteriumincorporationto have taken
place to approximately 97%. 1H NMR (CDCl3,
500MHz), � 0.869(s, 9H), 1.231(t, 3H), 1.509(s, 2H),
4.09(q, 2H).


2,5,5-Trimethyl-2-hexanol, 29. This was synthesized
according to Grob and Waldner.32 To the ethereal
Grignard reagentpreparedfrom 3.0g, 0.123 mol, of
oven-driedmagnesiumturnings and 26, 10.0g, 0.083
mol, wasaddeddry acetone(purifiedasdescribedfor the
synthesisof 21), 5.89g, 0.101 mol, dropwiseso as to
maintainthe etherat moderatereflux. After addition of
acetone,2 M NH4Cl wasaddeddropwiseuntil thepH of
theaqueouslayer wasneutral.Theseparatedetherlayer
was combined with ether extracts (3� 50ml); the
combined layers were washedwith water (3� 50ml)
and dried (Na2SO4). The etherwas removedby rotary
evaporationandthe residuedistilled at 12.5mmHg(b.p.
62–64°C; lit.32 b.p. 61.5–62°C at 10mmHg) to give
4.91g of 29 (41% yield). PreparativeGC of the crude
product, 1.78g, afforded pure alcohol 29: 1H NMR
(CDCl3, 500MHz), � 0.859 (s, 9H), 1.181 (s, 6H,
partially overlappedwith multiplet at � 1.20), 1.20 (m,
2H, partially overlappedwith singlet at � 1.181),1.412
(m, 2H), 1.464 (s, broad, variable, OH); 13C NMR
(CDCl3, 125MHz), � 29.12,29.29,29.88,38.09,38.49,
70.99.


2-Methyl-d3-5,5-dimethyl1-2-hexanol-1,1,1-d3, 29a.
Compound29a wassynthesizedby the sameprocedure
asfor 29, usingacetone-d6 (99.9%D; CambridgeIsotope
Laboratories)insteadof acetone.A 7.54g amountof 29a
was obtained(60%), of which 1.43g was purified by
preparativeGC. Residualmethyl protonscould not be


seen in the 1H NMR spectrum;it was assumedthat
deuteriumincorporationwasgreaterthan99%.1H NMR
(CDCl3, 500MHz), � 0.854(s,9H), 1.194(m, 2H), 1.395
(m, 2H), 1.496 (s, broad, variable, OH); 13C NMR
(CDCl3, 125MHz), � 28.13(septet),29.29,29.87,38.04,
38.38,70.68.


2,5,5-Trimethyl-2-hexanol-3,3-d2, 29b. Compound29b
was prepared by addition of 3 M methylmagnesuim
bromide (Aldrich) to 28a, as in the synthesisof 16.
Residualmethyleneprotonscouldnot bedetectedin the
1H NMR spectrum; it was assumedthat deuterium
incorporation was at least 97%, that which was
determinedfor 28a. 1H NMR (CDCl3, 500MHz), �
0.865 (s, 9H), 1.184 (s, 6H), 1.197 (s, 2H), 1.342 (s,
broad,variable,OH).


2-Chloro-2,5,5-trimethylhexane, 10. This was synthe-
sizedby a procedureof GrobandWaldner.32 Compound
29, 1.7g, 0.117mol, wasshakenin a separatingfunnel
for 15min with 33ml of concentratedHCl. This mixture
was extractedwith pentane(3� 75ml). The combined
organic layers were washed with 5% NaHCO3


(4� 50ml) and water (3� 50ml) and dried (CaCl2).
Pentanewas removedby rotary evaporationat ambient
temperatureandtheresiduewasdistilledat13mmHgin a
molecularstill (lit.32 b.p. 46.5–47.5°C at 11mmHg) to
give 0.45g of 10 (24%):1H NMR (CDCl3, 500MHz), �
0.894(s, 9H), 1.355(m, 2H), 1.567(s, 6H), 1.706(m,
2H); 13C NMR (CDCl3, 125MHz), � 29.30,29.89,32.39,
38.79,40.90,71.52.


2-Chloro-2-methyl-d3-5,5-dimethylhexane-1,1,1-d3,
10a. Compound10awaspreparedfrom 29aaccordingto
the procedureused(above)for 10. Residualprotonsfor
thedeuteratedmethylgroupscouldnot beseenin the1H
NMR spectrum;it was assumedthat deuteriumincor-
porationwasgreaterthan99%.A total of 0.64g of 10a
were obtained(60%): 1H NMR (CDCl3, 500MHz), �
0.892(s, 9H), 1.353(m, 2H), 1.699(m, 2H); 13C NMR
(CDCl3, 125MHz), � 29.30,29.89,31.43(septet),38.75,
40.75,71.03.


2-Chloro-2,5,5-trimethylhexane-3,3-d2, 10b. Com-
pound 10b was preparedusing a modification of the
proceduredescribedby ShinerandVerbanic.70 Between
1 and0.5ml of 29b wasplacedin a 1 dram(4ml) screw-
topped vial. A Pasteurpipette connectedto a lecture
bottle of hydrogen chloride gas by meansof Tygon
tubingwasclampedinto placeabovethevial so that the
tip of the pipettewasalmosttouchingthe bottomof the
vial. Hydrogenchloridegaswasgentlybubbledinto the
2,5,5-trimethyl-2-hexanol-3,3-d2. After 5 min, the vial
becamehotto thetouch.After another5 min, theliquid in
the vial developeda pinkish color and becamecloudy.
After a totalof 15min, two layerswereseento form. The
bubblingwasdiscontinuedandthemixturewasdissolved
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in pentane,washedwith water and aqueoussodium
hydrogencarbonateand againwith water.The pentane
solution was then dried (K2CO3), and the solvent was
removedby rotary evaporationat ambienttemperature.
The residuewas then vacuumdistilled on a molecular
still (lit.32 b.p. 46.5–47.5°C at 11mmHg) to give the
product.1H NMR analysisof residualmethyleneprotons
showed deuterium incorporation to be approximately
90%;presumablysomedepletionoccurredasa resultof
addition of HCl to someelimination product.1H NMR
(CDCl3, 500MHz), � 0.892(s,9H), 1.341(s,2H), 1.561
(s, 6H). 13C NMR (CDCl3, 125MHz), � 29.30,29.89,
32.32, 38.62, 40.5 (multiplet 13C's for CD2 and CDH
compounds),71.37. (Some small peaks believed to
correspondto theCDH compoundwerealsoseenin the
13C NMR spectrumat � 32.384,38.706and71.5.)
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ABSTRACT: He I and He II photoelectron spectra (UPS) of several lactams were measured and analyzed on the basis
of empirical arguments andab initio calculations. The electronic and molecular structure of the amide group is
discussed on the basis of experimental and theoretical results. Relative basicities of nitrogen centre(s) are also
discussed within the framework of inductive and resonance effects. Copyright 1999 John Wiley & Sons, Ltd.
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INTRODUCTION


The amide group in lactams can assume a variety of
interesting molecular and electronic configurations which
are dependent on prevailing orbital and steric interac-
tions. We have studied a series of lactams that can be
described by the general formula


The amide group is characterized by the principal
geometric parameterΦ, which is the dihedral angle
between the N2p (lone pair) axis and the NCX plane.
Changes in substitution will influenceΦ and thus the
electronic distribution within the amide group. The
electronic structure (distribution) can be studied by a
combination of UV photoelectron spectroscopy (UPS)
and semi-empirical MO calculations. Rademacher and
co-workers1–3 investigated the effects of ring size (n) and
substituents (R') on the structure of the amide group by
this approach. Their main conclusions, which are relevant
to the present work, are summarized as follows:


1. The two orbitals localized on amide group, which have
the lowest ionization energies (IE) are pN (nitrogen
lone pair) and nO (oxygen lone pair) withIE(pN)
< IE(nO).


2. The absolute values of ionization energiesIE1 andIE2


and their differenceDIE can be used to probe the
molecular structure of the amide group.


3. An increase in the ring size leads to broadening of the
first two bands, to an inductive shift of HOMO and
HOMO-1 ionizations towards lowerIE and to a
decrease inDIE.


The analysis of Rademacher and co-workers1–3 was
based on band shapes, MNDO calculations and (some-
times) poorly resolved vibrational fine structure. In the
spectra of many lactams the first two bands overlap
strongly, thus making MNDO results (based on Koop-
mans approximation) unreliable. We have therefore
measured all spectra with different photon energies
(He I/He II) in an attempt to arrive at definitive
assignments. Furthermore, we have studied the range of
lactams whose electronic structures show greater varia-
tions than those investigated by Rademacher and co-
workers.


EXPERIMENTAL AND THEORETICAL
METHODS


The He I and He II spectra were recorded on a Leybold–
Heraeus UPG-200 spectrometer with a spectral resolution
of 20 meV, measured as the FWHM of Ar�2P3/2 and
2P1/2 calibration lines. Elevated sample temperatures
(60–130 °C) were used during measurements of less
volatile compounds in order to obtain sufficiently high
vapor pressures. The compounds were purchased from
Sigma-Aldrich with a purity better than 95%.Ab initio
calculations at the 6–31�G* level were performed
with the Spartan set of programs.4 The aims of the
calculations were to deduce the angleΦ, to assess
whether the measured spectra refer to the mixture of
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conformers in the gas phase and to help in the spectral
assignment (using Koopmans approximation). A full
conformational space search was conducted with the
Spartan program. The results showed that at the
temperatures of the experiment (assuming a Boltzmann
distribution), the most stable conformers were present in
excess of 95%. The estimates of the angleΦ hence refer
to the most stable conformers only.


RESULTS AND DISCUSSION


He I and He II photoelectron spectra of the lactams
studied are shown in Figs 1 and 2. In addition, we
measured He I/He II spectra of�-valerolactam, 2-azacy-
clooctanone, 2-azacyclononanone and"-caprolactam.
The additional spectra are in full agreement with He I
spectra published by Rademacher and co-workers1–3 and
are therefore not reproduced here. The purpose of re-
measuring them with different photon energies was to
check the assignments proposed earlier1–3 for pN and nO
ionizations. However, strong band overlap prevented the
observation of significant changes on going from He I to
He II radiation. Only inN-methylcaprolactam (Fig. 1) did
the relative intensities of theX and A bands change,
suggesting thatIE(pN)< IE(nO). This conclusion follows


Figure 1. He I/He II photoelectron spectra of lactams


Figure 2. He I/He II photoelectron spectra of the lactam
shown
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from the consideration of atomic photoionization cross-
sections5 for N2p and O2p orbitals under He I and He II
radiation. The He II/He I O2p cross-section ratio is 0.64
compared with the same ratio for N2p, which is 0.45.
This indicates that ionization from an orbital with higher
O2p character should give rise to an increase in the
relative band intensity, which is exactly what was
observed for the 9.28 eV band. This argument supports
Treschanke and Rademacher’s original assignment1.


The assignments andIE values are summarized in
Table 1. The rationale behind them is interesting and
merits further discussion. ‘Koopmans analysis’ (i.e. fixed
photon energy measurements combined with MO
calculations) is not adequate for assignment purposes if
bands are closer inIE than 0.5 eV.


N-Acetylcaprolactam


The comparison of the spectrum ofN-acetylcaprolactam
with the UPS of acetone6 suggests the presence of three
ionizations in the 9–11 eV region. The He I/He II
intensity changes indicate that the 10.19 eV band belongs
to pN ionization because of the relative intensity
decrease. The 9.64 eV band can then be attributed to
ionizations from oxygen lone pairs (nO) localized on
acetyl and lactam keto groups. We may expectN-
acetylcaprolactam to have a much lower Lewis basicity
than the unsubstituted lactam. The observation that
IE(pN)> IE(nO) is unusual for lactams.1–3


It can be explained by strong conjugation (delocaliza-
tion) taking place withinpCO–pN–pCO moiety. The
delocalization introduces C2p and O2p character into
thepN orbital; the latter contribution will causepN level
stabilization.


Thiocaprolactam


The replacement of oxygen in"-caprolactam with sulfur


causes an inductive shift of the nS level towards lowerIE
and reverses thepN–nS order, makingIE(pN)> IE(nS).
The assignment ofpN and nS ionizations is again made
straightforward by considering the He II/He I intensity
variations. The S3p and N2p cross-section ratios at He II/
He I energies are 0.14 and 0.45, respectively, which
suggests a strong decrease in relative intensity for the nS


band. The contour and vibrational fine structure
(1410 cmÿ1; C-S stretch) of the nS band also indicate
that the sulfur lone pair is more localized and a better
nucleophilic centre than the carbonyl oxygen.


a-Aminocaprolactam


The comparison of the spectrum in Fig. 2 with the spectra
of methylamines6 indicates that the 9.42 eV band
contains three unresolved ionizations. Once again,
‘Koopmans analysis’ is not useful for determining the
relative ordering of levels. The He I/He II measurements
suggest that nO has the highest ionization energy (note the
shoulder appearing in the He II spectrum), while lactam
and amine nitrogens have similar energies. This situation
can be contrasted with thea-dimethylamino derivative,
where the nitrogen lone pair energies for lactam and
amine groups are very different.


a-Dimethylaminocaprolactam


Comparison of the spectra of this derivative with those of
methylamines6 suggests the assignment listed in Table 1.
The pNMe2


band at 8.51 eV is very broad, which is
indicative of hyperconjugative interactions. The possible
interactions could take place either between the nitrogen
lone pair (pN) and methyl groups or betweenpN and the
oxygen lone pair (nO). The former case appears to be
more plausible because of the lack of enhancement in
pNMe2


intensity on going from He I to He II radiation.
Such an enhancement would be expected if the orbital in


Table 1. Vertical ionization energies (IE) and ab initio orbital energies (") for caprolactams


Derivative Band " (eV) IE (eV)a Assignment Φ (°)


N-Methyl X, A 9.85, 10.53 8.76, 9.28 pN, nO 86.8
N-Acetyl X, A, B 10.78 (9.64) nO(lactam) 92.15


11.42 (9.64) nO(acetyl)
11.78 10.19 pN


Thiocaprolactam X, A 8.19, 8.39 7.98, 8.31 nS, pN 88.2
a-Dimethylamino X, A, B 9.43 8.51 pNme2


93
10.35 (9.20) pN
11.03 (9.20) nO


a-Amino X, A, B 10.20 (9.42) pNH2
92.8


10.45 (9.42) pN
11.19 (9.42) nO


a The parentheses designate unresolved bands.
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question were to acquire O2p character via hyperconju-
gation. As mentioned previously, the amine nitrogen
appears to be more basic than the lactam nitrogen.


Substituent effects


R and R' substituents may induce changes in the extent of
pN–pCO conjugation. Our discussion of possible changes
will be based on UPS data rather than MO calculations
and thus be independent of MO algorithms and Koop-
mans approximation. ThepN and nO ionization energies
in —NR2 (R = H, Me) substituted lactams are close to
9.19 and 9.52 eV, respectively, in the parent lactam.1 The
R substitution exerts only a small inductive perturbation
on the amide group. This is in line with stereochemical
considerations which show that the —NR2 nitrogen is not
positioned favourably for N2p–N2p interaction with the
amide group. On the other hand, R' substitution strongly
affects the lactam group as can be seen from the
comparison of the spectra ofN-acetyl andN-methyl
derivatives with that of the unsubstituted lactam. The
relative significance of inductive and conjugative effects
of R' substituents can be discerned fromDIE and the
absoluteIE values. The inductive effect will not influence
DIE value whereas conjugative effects will change both
DIE and IE values. After taking these arguments into
consideration, one may conclude that methyl and acetyl
substituents affect the amide group via both inductive and
conjugative interactions (Fig. 1).


The replacement of the heteroatom in a C=X group
causes inductive (changedIE) and conjugative perturba-
tions (changes in the bandshapes ofpN and nO
ionizations). This can be seen clearly in the spectrum of
thiocaprolactam, where theX and A bands have very
different shapes andIE compared with the parent
lactam.1


The angleΦ was found to deviate only slightly from
90° (Table 1), which is the most favourable configuration
for pN–pCO interaction and delocalization.


CONCLUSION


We have analyzed the electronic structure of lactams
using variable photon energy UPS measurements. One of
the properties which may be predicted from the
measurements are relative gas phase basicities (GB) of
the title compounds. The feasibility of such a prediction
can be tested by correlatingpN ionization energy and pKb


constants. GB values for lactams have not been
determined experimentally so we used the best available


measurements performed in solution.7 The comparison
(Table 2) indicates that an increase in ring size generates
more basic compounds. Furthermore,N-methyl substitu-
tion also leads to an increase in basicity. TheIE–pKb


correlation shows a monotonous variation except for�-
valerolactam, where the measured pKb appears too high.
Table 2 also suggests that theIE–pKb correlation is
applicable only within the same group, i.e. one cannot
compare the basicities of substituted and unsubstituted
lactams directly. This is probably due to thermodynamic
contributions arising from different solvation effects for
substituted and unsubstituted molecules.


On the basis of UPS data we can predict thata-
dimethylaminolactam will be the most basic and theN-
acetyl derivative the least basic amongst the compounds
studied. Also, a thiolactam will be more basic than its
lactam analogue. The predictions refer toGB and are
therefore applicable to substituted and unsubstituted
derivatives.
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ABSTRACT: Laser flash photolysis of 3-noradamantyl(phenyl)diazomethane in degassed benzene at room
temperature generates 2-phenyladamantene, which decays with second-order kinetics (2k/el = 1.5� 102 sÿ1) to give a
dimer and is shown to react with oxygen and tri(n-butyl)tin hydride much faster than with methanol, thus revealing
profound radical character of the twisted double bond. Copyright 1999 John Wiley & Sons, Ltd.
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Bridgehead alkenes, often referred to as Bredt’s rule
violators, have had a long and glorious history1 since the
work of Bredtet al.2 in the early part of this century and
to date many bridgehead alkenes of varying stability have
been studied. Naturally, most studies have been devoted
to clarifying the relationship between chemical behaviors
and twisting distortion ofp bonds. Since bridgehead
double bonds are readily accommodated in larger ring
systems, bridgehead alkenes are classified into three
categories: isolable, observable and unstable. Adaman-
tene, solidly categorized as an unstable species, based on
a heat of formation [32.36 kcal molÿ1 (1 kcal = 4.184 kJ)]
and olefinic strain (39.5 kcal molÿ1)3 and also the twist
angle of thep portion of the double bond (64°),4 has been
a subject of considerable interest, especially owing to its
contradictory history.5,6 The complete picture of the
nature of adamantene has begun to be unfolded recently
by painstaking chemical analysis. More direct informa-
tion obtained using time-resolved spectroscopic techni-
ques available for the study of transient species chemistry
is, however, still scant in this field. We therefore studied
the chemistry of 3-noradamantyl(phenyl)diazomethane
(1), a potential precursor of phenyladamantene (2), by
using laser flash photolysis (LFP) techniques.


Laser flash photolysis7 of 3-noradamantyl(phenyl)dia-
zomethane (1) (prepared by oxidation of 3-noradamantyl
phenyl ketone) in a degassed benzene solution at room


temperature with a 308 nm pulse from a XeCl excimer
laser (10 ns, 70–90 mJ) produced a transient species
showing a fairly strong broad absorption at 434 nm,
which appeared coincident with the pulse. A shoulder
appeared at 323 nm in the transient optical density
spectrum 20ms after the laser flash. At 100ms after the
laser flash, the absorption maximum had shifted to
323 nm. Figure 1 shows the transient spectrum obtained
100ms after the excitation where decay of the initial
species (A) was not complete; the inset in Fig. 1 shows
the decay of the 434 nm species and the formation of the
323 nm species (B), indicating that the decay is
kinetically correlated with the growth of the new species.
The decay ofA was found to be second order (2k/
el = 1.5� 102 sÿ1) and the lifetime is estimated in the
form of the half-life, t1/2, to be roughly 5.6 ms. On the
other hand, the secondary formed species (B) is too long-
lived to be monitored by our system.


What are these species? It is well documented that the
photolysis of diazomethanes generates carbenes as initial
intermediates which then decay to form final products8


and that some arylcarbenes are often observed in solution
at room temperature by LFP.9 However, judging from the
absorption and lifetime features, it is highly unlikely that
the initially formed transient species (A) can be assigned
to phenyl(noradamantyl)carbene (3). For instance, the
optical absorption spectra of triplet diarylcarbenes have
been assigned and typically they consist of an intense UV
band around 300–340 nm along with a very weak visible
transition around. 400–500 nm.10 The lifetime of triplet
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diphenylcarbene in degassed benzene is 4ms (H.
Tomioka and K. Hirai, unpublished work). The absorp-
tion bands and lifetime for monoarylcarbenes should be
shifted to shorter wavelength and shorter time regions
compared with the diarylcarbenes.


In order to gain more insight into the nature of the
transient species, the following trapping experiments
were carried out. First, LFP of1 in degassed benzene in
the presence of pyridine gave essentially the same
transient absorption in terms of intensity and kinetics,
no new absorption bands being generated. It is well
known that carbenes are readily trapped by pyridine to
form ylides, which usually show intense absorption in the
visible region.11 Second, LFP of1 in the presence of
methanol also generated the transient band, although the
optical yield ofA was slightly decreased. However, the
decay rate was found to increase as the methanol
concentration increased. The apparent decay rate con-


stant,kobs, of the transient band is expressed as


kobs� k0 � kMeOH[MeOH] �1�
wherek0 represents the rate of decay ofA in the absence
of methanol andkMeOH is the quenching rate constant of
A by methanol. A plot of the observed pseudo-first-order
rate of the decay versus methanol concentration in the
range 0.5–2.0M was linear and the slope of this plot
yields the rate constant for the reaction ofA with MeOH,
kMeOH = 8.7� 10 l molÿ1 sÿ1, and the intercept yields
k0 = 7� 10 sÿ1 (r = 0.999). Methanol is one of the most
efficient trapping reagents for carbenes usually in the
singlet state.8 The bimolecular quenching rate constant
for triplet diphenylcarbene, for instance, is 3� 107 l
molÿ1 sÿ1.9 Even sterically hindered monophenylcar-
benes, e.g. triptycyl(phenyl)carbene, is trapped by
methanol at a rate of 3.2� 105 l molÿ1 sÿ1.12 Thus,
kMeOH observed withA is at least three orders of


Figure 1. Absorption spectrum of the transient products formed during the irradiation of 3-noradamantyl(phenyl)diazomethane
(1) in degassed benzene recorded 100 ms after excitation. Inset shows oscillogram traces monitored at 323 and 434 nm


Figure 2. Absorption spectrum of the transient products formed during the irradiation of 1 in degassed benzene containing
Bu3SnH (3.72� 10ÿ2


M) recorded 20 ms after excitation. Inset shows oscillogram traces monitored at 320 and 434 nm
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magnitude smaller than that expected for carbene.
Finally, LFP in the presence of oxygen also resulted in
a decrease in the optical yield ofA and an increase in the
decay rate. Again a plot ofkobs against the O2
concentration is linear, and the slope gives a bimolecular
rate constant of 7.0� 106 l molÿ1 sÿ1 for the reaction of
A with oxygen (kO2


). It is well documented that most
triplet arylcarbenes are trapped by oxygen to generate the
corresponding ketone oxides very efficiently, mostly with
a nearly diffusion-controlled rate constant.9 For instance,
even triptycyl(phenyl)carbene is trapped by oxygen with
a bimolecular rate constant of 1.6� 109 l molÿ1 sÿ1.12


Moreover, the carbonyl oxides usually exhibit a broad
band around 390–450 nm13 and are long-lived enough to
be easily observed to grow as the carbene signals decay.9


No new transient absorption appeared in LFP of1 in the
presence of O2 as transient bands due toA decayed.


All of these observations point to the same conclusion
that transient absorption at 434 nm is obviously not
ascribable to carbene3. A plausible structure is then 2-
phenyladamantene (2), since 1-noradamantyldiazo-
methane is known to undergo ring expansion upon
decomposition.5,14 This assignment is supported by a
product analysis study. Thus, the main product isolated
from the spent solution in benzene was assigned to a dimer
of the adamantene based on the following data: HRMS,
calculated for C32H36 420.2817, found 420.2829;1H


NMR (CDCl3, 400 MHz),� 7.49 (br d, 1H,J = 8.0 Hz),
7.36 (br d, 1H,J = 7.6 Hz), 7.31–7.13 (m, 4H), 7.09–6.98
(m, 2H), 6.92–6.81 (m, 1H), 2.94 (br s, 1H), 2.85 (br d, 1H,
J = 12 Hz), 2.68–2.39 (m, 5H), 2.32 (br d, 1H,J = 12 Hz),
2.10–1.45 (m, 16H), 1.38 (br t, 2H,J = 12 Hz), 1.31–1.21
(m,1H);13CNMR(CDCl3,100.4 MHz),�146.9(C),144.8
(C), 139.3 (C), 132.3 (CH), 131.6 (CH), 126.0 (CH), 125.6
(CH), 125.4 (CH), 125.24 (CH), 125.21 (CH), 125.1 (CH),
125.0 (CH), 54.4 (C), 48.0 (CH2), 46.1 (CH), 41.4 (CH2),
40.8 (C), 40.6 (CH2), 39.8 (CH2), 39.0 (C), 38.1 (CH2),
37.22 (CH2), 37.21 (CH2), 36.9 (CH2), 34.8 (CH2), 31.5
(CH), 31.3 (CH2), 29.8 (CH), 29.5 (CH), 29.2 (CH), 28.5
(CH), 28.4 (CH). The structure which explains these1H
NMR data best is proposed to be5, which is produced by
dimerization in4� 2fashion including thearomatic ringto
form the initial dimer (4), followed by H migration. These
product analysis data suggest that the phenyladamantene
mainly decays by undergoing dimerization in the absence
of trapping reagent, which is in accordance with the kinetic
behavior of the initial transient speciesA observed in LFP
of 1. On the other hand, the UV absorption spectrum of the
dimer(5)didnotcoincidewiththatobservedfortheproduct
from 2. However, we were able to isolate the initial dimer
(4) by generating the desired adamantene (2) by treating
1,2-diiodo-2-phenyladamantane withtert-butyllithium at
ÿ78°C. Dimer4: colorless crystals; m.p. 242.0–243.5°C;
HRMS, calculated for C32H36 420.2817, found 420.2829;


Scheme 1
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1H NMR (CDCl3, 400 MHz),� 7.36 (d, 1H,J = 8.3 Hz),
7.28–7.04 (m, 4H), 6.57 (d, 1H,J = 9.5 Hz), 6.11–5.97 (m,
2H),5.88(m,1H),4.04(brs,1H),3.28(brs,1H),2.85(brd,
1H, J = 13 Hz), 2.75–2.58 (m, 3H), 2.31 (br d, 1H,
J = 14 Hz), 2.16 (br d, 1H,J = 12 Hz), 2.05 (br s, 2H),
1.89–1.41(m,14H),1.34(brd,1H,J = 12 Hz),1.17(dt,1H,
J = 13, 2.7 Hz), 0.27 (dt, 1H,J = 13, 3.4 Hz);13C NMR
(CDCl3, 67.8 MHz),� 147.7 (C), 146.9 (C), 132.1 (CH),
130.6 (CH), 130.4 (CH), 127.7 (CH), 126.1 (CH), 124.7
(CH), 123.8 (CH), 122.3 (CH), 122.1 (CH), 121.5 (C), 53.5
(C), 50.3 (CH2), 46.7 (CH), 45.4 (C), 43.4 (CH2), 39.92
(CH2), 39.87 (CH2), 39.1 (CH2), 38.1 (CH2), 37.6 (CH2),
37.5 (C), 37.2 (CH2), 36.2 (CH2), 35.5 (CH2), 32.2 (CH),
31.9 (CH), 30.0 (CH), 29.33 (CH), 29.27 (CH), 28.0 (CH).
Thisdimer isnotonlyshowntoundergoHmigration togive
the final dimer5 upon irradiation but also exhibits an
absorption maximum at 323 nm. HenceA is most probably
phenyladamantene (2) which decays with second-order
kinetics to form a Diels–Alder dimer (4 = B), showing an
absorption maximum at 323 nm. Analysis of the photo-
products in methanol, on the other hand, showed the
presence of 2-phenyl-2-methoxyadamantane (6) as the
main product, obviously formed as a result of proton-
ation of2 followed by nucleophilic attack of the solvent.
Phenyl(noradamantyl)methyl methyl ether (6'), expected
to be formed from carbene (3), was also detected, albeit
in a minor amount.


The present observations revealed several interesting
features of the reactivities of adamantene. It is generally
accepted that the stability of bridgehead alkenes is greatly
affected by substituents. For instance, in the case of
homoadamant-3-ene, while the parent compound can be
observed only at very low temperature,15 the 4-phenyl
derivative has been shown to have a half-life of over 12 h
in solution at room temperature, presumably owing to a
conjugative effect.16 Adamantene is also stabilized by
phenyl substitution to the extent that it is observable in
solution at room temperature, but its half-life is still seven
orders of magnitude smaller than that of the correspond-
ing homoadamantene. This is the first quantitative
experimental evidence confirming the difference in the
measure of ‘olefinic stability’ between adamantene
(39.5 kcal molÿ1)3 and homoadamantene (20.2
kcal molÿ1).15


The quenching rate constants of2 with O2 and MeOH
are also noteworthy. The data suggest that phenylada-
mantene is five orders of magnitude more reactive
towards O2 than MeOH. This is unexpected in terms of
both trends and magnitude since bridgehead alkenes are
known to undergo polar addition of alcohols smoothly
whereas their reactions with O2 are rare.16,17 More
interestingly, the transient absorption band was found to
be quenched even by hydrogen donors. Thus, LFP of1 in
the presence of tri(n-butyl)tin hydride again resulted in a
dramatic decrease in the lifetime of2 and a concurrent
appearance of a new absorption band at 320 nm. The rate
of increase in the band at 320 nm is almost the same as


that of the decay of the peak due to2, showing that2 is
quenched by the hydride (Fig. 2). Since the excellent
hydrogen donor properties of the tin hydride have been
well recognized18 and since most benzyl radicals show
characteristic UV absorption peaks around 310–320
nm,19 the spectral changes are interpreted as indicating
that phenyladamantene abstracts hydrogen from Bu3SnH
to generate benzyl-type radicals (7). The absolute rate
constants for the abstraction reaction was estimated to be
6.3� 104 l molÿ1 sÿ1.


Twisted p bonds are usually believed to have a
polarized character which reduces the strain energy.
Therefore, frequently employed trapping reagents are
polar, e.g. alcohols. However, when radical reaction
channels are available, radical-type reactions are some-
times observed. For instance, in the reactions with simple
alkenes and dienes, radical mechanisms are proposed
mostly based on product analysis data.5,17,20 However,
these radical reactions are usually observed at much
higher temperature in these cases. The present results are
therefore noteworthy in that the radical nature of the
twistedp bonds is verified at a much lower temperature
by direct observation of the intermediates in a quantita-
tive manner, and revealed that the twistedp bond in 2
shows profound radical over ionic character.


Finally, it is important to comment on the mechanism
of the formation of2 in the photochemical reaction of1.
LFP data in the presence of typical trapping reagents for
carbenes, e.g. pyridine, methanol, oxygen and Bu3SnH,
clearly suggested that carbene does not intervene at least
as the main intermediate leading to2. What is a ‘real’
intermediate, then? It is now well documented21,22 that
excited states of diazomethanes often mimic the reactions
of carbenes. Intramolecular chemistry such as 1,2-
migrations is particularly bedeviled by such reactions,
in which diazomethanes play the roles traditionally
assigned to carbenes. The present LFP data are also
compatible with a similar assumption that2 is produced
directly from the excited state of1.
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ABSTRACT: By using 1-methyl-2-formyl-5-Y-substituted pyrroles (1-Ys), 1-methyl-2-formyl-5-Y-substituted
pyrrole phenylhydrazones (2-Ys) and 1-methyl-2-formyl-5-Y-substituted pyrrole (4-nitrophenyl)hydrazones (3-Ys)
as models for nitrogen-containing heterocyclic aromatic compounds, theK-band�maxvalues of their UV spectra were
measured. Correlation analysis of the�max values by a dual-parameter equation shows that the�max values of these
compounds are affected, albeit to different degrees, by both the polar (sx) and spin-delocalization effects (s�) of the
substituents. Interestingly, the UV spectra of3-Ysare mainly affected by the polar effects. The correlation results are
in accord with a previous speculation that a higher degree of polarization of the substrate molecule would demand a
higher degree of polar assistance from the substituent at the transition states. Copyright 1999 John Wiley & Sons,
Ltd.


KEYWORDS: UV spectra; correlation analysis; polar effect; spin-delocalization effect; 1-methyl-2-formyl-5-Y-
substituted pyrroles; 1-methyl-2-formyl-5-Y-substituted pyrrole phenylhydrazones; 1-methyl-2-formyl-5-Y-substi-
tuted pyrrole (4-nitrophenyl)hydrazones


INTRODUCTION


We have recently reported the correlation analysis of UV
data for styrenes,a-methylstyrenes,a,b,b-trifluorostyr-
enes,1a phenylacetylenes and acetophenones1b by a dual-
parameter equation [Eqn. (1)] with the polar constant (sx)
and the spin-delocalization constant (s�), and also by
single-parameter equations [Eqns (2) and (3)].


variable� �x�x� ���� �1�
variable� �x�x �2�
variable� ���� �3�


Our results showed that the excited states of styrene-type
aromatic compounds have radicaloid properties and the
p–p* transitions are mainly affected by the spin-
delocalization effects of the substituents. We proposed,
however, that the UV spectral properties of radicaloid


transition states (TSs) are always affected, albeit to
different degrees, by both polar and spin-delocalization
effects. In other words, in the correlation analysis of these
properties, the applicability of the dual-parameter Eqn.
(1) should always be tested and compared with the
correlation results based on application of the single-
parameter Eqns (2) and (3).2–5 The jrx/r�j ratio, e.g. with
rx = rmb andr� = rJJ


�, may serve as a rough measure of
the relative importance of the polar and the spin-
delocalization effects of substituents.6


On the basis of our studies, we came to realize that, in
the absence of measurable steric effects, four categories
of possible circumstances might be visualized.3,5 (i)
When both polar and spin effects are important, thejrmb/
rJJ
�j values might fall in the range of (very) roughly 0.2–


0.8, e.g. in radical additions to styrenes. Under these
circumstances, the necessity to use the dual-parameter
Eqn. (1) can be easily established because it yields much
better correlation results than those from Eqn. (2).
Correlation results of the fluorescence spectral data of
substituted styrenes anda-methylstyrenes7 have also
been found to fall in this category. (ii) When polar effects
dorminate, this ratio might be around or greater than
unity, e.g. in H-atom abstraction reactions by electro-
philic radicals,4c,4dphenylacetylene addition reactions by
electrophilic radicals5a,5b and EPR data for some
phenylnitroxides.4e,4f Under these circumstances, using
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Eqn. (1) instead of Eqn. (2) may not improve the
correlation results much, and the necessity of applying
Eqn. (1) cannot be established in a definitive manner.
However, the existence of the spin effect can still be
revealed by careful examination of the individual and
total deviations of the experimental data from the
regression lines of Eqns (1) and (2). (iii) When the
spin-delocalization effect dominates, then Eqn. (3) easily
applies, and the use of Eqn. (1) may not improve the
correlation results much. Application of Eqn. (1) might
yield a jrmb/rJJ


�j ratio of less than 0.2. A smalljrmb/rJJ
�j


value suggests the dominance of the spin effect, but it
does not necessarily signify the absence of the polar
effect. (iv) When there are other complicating and
interacting factors, then none of the three equations can
be successfully applied.1b,5d,8–10


The importance of benzaldehyde phenylhydrazone and
semicarbazone derivatives in analytical organic chem-
istry has led to many investigations of their ultraviolet
spectra.11–16 Although the single-parameter relationship
[cf. Eqn. (2)] has been applied to the correlation of UV
data for nitro-, dinitro- and trinitrophenylhydrazones,8–10


correlation analysis of the UV data for these compounds
by the dual-parameter Eqn. (1) has been tried only
recently and the results show that the UV data are clearly
affected by both the polar and the spin-delocalization
effects.17 However, there is no report about the correla-
tion analysis by the dual-parameter Eqn. (1) of the UV
spectral data of heteroaromatic compounds, e.g. pyrroles.
Will the correlation result for the UV spectral data of
pyrroles conform to categeory (i), (ii) or (iii) behavior?
The purpose of this paper is to answer this question. The
compounds chosen for our analysis were 1-methyl-2-
formyl-5-Y-substituted pyrroles (1-Ys), 1-methyl-2-for-
myl-5-Y-substituted pyrrole phenylhydrazones (2-Ys)
and 1-methyl-2-formyl-5-Y-substituted pyrrole (4-nitro-
phenyl)hydrazones (3-Ys). N-Methylpyrrole derivatives
were chosen instead of pyrrole derivatives in order to


avoid possible side-reactions of the reactiveN-hydrogen
during the synthetic steps.18


RESULTS AND DISCUSSION


Measured�max values of1-Ys, 2-Ysand3-Ys, together
with their corresponding wavenumbers (�max) and molar
absorption coefficients ("), are summarized in Table 1.
Values of representative Hammett-type unresolved polar
substituent constants (sx), i.e.smb, sp ands�, were taken
from Refs 2, 18 and 18, respectively, and values of
representative spin-delocalization constants (s�), i.e.sJJ


�,
sc
� and sa�, were taken from Refs 2, 19 and 20,


respectively. Results of correlation analysis in terms of
rx, r�, s, r or R,  and F values by Eqns (1–3) are
summarized in Tables 2 (for1-Ys), 3 (for2-Ys) and 4 (for
3-Ys). The identity of the substituents used in each entry
is given in the footnotes to the tables. It should be noted
that relatively small differences in ther or R,  and F
values of the different entries in the same table should not
be taken too seriously because various complicating
factors could affect the exact position of the UV
absorption peaks.1,8–10 For reasons unclear to us, the
nitro group always seems to deviate from the regression
lines much more than other substituents do (cf. Figs 2–
4),1b,11 therefore, the nitro group is not included in our
correlation analysis. As mentioned previously, a con-
fidence level (CL) above 99.9% (based onF0.001 values
given in the footnotes to the tables; cf. Ref. 1) is
considered good, even though ther (or R) value is<0.95,


Table 1. �max (nm), wavenumber (�max, cmÿ1) and "max (l molÿ1 cmÿ1) values for 1-Ys, 2-Ys and 3-Ys (solvent, 95% EtOH;
uncertainty of �max, �0.3 nm)


1-Y 2-Y 3-Y


Y �max �max (�104) "max (�104) �max �max (�104) "max (�104) �max �max (�104) "max (�104)


H 288.0 3.472 1.588 336.0 2.976 2.592 429.6 2.328 3.429
CH3 297.0 3.367 2.014 343.2 2.914 2.760 439.2 2.277 2.499
Cl 292.0 3.425 2.337 344.4 2.904 2.812 424.8 2.354 3.234
CN 289.2 3.458 1.917 377.5 2.649 3.814 413.2 2.420 4.115
COCH3 306.0 3.268 2.046 388.8 2.572 3.579 426.0 2.347 4.184
NO2 331.2 3.019 1.207 451.2 2.216 2.675 450.0 2.222 4.085
COOH 299.0 3.344 2.139 363.6 2.750 3.513 426.0 2.347 3.405
SCH3 319.0 3.135 1.968 369.8 2.704 3.349 439.6 2.275 3.063
COOCH3 297.6 3.360 2.375 368.4 2.714 3.878 421.2 2.374 3.892
Si(CH3)3 296.4 3.374 1.979 348.0 2.874 2.762 432.0 2.315 3.005
Br 294.0 3.401 1.838 345.6 2.894 2.795 426.0 2.347 3.304
OCH3 307.2 3.255 2.738 337.4 2.964 2.911 450.0 2.222 2.745
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because ther value does not take into account the number
of substituents (n).


Results of single-parameter correlation of the wave-
numbers (�max) of 1-Ysby Eqn. (2) or (3), summarized in
Table 2, show that neithersx nor s� yields meaningful
results, i.e.r <0.70, >0.80,F <8.0 (n = 11, 10 or 9).
Unlike the UV spectra of styrene-type compounds,1


correlations by the dual-parameter Eqn. (1) clearly yield
much improved results (cf. Figs 1 and 2). All the (sx ors�)
combinations, except for (sp, sc


�), (s�, sc
�) and (smb, sc


�)
combinations, yield very good correlations (all CLs
>99.9%), e.g. for (sp, sJJ


�), R = 0.9201,  = 0.4594,
F = 22.06,n = 11; for (smb, sJJ


�), R = 0.9666, = 0.3005,


F = 56.91, n = 11; for (smb, 10sa�), R = 0.9830,
 = 0.2248, F = 86.02, n = 9. Therefore, judging from
the jrmb/rJJ


�j value of 0.31 and the fact that the dual-
parameter correlation is clearly much better than the
single-parameter correlation, the behavior of the UV
spectral data of1-Ysmay be classified as category (i), i.e.
the wavenumbers of1-Ys are affected to comparable
extents by both polar and spin-delocalization effects. All
r� values derived from the (sx, s�) combinations are
negative; this result demonstrate that all substituents
induce bathochromic shifts by their spin-delocalization
effects and is fully in harmony with the observations on
styrenes, phenylacetylenes and acetophenones. On the


Table 2. Values of rx and r� in Eqns (1), (2) and (3) and the corresponding values of the correlation coef®cient r or R,  , s and F-
test for correlation of �max values of 1-Ys with sx and s�


sx or s� or
(sx� s�) rx (�104) r� (�104) r or R s(�104)  Fa nb


sp 0.08602 0.2662 0.1005 1.066 0.6862 11
s� 0.1470 0.6831 0.07755 0.8165 6.999 10
smb 0.08821 0.3962 0.09568 1.015 1.676 11
sJJ
� ÿ0.3807 0.6769 0.07670 0.8137 7.613 11


10 sa� ÿ0.3173 0.6557 0.08794 0.8561 5.280 9c


sc
� ÿ0.3116 0.4636 0.1004 1.005 1.916 9d


sp� sJJ
� 0.2237 ÿ0.5503 0.9201 0.04331 0.4594 22.06 11


s� � sJJ
� 0.1509 ÿ0.3963 0.9511 0.03505 0.3691 33.20 10


smb� sJJ
� 0.1649 ÿ0.5324 0.9666 0.02833 0.3005 56.91 11


sp� 10 sa� 0.2785 ÿ0.5248 0.9701 0.03052 0.2971 47.98 9c


s� � 10 sa� 0.1711 ÿ0.3557 0.9826 0.02468 0.2351 69.86 8
smb� 10 sa� 0.1774 ÿ0.4733 0.9830 0.02310 0.2248 86.02 9c


sp� sc
� 0.3100 ÿ0.5991 0.8987 0.05371 0.5372 12.59 9d


s� � sc
� 0.1861 ÿ0.3962 0.9381 0.04242 0.4243 21.99 9d


smb� sc
� 0.1947 ÿ0.5239 0.9124 0.05013 0.5014 14.89 9d


a Critical F values:F0.05 (1, 9) = 5.12;F0.001 (2, 8) = 18.49;F0.001 (2, 7) = 21.69;F0.001 (2, 6) = 27.00;F0.001 (2, 5) = 37.12.
b n = 11,Y = H, CH 3, Cl, CN, COCH3, COOH, SCH3, COOCH3, Si(CH3)3, Br, OCH3; n = 10, all 11 substituted groups exceptCOCH3; n = 8, all
11 substituted groups exceptCOCH3, COOH andBr .
c n = 9, all 11 substituted groups exceptCOOH andBr .
d n = 9, all 11 substituted groups exceptCOCH3 andCOOH.


Figure 1. Plot of �max vs smb (&) or sJJ
� (*) for 1-Ys Figure 2. Plot of �max vs [0.165 smbÿ 0.532 sJJ


�] for 1-Ys
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other hand, all therx values derived from the (sx, s�)
combinations are positive; this shows that an electron-
pair acceptor substituent will facilitate a hypsochromic
shift, while a donor will facilitate a bathochromic shift.


Single-parameter correlation results for2-Ys, sum-
marized in Table 3, show that correlations with CLs
>99.9% can be achieved by Eqn. (3) withsJJ


�, 10sa� or
sc
�, i.e. forsJJ


� , r = 0.8575, = 0.5688,F = 24.99,n = 11;
for 10sa�, r = 0.9121, = 0.4648,F = 34.66, n = 9; for
sc
�, r = 0.9069, = 0.4777,F = 32.43,n = 9. However,


single-parameter correlation analyses with all thesx yield
meaningless (s�, smb) or not very good (sp) results.


Notably, correlations by the dual-parameter Eqn. (1)
yield much improved results (cf.R or r and values; Fig.
3). All the (sx, s�) combinations give very good
correlation results (CLs>99.9%), e.g. for (sp, sJJ


�),
R = 0.9588, = 0.3331,F = 45.56,n = 11; for (smb, sJJ


�),
R = 0.9607, = 0.3257,F = 47.84,n = 11. Judging from
the jrmb/rJJ


�j value of 0.27 and the fact that the dual-
parameter correlation is better than the single-parameter
correlation, the behavior of the UV spectral data of2-Ys
may be classified as category (i), although the contribu-
tion of the polar effect of substituents to the UV spectra of
2-Ys appears to be smaller than the contribution of the
spin-delocalization effect of substituents.


Single-parameter correlation results for3-Ys, sum-
marized in Table 4, show that correlations with CLs
>99.9% can be achieved by Eqn. (2) withsp, s


� or smb,
i.e, for sp, r = 0.8984, = 0.4856,F = 37.64,n = 11; for
s�, r = 0.9603, = 0.3119,F = 94.81,n = 10; for smb,
r = 0.9485,  = 0.3501, F = 80.76, n = 11. However,
single-parameter correlation analyses with all thes�


yield meaningless results (cf. Fig 4). By using the dual-
parameter Eqn. (1), all the nine parings of (sx� s�) yield
good correlations with CLs>99.9%. No meaningful
improvement can be claimed for the use of the dual-
parameter correlation because application of the single-
parameter Eqn. (2) already yields good results with CLs
>99.9%. Interestingly, thejr�j values of3-Ys are much
smaller than those of2-Ys; in other words, the
contributions of spin-delocalization effects of Y-sub-
stituents in3-Ys are much smaller than those of2-Ys.
Judging from thejrmb/rJJ


�j value of 1.71 for3-Ysand the
fact that the dual-parameter correlation does not improve


Table 3. Values of rx and r� in Eqns (1), (2) and (3) and the corresponding values of the correlation coef®cient r or R,  , s and F-
test for correlation of �max values of 2-Ys with sx and s�


sx or s� or
(sx� s�) rx (�104) r� (�104) r or R s(�104)  Fa nb


sp ÿ0.3411 0.7580 0.09418 0.7191 12.27 11
s� ÿ0.1267 0.4980 0.1089 0.9695 2.638 10
smb ÿ0.2213 0.7155 0.1012 0.7723 9.442 11
sJJ
� ÿ0.6701 0.8575 0.07450 0.5688 24.99 11


10 sa� ÿ0.6042 0.9121 0.06536 0.4648 34.66 9c


sc
� ÿ0.6991 0.9069 0.05476 0.4777 32.43 9d


sp� sJJ
� ÿ0.2140 ÿ0.5080 0.9588 0.04363 0.3331 45.56 11


s� � sJJ
� ÿ0.1210 ÿ0.5755 0.9531 0.04063 0.3617 34.71 10


smb� sJJ
� ÿ0.1438 ÿ0.5378 0.9607 0.04266 0.3257 47.84 11


sp� 10 sa� ÿ0.1999 ÿ0.4553 0.9862 0.02853 0.2029 106.33 9c


s� � 10 sa� ÿ0.1169 ÿ0.5327 0.9909 0.02045 0.1703 135.4 8
smb� 10 sa� ÿ0.1301 ÿ0.4898 0.9929 0.02039 0.1450 210.9 9c


sp� sc
� ÿ0.1423 ÿ0.5671 0.9578 0.04034 0.3519 33.34 9d


s� � sc
� ÿ0.08448 ÿ0.6607 0.9626 0.03801 0.3316 37.91 9d


smb� sc
� ÿ0.1013 ÿ0.5886 0.9745 0.03153 0.2751 56.46 9d


a Critical F values:F0.05(1, 9) = 5.12;F0.001(1, 9) = 10.56;F0.001(1, 9) = 22.86;F0.001(1, 7) = 29.25;F0.001(2, 8) = 18.49;F0.001(2, 7) = 21.69;F0.001
(2, 6) = 27.00;F0.001 (2, 5) = 37.12.
b n = 11,Y = H, CH 3, CI, CN, COCH3, COOH, SCH3, COOCH3, Si(CH3)3, Br, OCH3; n = 10, all 11 substituted groups exceptCOCH3; n = 8, all
11 substituted groups exceptCOCH3, COOH andBr .
c n = 9, all 11 substituted groups exceptCOOH andBr .
d n = 9, all 11 substituted groups exceptCOCH3 andCOOH.


Figure 3. Plot of �max (cmÿ1) vs [ÿ 0.144 smbÿ 0.538 sJJ
�]


for 2-Ys
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the correlation over that of the single-parameter correla-
tion, the behavior of the UV spectral data of3-Ys can be
classified as category (ii), i.e. wavenumbers of3-Ys are
mainly affected by the polar effects of the substituents.
This appears to be the first category (ii) example for the
correlation analysis of our UV data.


On the basis of the correlation analysis of2-Ys and3-
Ys (cf. Tables 3 and 4), we may conclude that both the
polar and spin-delocalization effects are important for2-
Ys, whereas the polar effects dominate for3-Ys. This
may be rationalized by making a comparison of their
resonance structures. With a powerful electron-with-
drawing nitro group attached to the phenyl ring, the
resonance structureB of 3-Ys is greatly stabilized by the
nitro group and becomes more important than the


resonance structureB of 2-Ys. Therefore, the degree of
the polarization of3-Ys is much larger than that of2-Ys.
Consequently, the polar effects on UV data become
dominant for3-Ys. This result accords with our recent
proposition that a higher degree of polarization of the
substrate molecule would demand a higher degree of
polar assistance from the substituents at the transition
state.17


CONCLUSION


The UV spectra of1-Ys and2-Ys are clearly affected by
both the polar and the spin-delocalization effects,
whereas those of3-Ys are predominantly affected by
the polar effects of the substituents. In other words, the
behavior of the UV spectral data of1-Ysand2-Yscan be
classified as category (i), whereas that of3-Ys can be
classified as category (ii). This appears to be the first
category (ii) example for the correlation analysis of our
UV data. The correlation results are in accord with our


Table 4. Values of rx and r� in Eqns (1), (2) and (3) and the corresponding values of the correlation coef®cient r or R,  , s and F-
test for correlation of �max values of 3-Ys with sx and s�


sx or s� or
(sx� s�) rx (�104) r� (�104) r or R s(�104)  Fa nb


sp 0.1586 0.8984 0.02500 0.4856 37.64 11
s� 0.1166 0.9603 0.01672 0.3119 94.81 10
smb 0.1153 0.9485 0.01802 0.3501 80.76 11
sJJ
� 0.04238 0.1379 0.05637 1.095 0.1746 11


10 sa
� 0.05024 0.1904 0.06237 1.113 0.2632 9c


sc
� 0.8445 0.2241 0.06192 1.105 0.3703 9d


sp� sJJ
� 0.1826 ÿ0.0959 0.9414 0.02037 0.3956 31.14 11


s� � sJJ
� 0.1164 0.02399 0.9629 0.01729 0.3225 44.59 10


smb� sJJ
� 0.1259 ÿ0.0734 0.9743 0.01360 0.2641 74.87 11


sp� 10 sa
� 0.2010 ÿ0.0995 0.9651 0.01797 0.3207 40.76 9c


s� � 10 sa
� 0.1226 0.02823 0.9787 0.01527 0.2597 56.79 8


smb� 10 sa
� 0.1266 ÿ0.0611 0.9770 0.01462 0.2609 63.09 9c


sp� sc
� 0.2148 ÿ0.1147 0.9775 0.01449 0.2586 64.31 9d


s� � sc
� 1.217 0.0291 0.9778 0.01439 0.2569 65.20 9d


smb� sc
� 0.1327 ÿ0.0603 0.9815 0.01312 0.2343 79.00 9d


a Critical F values:F0.001(1, 9) = 22.86;F0.001(1, 8) = 25.42;F0.001(2, 8) = 18.49;F0.001(2, 7) = 21.69;F0.001(2, 6) = 27.00;F0.001(2, 5) = 37.12.
b n = 11,Y = H, CH 3, Cl, CN, COCH3, COOH, SCH3, COOCH3, Si(CH3)3, Br, OCH3; n = 10, all 11 substituted groups exceptCOCH3; n = 8, all
11 substituted groups exceptCOCH3, COOH andBr .
c n = 0, all 11 substituted groups exceptCOCH andBr .
d n = 9, all 11 substituted groups except ofCOCH3 andCOOH.


Figure 4. Plot of �max (cmÿ1) vs smb (&) or sJJ
�] (*) for 3-Ys
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former speculation, i.e. a higher degree of polarization of
the substrate molecule would demand a higher degree of
polar assistance from the substituent at the transition
states.


EXPERIMENTAL


All UV spectra were measured at room temperature in
95% EtOH on a Perkin-Elmer Lambda 2 instrument with
a wavelength accuracy of�0.3 nm and a reproducibility
of �0.1 nm. Melting-points were recorded on a Buchi-
535 instrument and are uncorrected. IR,1H NMR and
mass spectra were recorded on a Shimadzu IR-440, a
Varian FX-90Q or Bruker 300 MHz (TMS as internal
standard) and an HP 5989A instrument, respectively.
Elemental analyses were performed on a Carlo Erba EA-
1108 instrument.


Synthetic methods for 1-methyl-2-formyl-5-Y-substi-
tuted pyrroles (1-Ys), 1-methyl-2-formyl-5-Y-substituted
pyrrole phenylhydrazones (2-Ys) and 1-methyl-2-for-
myl-5-Y-substituted pyrrole (4-nitrophenyl) hydrazones
(3-Ys) have been reported elsewhere.18


All the 1-Ys, except1-COCH3, 1-COOH, 1-COOCH3,
1-Br and 1-OCH3, are known compounds. They were
prepared by the known methods and were further
identified by1H NMR, IR and MS methods. Boiling- or
melting-points of1-Ys prepared in our laboratory are as
follows: 1-H, b.p. 63°C/6 Torr ( lit.19 76 °C/11 Torr), UV
(95% EtOH) �max= 288.0 nm, " = 1.588� 104 l
molÿ1 cmÿ1; 1-CH3, b.p. 97°C/10 Torr ( lit.20 no report
of b.p.), UV (95% EtOH) �max= 297.0 nm,
" = 2.014� 104 l molÿ1 cmÿ1; 1-CH, no b.p. obtained,21


UV (95% EtOH) �max= 292.0 nm, " = 2.337� 104 l
molÿ1 cmÿ1; 1-CN, m.p. 67°C ( lit.22 67 °C), UV (95%
EtOH) �max= 289.2 nm, " = 1.917� 104 l molÿ1 cmÿ1;
1-NO2, m.p. 71 °C ( lit.23 71 °C), UV (95% EtOH)
�max= 331.2 nm, " = 1.207� 104 l molÿ1 cmÿ1; 1-
SCH3, b.p. 89 °C/3 Torr (lit.24 130 °C/14 Torr), UV
(95% EtOH) �max= 319.0 nm, " = 1.968� 104 l
molÿ1 cmÿ1; 1-Si(CH3)3, b.p. 94°C/1 Torr (lit.25 79 °C/
0.4 Torr), UV (95% EtOH) �max= 296.4 nm,
" = 1.979� 104 l molÿ1 cmÿ1.


1-COCH3, 1-COOH, 1-COOCH3, 1-Br and 1-
OCH3 are new compounds and were confirmed by the
following data.


1-COCH3. M.p. 78°C (found: C, 63.62; H, 5.93; N, 9.39.
C8H9NO2 requires C, 63.55; H, 6.01; N, 9.27%);1H
NMR (CDCl3, � ppm), 9.76 (s, 1H, CHO), 6.87 (m, 2H,
C3H and C4H), 4.24 (s, 3H, NCH3), 2.51 (s, 3H, COCH3);
� (KBr pellet, cmÿ1), 1683 (CO), 1658(CO), 1368, 1220,
1182, 784; MS [EI,m/z (%)], 151 (M�, 100.0), 136
(M� ÿ CH3, 75.1); UV (95% EtOH),�max= 306.0 nm,
" = 2.046� 104 l molÿ1 cmÿ1.


1-COOH. M.p. 179°C (found: C, 54.85; H, 4.52; N, 9.07.


C7H7NO3 requires C, 54.90; H, 4.62; N, 9.15%);1H NMR
(CD3COCD3, � ppm), 9.75 (s, 1H, CHO), 7.00 (d, 1H,
C4H, J3,4= 4.0 Hz), 6.91 (d, 1H, C3H, J3,4= 4.0 Hz), 4.21
(s, 3H, NCH3); � (KBr pellet, cmÿ1), 3500–2500
(COOH), 1699 (COO), 1665 (CO), 1512, 1459, 1378,
1252, 1182; MS [EI,m/z (%)], 153 [M�, 100.0), 152
(M� ÿH, 60.9), 108 (M� ÿCOOH, 10.9); UV (95%
EtOH),�max= 299.0 nm," = 2.139� 104 l molÿ1 cmÿ1.


1-COOCH3. M.p. 109°C (found: C, 57.40; H, 5.33; N,
8.28. C8H9NO3 requires C, 57.47; H, 5.44; N, 8.38%);1H
NMR (CDCl3, � ppm), 9.71 (s, 1H, CHO), 6.89 (m, 2H,
C3H and C4H), 4.27 (s, 3H, NCH3), 3.87 (s, 3H,
COOCH3); � (KBr pellet, cmÿ1), 1715 (COO), 1673,
1242; MS [EI, m/z (%)], 167 (M�, 100.0), 152
(M� ÿCH3, 39.4), 136 (M� ÿ CH3O, 66.2), 122
(34.9); UV (95% EtOH), �max= 297.6 nm,
" = 2.375� 104 l molÿ1 cmÿ1.


1-Br. M.p. 64 °C (found: C, 38.36; H, 3.12; N, 7.33.
C6H6BrNO requires C, 38.32; H, 3.22; N, 7.45%);1H
NMR (CDCl3, � ppm), 9.35 (s, 1H, CHO), 6.83 (d, 1H,
C3H, J3,4= 4.0 Hz), 6.27 (d, 1H, C4H, J3,4= 4.0 Hz), 3.94
(s, 3H, NCH3); � (KBr pellet, cmÿ1), 1654 (CO), 1465,
1421, 1359, 1031, 778, 763; MS [EI,m/z (%)], 190 (7.5),
189 (100.0), 188 (M�, 92.0), 187 (90.4), 186 (79.0); UV
(95% EtOH), �max= 294.0 nm, " = 1.838� 104 l
molÿ1 cmÿ1.


1-OCH3. M.p. 60 °C (found: C, 60.32; H, 6.47; N, 9.98.
C7H9NO2 requires C, 60.41; H, 6.53; N, 10.06%);1H
NMR (CDCl3, � ppm), 9.20 (s, 1H, CHO), 6.76 (d, 1H,
C3H, J3,4= 4.5 Hz), 5.48 (d, 1H, C4H, J3,4= 4.5 Hz), 3.89
(s, 3H, NCH3), 3.72 (s, 3H, OCH3); � (KBr pellet, cmÿ1),
1639 (CO), 1544, 1366, 1029 (C—O—C); MS [EI,
m/z %)], 139 (M�, 100.0), 124 (M� ÿCH3, 31.1), 114
(M� ÿCHO, 6.2), 96 (15.2), 68 (35.9); UV (95% EtOH),
�max= 307.2 nm," = 2.738� 104 l molÿ1 cmÿ1.


All the 2-Ys are new compounds and were confirmed
by the following data.


2-H. M.p. 130 °C (found: C, 72.44; H, 6.59; N, 21.07.
C12H13N3 requires C, 72.34; H, 6.58; N, 21.09%);1H
NMR (CD3COCD3, � ppm), 9.14 (broad s,<1 H,
=NNH—), 7.84 (s, 1H, —CH=N—), 7.25–6.73 (m,
5H, phenyl-H), 6.73 (m, 1H, C3H), 6.26 (m, 1H, C4H),
6.03 (m, 1H, C5H), 3.93 (s, 3H, NCH3); � (KBr
pellet, cmÿ1), 3302 (NH), 1602 (C=N), 1506, 1463,
1296, 1254, 752, 722, 694; MS [EI,m/z (%)], 200
(M� �H, 33.1), 199 (M�, 100.0), 93 (10.4), 82 (13.5), 53
(7.3); UV (95% EtOH), �max= 336.0 nm,
" = 2.592� 104 l molÿ1 cmÿ1.


2-CH3. M.p. 129°C (found: C, 73.18; H, 6.99; N, 19.73.
C13H15N3 requires C, 73.21; H, 7.09; N, 19.70%);1H
NMR (CD3 COCD3, � ppm), 7.80 (s, 1H,—CH=N—),
7.28–6.70 (m, 5H, phenyl-H), 6.15 (d, 1H, C3H,
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J3,4= 3.0 Hz), 5.79 (d, 1H, C4H, J3,4= 3.0 Hz), 3.78 (s,
3H, NCH3), 2.25 (s, 3H, CH3); � (KBr pellet, cmÿ1),
3276 (NH), 1597 (C=N), 1497, 1294, 1255, 778, 747,
691; MS [EI, m/z (%)], 214 (M� � H, 23.1), 213 (M�,
100.0), 121 (14.3), 96(16.8), 53(9.6); UV (95% EtOH),
�max= 343.2 nm," = 2.760� 104 l molÿ1 cmÿ1.


2-Cl. Decomposes at 170°C (found: C, 61.78; H, 5.17; N,
18.12, C12H12ClN3 requires C, 61.67; H, 5.18; N,
17.98%); 1H NMR (CD3 COCD3, � ppm), 7.80 (s,
1H, —CH=N—), 7.29–6.74 (m, 5H, phenyl-H), 6.30
(d, 1H, C3H, J3,4= 3.2 Hz), 6.09 (d, 1H, C4H,
J3,4= 3.2 Hz), 3.95 (s, 3H, NCH3); � (KBr pellet, cmÿ1),
3307 (NH), 1599 (C=N), 1504, 1450, 1255, 747, 692;
MS [EI, m/z (%)], 235 (M� �H, 36.4, 234 (M�, 17.9),
233 (M� ÿ H, 100.0), 199 (M� ÿCl, 71.9), 91 (43.7), 78
(32.4), 65 (21.0); UV (95% EtOH),�max= 344.4 nm,
" = 2.812� 104 l molÿ1 cmÿ1.


2-CN. M.p. 145°C (found: C, 69.48; H, 5.32; N, 24.92,
C13H12N4 requires C, 69.62; H, 5.39; N, 24.98%);1H
NMR (CD3COCD3, � ppm), 9.71 (s,<1 H, =NNH—),
7.88 (s, 1H, —CH=N— ), 7.33–6.78 (m, 5H, phenyl-H),
6.72 (d, 1H, C3H, J3,4= 4.2 Hz), 6.40 (d, 1H, C4H,
J3,4= 4.2 Hz), 4.02 (s, 3H, NCH3); � (KBr pellet, cmÿ1),
3290 (NH), 2216 (CN), 1604 (C—N), 1595, 1493, 1261,
767, 690; MS [EI,m/z (%)], 225 (M� �H, 38.9), 224
(M�, 100.0), 118 (8.4), 105 (10.9), 77 (7.0), 65(14.5);
UV (95% EtOH), �max= 377.5 nm, " = 3.814� 104 l
molÿ1 cmÿ1.


2-COCH3. M.p. 148 °C (found: C, 69.63; H, 6.30; N,
17.34. C14H15N3O requires C, 69.68; H, 6.28; N,
17.41%); 1H NMR (CD3COCD3, � ppm), 7.92 (s, 1H,
—CH=N— ), 7.32–6.78 (m, 5H, phenyl-H), 7.01 (d, 1H,
C3H, J3,4= 4.0 Hz), 6.45 (d, 1H, C4H, J3,4= 4.0 Hz), 4.17
(s, 3H, NCH3), 2.40 (s, 3H, COCH3); � (KBr
pellet, cmÿ1), 3242 (NH), 1626 (C=N), 1593, 1488,
1371, 1266, 747, 693; MS [EI,m/z (%)], 242 (M� � H,
39.1), 241 (M�, 100.0), 124 (15.7), 106 (14.8), 91 (18.0),
65 (17.0); UV (95% EtOH), �max= 388.8 nm, " =
3.579� 104 l molÿ1 cmÿ1.


2-NO2. M.p. 174°C (found: C, 59.10; H, 4.80; N, 23.08.
C12H12N4O2 requires C, 59.01; H, 4.95; N, 22.94%);1H
NMR (CD3COCD3, � ppm): 7.96 (s, 1H, —CH=N—),
7.37–6.82 (m, 5H, phenyl-H), 7.19 (d, 1H, C4H,
J3,4= 4.0 Hz), 6.57 (d, 1H, C3H, J3,4= 4.0 Hz), 4.22 (s,
3H, NCH3); � (KBr pellet, cmÿ1), 3257 (NH), 1603
(C=N), 1545, 1496, 1349, 1334, 1280, 746, 729, 689;
MS [EI, m/z (%)], 245 (M� � H, 46.5), 244 (M�, 100.0),
106 (5.7), 92 (12.6), 65 (9.2); UV (95% EtOH),
�max= 451.2 nm," = 2.675� 104 l molÿ1 cmÿ1.


2-COOH. M.p. 163 °C (found: C, 64.18; H, 5.27; N,
17.47. C13H13N3O2 requires C, 64.19; H, 5.39; N,
17.27%); 1H NMR (CD3COCD3, � ppm), 7.92 (s, 1H,


—CH=N— ), 7.32–6.71 (m, 5H, phenyl-H), 6.92 (d, 1H,
C3H, J3,4= 3.8 Hz), 6.40 (d, 1H, C4H, J3,4= 3.8 Hz), 4.19
(s, 3H, NCH3); � (KBr pellet, cmÿ1), 3304 (NH), 3300–
2400 (COOH), 1662 (C=N), 1602, 1488, 1388, 1255,
747, 690; MS [EI,m/z (%)], 245 (M� � 2 H, 46.5), 244
(M� �H, 100.0), 243 (M�, 52.4), 106 (18.3), 91 (78.8),
65 (28.7); UV (95% EtOH), �max= 363.6 nm, " =
3.513� 104 l molÿ1 cmÿ1.


2-SCH3. M.p. 91°C (found: C, 63.48; H, 6.12, N, 17.24.
C13H15N3S requires C, 63.64; H, 6.16; N, 17.13%);1H
NMR (CD3COCD3, � ppm), 7.84 (s, 1H—CH=N—),
7.28–6.72 (m, 5H, phenyl-H), 6.30 (dd, 2H, C3H and
C4H, J3,4= 3.0 Hz), 4.00 (s, 3H, NCH3), 2.33 (s, 3H,
SCH3); � (KBr pellet, cmÿ1), 3308 (NH), 1597 (C=N),
1525, 1485, 1290, 762, 753, 695; MS [EI,m/z (%)], 246
(M� �H, 35.9), 245 (M�, 100.0), 230 (49.6), 127 (19.3),
106 (19.8), 92 (9.0), 65 (8.7); UV (95% EtOH),
�max= 369.8 nm," = 3.349� 104 l molÿ1 cmÿ1.


2-COOCH3. M.p. 119°C (found: C, 65.34; H, 5.88; N,
16.48. C14H15N3O2 requires C, 65.35; H, 5.89; N,
16.34%);1H NMR (CD3COCD3, � ppm), 9.65 (s,<1H,
=NNH—), 7.93 (s, 1 H, —CH=N— ), 7.33–6.74 (m,
5H, phenyl-H), 6.89 (d, 1H, C3H, J3,4= 4.0 Hz), 6.41 (d,
1H, C4H, J3,4= 4.0 Hz), 4.18 (s, 3H, NCH3), 3.79 (s, 3H,
COOCH3); � (KBr pellet, cmÿ1), 3304 (NH), 1690
(COO), 1679 (C=N), 1598, 1487, 1382, 1264, 751,
745, 690; MS [EI,m/z (%)], 258 (M� � H, 32.7), 257
(M�, 100.0), 224 (8.0), 140 (15.4), 91 (22.3), 65 (12.0).
UV (95% EtOH), �max= 368.4 nm, " = 3.878� 104 l
molÿ1 cmÿ1.


2-Si(CH3)3. M.p. 96 °C (found: C, 66.51; H, 7.76; N,
15.47. C15H21N3Si requires C, 66.37; H, 7.80; N,
15.48); 1H NMR (CD3COCD3, � ppm), 7.90 (s, 1H,
—CH=N—), 7.27–6.73 (m, 5H, phenyl-H), 6.30 (dd,
2H, C3H and C4H, J3,4= 3.0 Hz), 4.05 (s, 3H, NCH3),
0.35 [ s, 9H, Si(CH3)3]; � (KBr pellet, cmÿ1), 3305(NH),
1599 (C=N), 1523, 1498, 1252, 751, 692; MS [EI,m/z
(%)], 272 (M� �H, 30.4), 271 (M�, 100.0), 256 (9.8),
138 (21.9), 73 (22.6), 65 (4.6); UV (95% EtOH),
�max= 348.0 nm," = 2.762� 104 l molÿ1 cmÿ1.


2-Br. M.p. 163°C (found: C, 51.92; H, 4.27; N, 14.97.
C12H12N3Br requires C, 51.82; H, 4.35; N, 15.11%);1H
NMR (CD3COCD3, � ppm), 7.73 (s, 1H, —CH=N—),
7.28–6.71 (m, 5H, phenyl-H), 6.30 (d, 1H, C3H,
J3,4= 4.0 Hz), 6.15 (d, 1H, C4H, J3,4= 4.0 Hz), 3.90 (s,
3H, NCH3); � (KBr pellet, cmÿ1), 3296 (NH), 1599
(C=N), 1527, 1448, 1254, 747, 692; MS [EI,m/z (%)],
279 (M� �H, 5.5), 278 (M�, 1.6), 277 (M� ÿ H, 6.0),
276 (M� ÿ 2H, 3.7), 199 (29.7), 93 (100.0), 82 (95.8),
66(28.9); UV (95% EtOH), �max= 345.6 nm, " =
2.795� 104 l molÿ1 cmÿ1.


2-OCH3. M.p. 105°C (found: C, 67.92; H, 6.59; N, 18.24.


Copyright  1999 John Wiley & Sons, Ltd. J. Phys. Org. Chem.12, 392–400 (1999)


398 R. H.-Y. HE AND X.-K. JIANG







C13H15N3O requires C, 68.09; H, 6.61; N, 18.33%);
1H NMR (CD3COCD3, � ppm), 7.73 (s, 1H,—CH=
N—), 7.21–6.71 (m, 5H, phenyl-H), 6.14 (d, 1H, C3H,
J3,4= 3.8 Hz), 5.30 (d, 1H, C4H, J3,4= 3.8 Hz), 3.76 (s,
3H, NCH3), 3.67 (s, 3H, OCH3); � (KBr pellet, cmÿ1),
3313 (NH), 1602 (C=N), 1551, 1427, 1298, 1169, 1118,
1044 (C—O—C), 744, 692; MS [EI,m/z (%)], 230
(M� � H, 39.5), 229 (M�, 100.0), 214 (63.2), 121(11.5),
106 (41.6), 92 (14.7), 67 (14.7); UV (95% EtOH),
�max= 337.4 nm," = 2.911� 104 l molÿ1 cmÿ1.


All the 3-Ys are new compounds and were confirmed
by the following data.


3-H. M.p. 199°C (found: C, 59.13; H, 4.87; N, 23.02.
C12H12N4O2 requires C, 59.01; H, 4.95; N, 22.94%);1H
NMR (CD3COCD3, � ppm), 8.16 (s, 1H, —CH=N—),
8.03, 8.00, 7.17, 7.07 (each 1H, 4H, phenyl-H), 6.87 (m,
1H, C3H), 6.42 (m, 1H, C4H), 6.12 (m, 1H, C5H), 3.99 (s,
3H, NCH3H); � (KBr pellet, cmÿ1), 3261 (NH), 1614
(C=N), 1599, 1471, 1295, 1271, 839, 748; MS [EI,
m/z (%)], 245 (M� �H, 25.7), 244 (M�, 100.0), 107
(17.7), 94 (5.8), 82 (13.5), 53 (7.3); UV (95% EtOH),
�max= 429.6 nm," = 3.429� 104 l molÿ1 cmÿ1.


3-CH3. M.p. 204°C (found: C, 60.47; H, 5.59; N, 21.54.
C13H14N4O2 requires C, 60.45; H, 5.46; N, 21.69%);1H
NMR (CD3COCD3, � ppm), 8.11 (s, 1H, —CH=N—),
8.07, 7.94, 7.10, 7.07 (each 1H, 4H, phenyl-H), 6.30 (d,
1H, C3H, J3,4= 4.0Hz), 5.89 (d, 1H, C4H, J3,4= 4.0 Hz),
3.87 (s, 3H, NCH3), 2.24 (s, 3H, CH3); � (KBr
pellet, cmÿ1), 3275 (NH), 1614 (C=N), 1600, 1477,
1292, 1270, 835, 748; MS [EI,m/z(%)], 259 (M� � H,
16.9), 258 (M�, 100.0), 121 (66.8), 95 (23.7), 53(6.9);
UV (95% EtOH), �max= 439.2 nm, " = 2.499� 104 l
molÿ1 cmÿ1.


3-Cl. Decomposes at 160°C (found: C, 51.90; H, 3.83; N,
20.12. C12H11ClN4O2 requires C, 51.72; H, 3.98; N,
20.10%); 1H NMR (CD3COCD3, � ppm), 8.19 (s, 1H,
—CH=N—), 8.09, 7.99, 7.20, 7.10 (each 1H, 4H,
phenyl-H), 6.46 (d, 1H, C3H, J3,4= 4.0 Hz), 6.16 (d, 1H,
C4H, J3,4= 4.0 Hz), 3.99 (s, 3H, NCH3); MS [EI, m/z
(%)], 280 (M� � H, 39.8), 279 (M�, 26.6), 278 (M� ÿ H,
100.0), 244 (M� ÿ Cl, 10.2), 115 (41.4), 92 (17.4), 65
(17.1); � (KBr pellet, cmÿ1), 3271 (NH), 1598 (C=N),
1479, 1297, 1271, 1105, 836, 750; UV (95% EtOH),
�max= 424.8 nm," = 3.234� 104 l molÿ1 cmÿ1.


3-CN. M.p. 219°C (found: C, 57.85; H, 4.12; N, 26.07.
C13H11N5O2 requires C, 57.99; H, 4.12; N, 26.01%);1H
NMR (CD3COCD3, � ppm), 8.13 (s, 1H, —CH=N—),
8.01 (m, 2H, phenyl-H) 7.19, 7.08 (each 1H, 2H, phenyl-
H), 6.82 (d, 1H, C3H, J3,4= 4.0 Hz), 6.49 (d, 1H, C4H,
J3,4= 4.0 Hz), 4.03 (s, 3H, NCH3); MS [EI, m/z (%)], 270
(M� � H, 22.9), 269 (M�, 100.0), 136 (29.1), 107 (24.9),
90 (10.6), 64 (22.5);� (KBr pellet, cmÿ1), 3257 (NH),
2211 (CN), 1614 (C=N), 1593, 1498, 1274, 1109, 840,


751; UV (95% EtOH),�max= 413.2 nm," = 4.115� 104


l molÿ1 cmÿ1.


3-COCH3. M.p. 232°C (found: C, 58.66; H, 4.83; N,
19.70. C14H14N4O3 requires C, 58.74; H, 4.93; N,
19.57%); 1H NMR (CD3COCD3, � ppm), 8.26 (s, 1H,
—CH=N—), 8.12 (d, 2H, phenyl-H), 7.30, 7.16 (each
1H, 2H, phenyl-H), 7.09 (d, 1H, C3H, J3,4= 4.0 Hz), 6.63
(d, 1H, C4H, J3,4= 4.0 Hz), 4.17 (s, 3H, NCH3), 2.47 (s,
3H, COCH3); MS [EI, m/z(%)], 287 (M� �H, 54.1), 286
(M�, 100.0), 271(4.8), 149 (35.0), 107 (21.3), 92 (10.2),
53 (6.0);� (KBr pellet, cmÿ1), 3297 (NH), 1646 (C=N),
1592, 1483, 1382, 1298, 1108, 840, 750; UV (95%
EtOH),�max= 426.0 nm," = 4.184� 104 l molÿ1 cmÿ1.


3ÿNO2. M.p. 249°C (found: C, 49.85; H, 3.77; N, 24.40.
C12H11N5O4 requires C, 49.82, H, 3.84, N, 24.22%);1H
NMR (CD3COCD3, � ppm), 8.23 (s, 1H, —CH=N—),
8.14, 8.10, 7.34, 7.30 (each 1H, 4H, phenyl-H), 7.20 (d,
1H, C4H, J3,4= 3.8 Hz), 6.65 (d, 1H, C3H, J3,4= 3.8 Hz),
4.20 (s, 3H, NCH3); MS [EI, m/z (%)], 290 (M� � H,
18.4), 289 (M�, 100.0), 151 (15.4), 110 (17.7), 92 (40.6),
64 (41.0); � (KBr pellet, cmÿ1), 3261 (NH), 1609
(C=N), 1594, 1497, 1301, 1262, 1108, 848, 752; UV
(95% EtOH), �max= 450.0 nm, " = 4.085� 104 l
molÿ1 cmÿ1.


3-COOH. M.p. 238 °C (found: C, 54.10; H, 4.18; N,
19.34. C13H12N4O4 requires C, 54.17; H, 4.20; N,
19.44%); 1H NMR (CD3COCD3, �ppm), 8.20 (s, 1H,
—CH=N—), 8.11 (s, 2H, phenyl-H), 7.26, 7.16 (each
1H, 2H, phenyl-H), 6.94 (d, 1H, C3H, J3,4= 4.0 Hz), 6.59
(d, 1H, C4H, J3,4= 4.0 Hz), 4.21 (s, 3H, NCH3); MS [ EI,
m/z (%)], 289 (M� �H, 46.5), 288 (M�, 100.0), 244
(24.0), 151 (10.0), 105 (15.7), 92 (12.0), 64 (11.5);�
(KBr pellet, cmÿ1), 3273 (NH), 3200–2500 (COOH),
1664 (C=N), 1595, 1473, 1298, 1269, 840, 751; UV.
(95% EtOH), �max= 426.0 nm, " = 3.405� 104 l
molÿ1 cmÿ1.


3-SCH3. M.p. 204°C (found: C, 53.66; H, 4.86; N, 19.41.
C13H14N4O2S requires C, 53.78; H, 4.86; N, 19.30%);1H
NMR (CD3COCD3, �ppm), 8.19 (s, 1H, —CH=N—),
8.10, 8.03, 7.22, 7.11 (each 1H, 4H, phenyl-H), 6.48 (d,
1H, C3H, J3,4= 4.0 Hz), 6.34 (d, 1H, C4H, J3,4= 4.0 Hz),
4.03 (s, 3H, NCH3), 2.35 (s, 3H, SCH3); MS [EI, m/z
(%)], 291 (M� �H, 28.0), 290 (M�, 100.0), 275 (26.5),
127 (21.6), 111 (13.8), 96 (15.0), 64 (11.6);� (KBr
pellet, cmÿ1), 3259 (NH), 1600 (C=N), 1471, 1300,
1271, 838, 750; UV (95% EtOH),�max= 439.6 nm,
" = 3.063� 104 l molÿ1 cmÿ1.


3-COOCH3. M.p. 213°C (found: C, 55.75; H, 4.74; N,
18.48. C14H14N4O4 requires C, 55.63; H, 4.67; N,
18.53%); 1H NMR (CD3COCD3, �ppm), 8.25 (s, 1H,
—CH=N—), 8.11, 8.08, 7.28, 7.13 (each 1H, 4H,
phenyl-H), 6.93 (d, 1H, C3H, J3,4= 4.5 Hz), 6.56 (d, 1H,
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C4H, J3,4= 4.5 Hz), 4.23 (s, 3H, NCH3), 3.80 (s, 3H,
COOCH3); MS [EI, m/z (%)], 303 (M� � H, 31.0), 302
(M�, 100.0), 286 (4.4), 133 (14.2), 108 (20.4), 92 (9.0),
64 (9.8);� (KBr pellet, cmÿ1), 3261 (NH), 1699 (COO),
1591 (C=N), 1481, 1296, 1109, 844, 754; UV (95%
EtOH),�max= 421.2 nm," = 3.892� 104 l molÿ1 cmÿ1.


3-Si(CH3)3. M.p. 175°C (found: C, 56.88; H, 6.22; N,
17.85. C15H20N4O2Si requires C, 56.94; H, 6.37; N,
17.71%); 1H NMR (CD3COCD3, �ppm), 8.13 (s, 1H,
—CH=N—), 8.00 (2H, phenyl-H), 7.18, 7.01 (each 1H,
2H, phenyl-H), 6.42 (d, 1H, C3H, J3,4= 4.0 Hz), 6.28 (d,
1H, C4H, J3,4= 4.0 Hz), 4.02 (s, 3H, NCH3), 0.31 [s, 9H,
Si(CH3)3]; MS [EI, m/z (%)], 317 (M� � H, 24.9), 316
(M�, 100.0), 301 (6.3), 163 (18.5), 138 (35.2), 73 (61.2),
59 (9.0);� (KBr pellet, cmÿ1), 3281 (NH), 1599 (C=N),
1477, 1321, 1294, 1272, 836, 750; UV (95% EtOH),
�max= 432.0 nm," = 3.005� 104 l molÿ1 cmÿ1.


3-Br. Decomposes at 170°C (found: C, 44.76; H, 3.32; N,
17.20. C12H11N4O2Br requires C, 44.60; H, 3.43; N,
17.34%); 1H NMR (CD3COCD3, �ppm), 8.17 (s, 1H,
—CH=N—), 8.07, 7.97, 7.19, 7.09 (each 1H, 4H,
phenyl-H), 6.49 (d, 1H, C3H, J3,4= 4.0 Hz), 3.99 (s, 3H,
NCH3); MS [EI, m/z (%)], 324 (M� � H, 4.5), 323 (M�,
30.0), 322 (M� ÿH, 6.5), 321 (M� ÿ 2H, 30.3), 244
(33.9), 159 (20.9), 138 (100.0), 108 (83.4), 80 (62.8), 65
(43.1); � (KBr pellet, cmÿ1), 3277 (NH), 1615 (C=N),
1598, 1474, 1269, 835, 750; UV (95% EtOH),
�max= 426.0 nm," = 3.304� 104 l molÿ1 cmÿ1.


3-OCH3. M.p. 197°C (found: C, 56.96; H, 5.18; N, 20.53.
C13H14N4O3 requires C, 56.93; H, 5.14; N, 20.43);1H
NMR (CD3COCD3, �ppm), 8.07 (s, 1H,—CH=N—),
7.98, 7.77, 7.03, 6.93 (each 1H, 4H, phenyl-H), 6.22 (d,
1H, C3H, J3,4= 4.0 Hz), 5.40 (d, 1H, C4H, J3,4= 4.0 Hz),
3.87 (s, 3H, NCH3), 3.77 (s, 3H, OCH3); MS [EI, m/z
(%)], 275 (M� � H, 30.5), 274 (M�, 100.0), 259 (73.7),
122 (17.9), 109 (17.2), 96 (7.7), 67 (12.2);� (KBr
pellet, cmÿ1), 3259 (NH), 1606 (C=N), 1544, 1479,
1279, 1112, 1044 (C—O—C), 839, 750; UV (95%
EtOH),�max= 450.0 nm," = 2.745� 104 l molÿ1 cmÿ1.
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ABSTRACT: The synthesis and conformational properties of a series of dipeptide taste ligands, differing from the
commercial sweetener aspartame by the presence of a methylene group between the Ca and the C' carbon atoms (as in
homo-b-residues) in either theL-Asp or theL-Phe residues, are described.Homo-b-residues such ashomo-b-aspartic
acid, homo-b-phenylglycine andhomo-b-phenylalanine, obtained by homologation of the corresponding proteino-
genic a-amino acids, have been used in the solution peptide synthesis of the following aspartame analogues in
protected and unprotected forms: NH2-homo-b-(L or D)-Asp-L-Phe-OMe, NH2-L-Asp-homo-b-L-Phg-OMe and NH2-
L-Asp-homo-b-L-Phe-OMe. Lengthening of the peptide skeleton at the L-Asp site results in a drastic loss of sweetness
with the production of tasteless compounds; on the other hand, lengthening of the skeleton at theC-terminalL-Phe site
partially mantains the sweet taste in both NH2-L-Asp-homo-b-L-Phe-OMe and NH2-L-Asp-homo-b-L-Phg-OMe.


The solution conformation of the synthesized dipeptide taste ligands was investigated by NMR and circular
dichroism techniques. The analysis of NMR data combined with restrained molecular dynamics calculations shows
that all peptides are fairly flexible and they do not assume a preferred conformation in DMSO and methanol. The
peptides containinghomo-b-L-Phe andhomo-b-L-Phg do adopt a discrete number of conformations among which
mainly extended and ‘L-shaped’ conformation are represented. The circular dichroism spectra are consistent with the
NMR results, indicating a significant flexibility for these compounds. Copyright 1999 John Wiley & Sons, Ltd.


KEYWORDS: synthesis; homo-b-amino acids; conformational studies; sweetner
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INTRODUCTION


b-Amino acids, although less abundant in nature than
a-amino acids, have become increasingly important
during the last decade. They are found in a variety of
natural products,1,2 including peptides.3 According to
Spatola,4 b-amino acids andhomo-b-amino acids
are �H3NCH2CHRCOOÿ and �H3NCHRCH2COOÿ,
respectively. The growing interest in this new class of
residues rests both on their yet largely unexplored
conformational behaviour and on the possibility of
inserting them as convenient new molecular tools in
bioactive natural products in order to improve both the
resistance to biodegradation and the pharmacokinetic
properties.
a-Amino acids are the ideal starting material for the


preparation ofhomo-b-amino acids using a homologation
reaction sequence.5,6 In a recent paper,7 a new and
efficient procedure to homologateN-protecteda-amino
acids, with the production of the corresponding chirally
purehomo-b-derivatives, was reported. According to this
method, we have prepared in enantiopure formN- andC-
protectedhomo-b-(S)-leucine derivatives8 and several
new homo-b-amino acids with aliphatic, aromatic and
functionalized side-chains in order to use them in the
synthesis of analogues of biologically active compounds.


Since the discovery9 of the potent sweet-tastinga-L-
aspartyl-L-phenylalanine methyl ester (aspartame), the
special interest in dipeptide sweeteners has increased and
a large number of analogues related to aspartame have
been synthesized.10 It has been demonstrated11 that the
sweet-tasting activity of the dipeptide is preserved if the
aspartyl moiety is restricted toL-Asp or to the shorter
homologue aminomalonic acid (Ama) in which the side-
chain methylene group is missing; elongation of the side-
chain as in the higher homologue NH2-L-Glu-L-Phe-OMe
led to bitter compounds.12 For a sweet-tasting ligand the
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‘bioactive conformation’ was proposedto be an ‘L-
shaped’structure.11,12


The synthesisof severalaspartamedipeptideanalo-
gueswhosebackbonewaselongatedby one methylene
groupwasperformedby Miyoshi et al.,13 who analysed
the stericeffect in relation to the potencyof sweetness.
The structure–tasterelationships accumulatedso far
promptedus to investigatethe effect on taste of the
systematicinsertionof amethylenegroupbetweentheCa


and C' carbonatomsof either the L-Asp or the L-Phe
residuein dipeptideanalogues.For thispurpose,usingan
innovative syntheticprocedure7,8 in the preparationof
homo-b-amino acids,we prepareda seriesof new taste
liganddipeptideanalogues.


In the present paper we report the synthesisand
solutioncharacterizationby NMR andcirculardichroism
(CD) techniques of the following homo-b-residues
containing dipeptides: NH2-homo-b-(L or D)-Asp-L-
Phe-OMe(9a and 9b), NH2-L-Asp-homo-b-L-Phg-OMe
(14) and NH2-L-Asp-homo-b-L-Phe-OMe(19). Length-
eningof thepeptideskeletonat theL-Aspsiteresultsin a
drasticlossof sweetnesswith theproductionof tasteless
compounds;on the other hand, lengthening of the
skeletonat the C-terminal L-Phesite partially mantains
the sweettastein both NH2-L-Asp-homo-b-L-Phe-OMe
andNH2-L-Asp-homo-b-L-Phg-OMe.


EXPERIMENTAL


Materials and methods. a-Amino acidsandtheactivat-
ing agent benzotriazol-1-yloxytrispyrrolidinophospho-
nium hexafluorophosphate (PyBop) were purchased
from Novabiochem (Switzerland). Solvents were of
reagentgrade;the otherorganicreagents,commercially
available,were usedwithout further purification.High-
performanceliquid chromatographic(HPLC) analyses
wereperformedon a BeckmanSystemGold instrument,
equipped with a UV 166 module detector and a
ChromatopacR6A recorder.Purificationswere carried
out on a Millipore-Waters Delta Prep 3000 HPLC
system.


NMR characterization. NMR measurementswerecarried
out on Varian Gemini 200, Bruker 250 and Varian
UNITY 400MHz spectrometers.All 1H NMR spectra
were recordedat 298K and referencedto DMSO-d6


(� = 2.5ppm), to CD3OH (� = 3.33ppm) and CDCl3
(� = 7.26ppm). For structural characterization,NMR
sampleswere preparedby dissolving about 5 mg of
peptide in 0.75ml of DMSO-d6 (99.96% 2H atom,
Cambridge Isotope Laboratories) or in 0.75ml of
CD3OH (99% 2H atom, Cambridge Isotope Labora-
tories).Additionalverydilutesolutionswerepreparedby
dissolving0.2mgof peptidesin 0.75ml of bothsolvents.


One-dimensionalexperimentsweretypically acquired
using32–64scanswith 32K datapoints.Thespectrafor


the determinationof the temperaturecoefficientswere
recordedat 298–318K in stepsof 5 K.


Phase-sensitivedouble quantum filtered correlated
spectroscopy(DQFCOSY),14 homonuclearHartmann–
Hahn (HOHAHA)15 and nuclear Overhausereffect
spectroscopyin the rotating frames (ROESY)16 were
performedaccording to the States–Haberkorn method
andapplyingstandardphasecycling schemes.


Theseexperimentswere typically acquiredwith 256
incrementsand 2048 data points in t2. The FIDs were
multiplied by a squareshiftedsine-bellandzerofilled to
1K in F1 prior to Fouriertransformation.Themixing time
for TOCSYwas70 ms;a continuousspin lock wasused
for the compensated17 ROESY spectrum(mixing time
150 ms). Cross-peakintensities were evaluated by
volumeintegrationusingtheavailableVariansoftware.


Restrained molecular dynamics. Restrainedmolecular
dynamics (RMD) simulations were carried out on a
Silicon Graphics O2 workstation employing the
INSIGHT/DISCOVER program.18 The consistent
valenceforce field (CVFF) was utilized for all simula-
tions.19–21Theequationsof motionweresolvedusingthe
so-calledLeapfrogintegrationalgorithm.22


Starting models of the N-protected (13, 18) and
deprotecteddipeptides(14, 19) for the RMD werebuilt
using standardparameterssupplied by the INSIGHT
softwarepackage.One hundredstepsof energymini-
mizationsto eliminate hot spots23 using the conjugate
gradient method18 were performed for the starting
structure.The energy-minimizedstructurewas usedas
the initial structurefor the RMD in vacuoat 300K. All
unambiguousNOE effects were used for the RMD
calculations.In eachRMD simulation,performedwith a
time stepof 0.5 fs, themoleculewasequilibratedfor 50
ps.After thisfirst step,anadditional100psof simulation
without rescalingwascarriedout sinceenergyconserva-
tion wasobservedandtheaveragetemperatureremained
essentiallyconstantaround the target value of 300K.
During this step, the structures were extracted and
minimizedevery1 ps.


The final structurewas then checkedfor consistency
with all observableNOE. Coordinatesandvelocitiesfor
the simulation were dumpedto a disk every 10 steps
duringthelast20psof thesimulations.Thedumpeddata
wereusedfor statisticalanalysis.


Circular dichroism characterization. CD measurements
were carried out on a JascoJ715 spectropolarimeter.
Peptides 9a, 14 and 19 were dissolved in water–
trifluoroethanol(1:1) at concentrationsof 2.29� 10ÿ5,
3.05� 10ÿ5 and 1.91� 10ÿ5 M, respectively.A single
Jascocylindrical cuvettewith a pathlengthof 1 cm was
usedfor all measurements.The spectrawere recorded
using a scanspeedof 5 nm minÿ1 with a resolutionof
0.2nm, a sensitivityof 50 mdeg,a time constantof 16s
anda spectralwindow from 260 to 190nm.
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Syntheses


Thesynthesesof theNH2-homo-b-phenylalaninemethyl
ester17 andNH2-homo-b-phenylglycinemethylester12
werecarriedoutstartingfrom Boc-L-Phe-OHandCbz-L-
Phg-OH,following a slightly modified literatureproce-
dure.7 In an analogousmanner,NH2-homo-b-aspartic
acidhasbeenpreparedfrom Boc-L-Asp-(OBzl)-OH.


As depictedin Scheme1, the starting material was
convertedinto the correspondingN-protectedhomo-b-
aminoacid via theb-aminoalcohol,theb-aminoiodide
andtheb-aminonitrile followedby hydrolysisof thelast
compoundunderacidic conditions.The key stepin the
preparationof thedesiredcompoundswastheconversion
of the N-alkoxycarbonyl-protectedb-aminoalcohol into
the correspondingiodide by a polymer-boundtriaryl-
phosphine–I2 complex, under very mild, high-yielding
andnon-racemizingconditions.This is averyconvenient
procedureto homologatea-amino acids directly; the
alternativeto this processinvolvesan applicationof the
Arndt–Eistert reaction,under classical24 or modified25


conditions,the major drawbackof which residesin the
use of the extremely hazardousdiazomethane,which
strongly limits scale-up reactions. We successfully
applied the protocol describedby Caputoet al.7 on a
largescaleusinginexpensivereagentsto obtainthetarget
compoundsin theN-protectedform. The homo-b-amino
acidderivativeswerethencoupledwith thea-aminoacid
partnerin the preparationof the desireddipeptidetaste
ligandsfollowing standardprotocolsfor peptidesynth-
esisin solution(Schemes1–3).After theusualwork-up,
protectedand deprotecteddipeptideswere purified by


HPLCandtheirstructuresconfirmedby 1H and13C NMR
and fast atom bombardmentmassspectrometric(FAB-
MS) data.


Synthesis of the dipeptide NH2-homo-b-Asp-Phe-
OMe (9a and 9b). Synthesis of 3-(N-tert-butyloxycar-
bonylamino)-4-hydroxy benzylbutyrate (2). To a solu-
tion of 3.2g of Boc-Asp(Bzl)-OH(1, 10mmol) in THF


Scheme 1


Scheme 2
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(30ml), 4-methylmorpholine (1.2ml, 11mmol) and
methyl chloroformate(0.86ml, 11mmol) wereaddedat
ÿ15°C understirring.After 15min, 1 M NaBH4 aqueous
solution (15ml) was addeddropwiseand the resulting
mixture was left at room temperature(r.t.) until the
disappearanceof gasevolution,thenconcentratedunder
reduced pressure,redissolvedin AcOEt and washed
repeatedlywith water. The organic phase,dried over
Na2SO4, was takento drynessto give 2.60g of pure 2
(8.4mmol, 84%yield) asa foam:m.p.59.30°C; Rf 0.85
in petroleum ether–AcOEt (1:9, v/v). 1H NMR
(200MHz, CDCl3), � (ppm): 7.34 (s, 5H, phenyl
protons);5.23 (d, 1H, NH); 5.12 (s, 2H, CH2Ph); 4.02
(m, 1H, a CH); 3.68 (d, 2H, CH2OH); 2.65 (d, 2H,
CH2COOBzl);1.44(s,9H, 3 CH3 Boc group).13C NMR
(62MHz, CDCl3), � (ppm): 170.44(COOBzl); 154.58
(OCONH); 135.09,128.06,127.92,127.79(phenyl ring
carbons); 79.70 [(CH3)3C]; 66.12 (CH2Ph); 64.43
(CH2OH); 47.71(a CH); 36.10(CH2COOBzl); 28.19(3
CH3 Boc group).


Synthesis of 3-(N-tert-butyloxycarbonylamino)-4-iodo
benzylbutyrate (3). A mixture of 4.0g of polystyryldi-
phenylphosphine (12mmol), swollen in anhydrous
CH2Cl2 (100ml), and2.8g of I2 (11mmol), wasleft at
r.t. for 15min, then0.80g of imidazole(12.5mmol) and
1.5g of 2 (5 mmol) were successivelyadded under
stirring at r.t. andthe resultingmixture wasrefluxedfor
1 h, then cooled, filtered on Celite and washedwith
CH2Cl2 (100ml). The organicphase,washedwith 5 M


Na2S2O3 (50ml) and successivelywith water until
neutralization,wasdried over Na2SO4 andconcentrated
underreducedpressure,affording 1.5g of 3 (3.5mmol,
70% yield); m.p.: 50.40°C (from CH2Cl2–n-hexane);Rf


0.9 in petroleum ether–AcOEt (1:9, v/v). 1H NMR
(200MHz, CDCl3) � (ppm):7.32(s,5H,phenylprotons);
5.20 (d, 1H, NH); 5.10 (s, 2H, CH2Ph); 3.91 (m, 1H; a
CH); 3.38(d,2H,CH2I); 2.70(d,2H,CH2COOBzl);1.40
(s,9H, 3 CH3 Bocgroup).13C NMR (50MHz, CDCl3), �
(ppm): 170.37 (COOBzl); 154.52 (OCONH); 135.27,
128.45, 128.23, 128.06 (phenyl ring carbons);79.79


[(CH3)3C]; 66.52 (CH2Ph); 47.55 (a CH); 38.61
(CH2COOBzl);28.16(3 CH3 Boc group);11.04(CH2I).


Synthesis of 3-(N-tert-butyloxycarbonylamino)-4-cyano
benzylbutyrate (4). A 1.26g amountof 3 (3 mmol) was
dissolved in CH2Cl2 (100ml) and the solution was
treated with 0.97g of tetrabutylammoniumcyanide
(6.1mmol)atrefluxfor 4 h andthenkeptat r.t. overnight.
The reactionmixture, dried in vacuo, was purified by
flashchromatography,elutingthecolumnwith increasing
amountsof AcOEt in petroleum ether. The fractions
elutedwith 20%AcOEt in petroleumethergave530mg
of the pure title compound(1.7mmol, 56% yield): Rf


0.15 in cyclohexane–AcOEt(8:2, v/v). 1H NMR
(400MHz, CDCl3) � (ppm):7.34(s,5H,phenylprotons);
5.18 (d, 1H, NH); 5.07 (s, 2H, CH2Ph); 4.12 (m, 1H, a
CH); 2.35 (m, 4H, overlappedsignals, CH2CN and
CH2COOBzl);1.40(s,9H, 3 CH3 Boc group).13C NMR
(100MHz, CDCl3) � (ppm): 169.84(COOBzl); 154.45
(OCONH); 134.94,128.34,128.19,127.97(phenyl ring
carbons);116.78(CN); 79.98[(CH3)3C]; 66.61(CH2Ph);
44.13(a CH); 37.13(CH2COOBzl); 27.98(3 CH3 Boc
group);22.59(CH2CN).


Synthesis of 3-(N-¯uorenylmethoxycarbonylamino)-4-
cyano benzylbutyrate (5). A 530mg amount of 4
(1.7mmol) was treated with 50% TFA in CH2Cl2
(10ml) understirring for 1 h at r.t. Thereactionmixture
was concentratedunder reducedpressureand then co-
evaporatedseveraltimeswith diethyl ether.Theresidue,
redissolvedin THF (10ml), was taken to pH 9.0 by
dropwiseadditionof 10%Na2CO3 aqueoussolutionand
successively treated with 540mg of FmocOSu
(1.7mmol). The reaction mixture was left at 0°C for
30min andat r.t. for 1 h, thenfiltered andconcentrated
under reduced pressure.The crude compound was
purified by flash chromatography,eluting the column
with increasingamountsof AcOEt in petroleumether.
The fractionselutedwith petroleumether–AcOEt(8:2,
v/v), collectedandtakento drynessafforded310mg of
pure 5 (0.7mmol, 41% yield): Rf 0.25 in petroleum


Scheme 3
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ether–AcOEt(8:2, v/v). 1H NMR (250MHz, CDCl3), �
(ppm):7.80–7.22(complexsystem,13H,aromaticFmoc
and phenyl protons); 5.48 (d, 1H, NH); 5.12 (s, 2H,
CH2Ph);4.47(d,2H,CH2 Fmoc);4.35(t, 1H,CH Fmoc);
4.20 (m, 1H, a CH); 2.75 (d, 4H, overlappedsignals,
CH2CN andCH2COOBzl). 13C NMR (62MHz, CDCl3)
� (ppm): 169.95(COOBzl); 155.20(OCONH); 143.45,
141.19,134.93,128.48,128.25,128.04,127.94,126.98,
124.80 and 119.91 (aromatic Fmoc and phenyl ring
carbons); 116.67 (CN); 66.97 (CH2 Fmoc); 66.90
(CH2Ph); 46.97 (CH Fmoc); 44.90 (a CH); 36.97
(CH2COOBzl); 22.61 (CH2CN). MS (70eV, EI), m/z:
440(M�).


Synthesis of 3-(N-¯uorenylmethoxycarbonylamino)glu-
taric acid (6). A 250mg amount of 5 (0.57mmol),
dissolvedin dioxane(5 ml), was treatedwith 37% HCl
(5 ml) andtheresultingsolutionwasleft at reflux for 4 h,
thenat r.t. overnight.Thereactionmixturewasextracted
with AcOEt and washedexhaustivelywith water. The
organic phase, dried over anhydrous Na2SO4 and
concentratedin vacuo, was purified by HPLC on a
preparativeRP-18column(VydacC18, 25� 2.2cmi.d.),
elutedwith a lineargradientof CH3CN, containing0.1%
TFA (solventB), in H2O, containing0.1%TFA (solvent
A) (from 20% to 80% B in 30min, flow-rate 12ml
minÿ1, � = 220 nm). The peak at retention time (tR)
15.2min, taken to dryness,gave 150mg of pure 6
(0.41mmol,71%):Rf 0.2in petroleumether–AcOEt(2:3,
v/v). 1H NMR (200MHz, CD3OD), � (ppm): 7.79–7.25
(complex system,8H, aromatic Fmoc protons); 4.34–
4.18(complexsystem,4H, overlappedsignals,CH2 and
CH Fmoc and a CH); 2.60 (d, 4H, J = 7.0Hz, 2
CH2COOH). 13C NMR (50MHz, CD3OD), � (ppm):
174.84(2 COOH); 158.21 (OCONH); 145.57,142.83,
129.04, 128.44, 126.55 and 121.19 (aromatic Fmoc
carbons);68.09(CH2 Fmoc); 48.67(a CH); 46.93(CH
Fmoc);39.78(2 CH2COOH).


Synthesis of Fmoc-homo-b-(L,D)-Asp-L-Phe-OMe (7a
and 7b). A 50mg amount of 6 (0.14mmol) was
dissolved in anhydrousTHF (1 ml) and treated with
70mg of PyBOP (0.14mmol) under stirring at r.t. A
solution of 14.6mg of L-phenylalaninemethyl ester
chloridate(0.06mmol) andDIEA (60ml, 0.24mmol) in
anhydrousTHF (2 ml) wasaddedto thereactionvesselin
1 h. The resultingmixture was left at r.t. for 2 h, then
concentratedunder reducedpressureand purified by
HPLC on a preparativeRP-18 column (Vydac C18,
25� 2.2cmi.d.), elutedwith a lineargradientof CH3CN
(0.1%TFA) andH2O (0.1%TFA) from 20%to 80%B in
60min (flow-rate12ml minÿ1, � = 220nm).Thepeakat
tR 17.8min, taken to dryness,gave 10mg of pure 7
(0.02mmol, 31% yield); the peak at tR 15.3min gave
15mg of unreactedFmoc-homo-b-Asp-OH(6).


1H NMR data for 7 revealedthe presenceof two
different setsof signals, in a 1:1 ratio, attributableto


diastereomers7a and 7b, which were successively
separatedby HPLConaBakerChiralcelOD-Ranalytical
column(250� 0.46mm i.d., 5mm), elutedwith a linear
gradientof CH3CN in H2O (from 5 to 100%CH3CN in
20min, flow-rate0.8ml minÿ1, � = 254nm).


7a: Rf 0.4 in cyclohexane–AcOEt(2:3, v/v); tR
20.2min. 1H NMR 1D and 2D (400MHz, CD3OH), �
(ppm):8.33(d,1H,NH Pheresidue);7.83–7.18(complex
system,13H, aromaticFmoc and phenyl protons);7.01
(d, H, NH homo-b-Asp); 4.70 (m, 1H, a CH Phe);4.25
(m, 1H, a CH homo-b-Asp);4.39–4.20(complexsystem,
3H, CH2 andCH Fmoc);3.67 (s, 3H, OCH3); 3.16 and
2.96(2 dd,2H, b CH2 Phe);2.58–2.40(complexsignals,
4H,2 CH2 homo-b-Asp).FAB-MS,m/z: 531([M �H]�).


7b: Rf 0.4 in cyclohexane–AcOEt(2:3, v/v); tR
21.2min. 1H NMR 1D and 2D (400MHz, CD3OH), �
(ppm):8.37(d,1H,NH Pheresidue);7.83–7.13(complex
system,13H, aromaticFmoc and phenyl protons);7.06
(d, 1H, NH homo-b-Asp); 4.68(m, 1H, a CH Phe);4.25
(m, 1H, a CH homo-b-Asp); 4.39-4.19(complexsystem,
3H, CH2 andCH Fmoc);3.68 (s, 3H, OCH3); 3.14 and
2.96(2 dd,2H, b CH2 Phe);2.56–2.42(complexsignals,
4H,2 CH2 homo-b-Asp).FAB-MS,m/z: 531([M �H]�).


Fromthecrude7, theHPLCpurificationfurnishedalso
a peakat tR 21.6min, which wascollectedandidentified
as the tripeptide8 (5 mg, 0.0072mmol, 12% yield): Rf


0.9 in cyclohexane–AcOEt (2:3, v/v). 1H NMR
(250MHz, CDCl3), � (ppm): 8.02 (d, 1H, NH Phe
residue); 7.76–7.19 (complex system, 19H, aromatic
Fmocandphenylprotons);6.56(d, 1H, NH homo-b-Asp
residue);4.92 (m, 2H, 2 a CH Phe);4.45–4.16(m, 4H,
CH2 andCH Fmocsystemanda CH homo-b-Asp); 3.96
and 3.92 (2 s, 3H each,2 OCH3); 3.12–2.35(complex
system,6H, 2 CH2 homo-b-AspandCH2 Phe).FAB-MS,
m/z: 691(M�); 692([M � H]�). This compoundwasthe
mainreactionproductwhenthecouplingwasperformed
usingstoichiometricamountsof the reagents.


Synthesis of homo-b-(L,D)-aspartyl-L-phenylalanine
methyl ester (9a and 9b). A 5 mg (0.01mmol) amount
of 7a was dissolvedin CH3CN (2 ml) and treatedwith
piperidine (2 ml) at r.t. After 1 h the formation of a
compoundat Rf 0.15 in CHCl3–CH3OH (9:1, v/v) was
observed,with the concomitantdisappearanceof the
starting material. The reaction mixture was then con-
centratedunderreducedpressureandpurified by HPLC
on an analytical RP-18 column (Varian 90A,
250� 0.46mm i.d., 5mm) elutedwith a linear gradient
of CH3CN in H2O (from 5 to 100%CH3CN in 25min,
flow-rate 0.8ml minÿ1, � = 254 nm). The peak at tR
11.43min gave the desired compound 9a in almost
quantitativeyield. 1H NMR (400MHz, D2O), � (ppm):
7.45–7.29(complex system,5H, phenyl protons);4.75
(m,1H,a CH Phe);3.79(s,3H,OCH3); 3.61(t, 1H,a CH
homo-b-Asp); 3.30–3.03(AB part of an ABX system,
2H, CH2 Phe);2.56(d, 2H, CH2 backbonehomo-b-Asp);
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2.32(d,2H,CH2 side-chainhomo-b-Asp).FAB-MS,m/z:
309([M � H]�).


The sameprocedureon compound7b afforded9b: tR
11.51min. 1H NMR (400MHz, D2O), � (ppm): 7.45–
7.28(complexsystem,5H, phenylprotons);4.85(m, 1H,
a CH Phe);3.78(s,3H,OCH3); 3.69(m,1H,a CH homo-
b-Asp); 3.39–3.02(AB partof anABX system,2H, CH2


Phe);2.54–2.68(AB part of an ABX system,2H, CH2


backbonehomo-b-Asp); 2.40–2.28(AB part of an ABX
system,2H,CH2 side-chainhomo-b-Asp).FAB-MS,m/z:
309([M � H]�).


Analogouslyto 7a and7b, deprotectionof tripeptide8
(5 mg, 0.0072mmol) was achieved by addition of
piperidine (2 ml) in CH3CN (2 ml) at r.t. After 1 h the
formation of a compoundat Rf 0.35 in CHCl3–CH3OH
(9:1, v/v) was observed,with the concomitantdisap-
pearanceof the startingmaterial.The reactionmixture
was then concentratedunder reduced pressure and
purifiedby HPLConapreparativeRP-18column(Vydac
C18, 25� 2.2cm i.d.), eluted with a linear gradientof
CH3CN, containing0.1%TFA, in H2O, containing0.1%
TFA (from 20% to 80% B in 60min, flow-rate 12ml
minÿ1, � = 220 nm). The peakat tR 41.7min gave the
desiredcompound10 in almost quantitativeyield. 1H
NMR (400MHz, CD3OH), � (ppm): 8.44and8.41(two
ds,2H, 2 NH Pheresidues);7.96 (bs,1H, NH homo-b-
Asp residue);7.33–7.19(complexsystem,10H, phenyl
protons),4.73(m, 2H, a CH Phe);3.74(s,6H, 2 OCH3);
3.72(m,1H,a CH homo-b-Asp);3.18and2.94(AB parts
of two ABX systems,4H, 2 CH2 Phe); 2.60–2.44
(complex signals, 4H, side-chainand backboneCH2


homo-b-Asp). FAB-MS, m/z: 470([M � H]�).


Synthesis of the dipeptide NH2-L-Asp-homo-b-L-
Phg-OMe (14). Synthesis of Cbz-L-Asp(OtBu)-homo-
b-L-Phg-OMe (13). The dipeptideester13 wasprepared
from 1.0g of Cbz-L-Asp(OtBu)-OH(11, 3.1mmol) and
0.56g of NH2-homo-b-L-Phg-OMe (12, 3.1mmol),
preparedaccordingto a literature procedure,7 in anhy-
drous THF (10ml) in the presenceof 1.6g of PyBop
(3.1mmol)andDIEA (3.0ml, 12mmol).After 3 h under
stirring at r.t., thereactionmixturewastakento dryness,
redissolvedin AcOEtandwashedseveraltimeswith 10%
citric acid, saturatedNaHCO3 and water. The organic
phasewas dried over anhydrousNa2SO4 and concen-
tratedto give1.2g of pure13 (2.48mmol,80%yield): Rf


0.65in CHCl3–CH3OH (95:5); tR 19.1min on anRP-18
column (LiChrosorb, LabService, 250� 4.6mm i.d.,
5mm) elutedwith a linear gradientof CH3CN in H2O
(from 20 to 80% CH3CN in 30min, flow-rate 1.0ml
minÿ1, � = 220 nm). 1H NMR 1D and 2D (400MHz,
CD3OH), � (ppm): 8.51 (d, 1H, NH homo-b-Phg);7.40
(d, 1H, NH Asp); 7.38–7.24(complex system,10H,
aromaticphenyl protons);5.34 (m, 1H, a CH homo-b-
Phg);5.13and5.09(AB partof anABX system,2H,CH2


Cbz);4.54(m, 1H, a CH Asp); 3.63(s,3H, OCH3); 2.89


and2.84(2 dd, 2H, CH2 homo-b-Phg);2.76and2.56(2
dd, 2H, CH2 Asp); 1.43(s, 9H, OtBu protons).


Synthesis of NH2-L-aspartyl-homo-b-L-phenylglycine
methyl ester (14). A 126mg amountof 13 (0.26mmol),
dissolved in CH3OH (5 ml), was hydrogenatedover
0.5mg of 10%Pdon charcoalunderstirring at r.t. After
2 h the catalyst was removed, the resulting solution
concentratedunder reducedpressureand the residue
treatedwith TFA (10ml) at r.t. understirring for 1 h to
ensurethe removalof the tert-butyl group.The mixture
wasco-evaporatedseveraltimeswith diethylether,taken
to drynessandthenlyophilized,affording100mgof pure
14 (0.25mmol, 95% yield): Rf 0.15 in CHCl3–CH3OH
(95:5v/v); tR 13.3min onanRP-18column(LiChrosorb,
LabService,250� 4.6mmi.d.,5mm) elutedwith alinear
gradientof CH3CN in H2O (from 20 to 80% CH3CN in
30min, flow-rate 1.0ml minÿ1, � = 220 nm). 1H NMR
1D and 2D (400MHz, CD3OH), � (ppm): 8.86 (d, 1H,
NH homo-b-Phg); 7.41–7.26 (complex system, 5H,
phenyl protons);5.38 (apparentq, 1H, a CH homo-b-
Phg); 4.16 (apparentq, 1H, a CH Asp); 3.67 (s, 3H,
OCH3); 2.98(dd, 1H, Hl of CH2 Asp); 2.88(d, 2H, CH2


homo-b-Phgresidue);2.86(dd, 1H, Hh of CH2 Asp).


Synthesis of the dipeptide NH2-L-Asp-homo-b-L-Phe-
OMe (19). Synthesis of homo-b-L-phenylalanine methyl
ester (17). The title compound7 was obtained in
quantitative yield by treating with an etherealdiazo-
methanesolution homo-b-phenylalanine(16) dissolved
in CH3OH, which hadpreviouslybeenobtainedin 77%
yield by acidichydrolysiswith 37%HCl of 15, prepared
accordingto a literatureprocedure.7


Synthesis of Boc-L-Asp(OtBu)-homo-b-L-Phe-OMe (18).
A 147mg amount(0.51mmol) of Boc-L-Asp(OtBu)-OH
and267mg (0.51mmol) of PyBop,dissolvedin CH2Cl2
(5 ml), weretreatedwith 117mg (0.51mmol) of 17 and
500ml (2.0mmol) of DIEA understirring at r.t. After 2 h
the reaction mixture was concentratedunder reduced
pressureandworkedup asdescribedfor 13. The crude
mixture was purified by HPLC on a preparativeRP-18
column (Vydac C18, 25� 2.2cm i.d.), eluted with a
lineargradientof CH3CN,containing0.1%TFA, in H2O,
containing0.1% TFA (from 20% to 80% B in 30min,
flow-rate 12ml minÿ1, � = 220 nm). The peak at tR
29.2min, taken to dryness,gave 108mg (0.23mmol,
47%yield) of pure18; Rf 0.75in CHCl3–CH3OH (98:2).
1H NMR 1D and2D (400MHz, CD3OH), � (ppm):7.93
(d, 1H, NH homo-b-Phe); 7.33–7.17(complex system,
5H, phenylprotons);6.83(d, 1H, NH Asp);4.37(m, 1H,
a CH Asp);4.42(m, 1H,a CH homo-b-Phe);3.65(s,3H,
OCH3); 2.81and2.87(2 dd,2H, b CH2 side-chainPhe);
2.62(dd, 1H, Hl of CH2 Asp); 2.55and2.47(2 dd, 2H,
CH2 backbonehomo-b-Phe);2.42 (dd, 1H, Hh of CH2


Asp);1.46and1.45(two s,18H,BocandOtBuprotons).
FAB-MS, m/z: 465([M � H]�).
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Synthesis of NH2-L-aspartyl-homo-b-L-phenylalanine
methyl ester (19). A 50mg amount(0.107mmol) of 18
wastreatedwith 50%TFA in CH2Cl2 (5 ml) at r.t. under
stirring. After 2 h the solution was concentratedunder
reducedpressureand then co-evaporatedseveraltimes
with diethylether,giving 45mg(0.102mmol,95%yield)
of pure19, asthe trifluoroacetatesalt: Rf 0.1 in CHCl3–
CH3OH (9:1, v/v). 1H NMR 1D and 2D (400MHz,
CD3OH), � (ppm):8.37(d, 1H, NH homo-b-Phe);7.35–
7.20(complexsystem,5H, phenylprotons);4.45(m, 1H,
a CH homo-b-Phe);4.05 (apparentq, 1H, a CH Asp);
3.66(s, 3H, OCH3); 2.91(dd, 1H, Hl of CH2 side-chain
Phe);2.82–2.89(partially overlappedsignals,2 dd, 2H,
Hh of CH2 side-chainPheandHl of CH2 Asp); 2.76(dd,
1H, Hh of CH2 Asp); 2.60 and 2.47 (2 dd, 2H, CH2


backbonehomo-b-Phe).FAB MS, m/z: 309([M � H]�).


RESULTS AND DISCUSSION


Circular dichroism


In orderto investigatethestructure–activityrelationships
(SAR) of the dipeptidetasteligandswith respectto the
natural dipeptideaspartame,a solution conformational
analysiswas carried out by meansof CD and NMR
techniques. For CD experiments all peptides were
dissolvedin a 1:1 (v/v) TFE–H2O mixture to minimize
differencesin solubility betweenthe protectedand the
deprotectedforms and to increasepossibleconforma-
tional differences.


TheCD spectraof dipeptides9a,14 and19 areshown
in Fig. 1. Gaussiandeconvolutionshows that all the
spectramay be regardedas linear combinationsof a
medium-intensityCD band with a maximum at about
195nm and a secondpositive band with a maximum
between210 and 220nm. By comparisonwith the CD
spectra of aliphatic homo-b-amino acids containing
peptides(unpublisheddata), whose unstructuredcon-


formationwasachievedby x-ray diffractometry,theCD
bandbetween210and230nmwasinterpretedasa result
of thesuperpositionof abanddistinctiveof thespectraof
homo-b-amino acidscontainingpeptidesand a positive
contributionof thearomaticphenylside-chain.26


Thebandnear195nm is a characteristicfeatureof the
spectraof peptidescontaininga phenyl residuein the
side-chain.26


Themajordifferencesin thespectramaybeexplained
as a consequenceof the presenceof the following two
alternativearraysof chromophores:


Theintrinsicchromophoresarethesame,sothatstrong
changesin intensity between the correspondingCD
spectrashouldarisefrom a differencein the numberof
conformerswhich contributeto the CD. A lessintense
signal in the peptidescontaining the chromophoreII
correspondsto a wider set of conformers,whose CD
contributions tend to cancel each other. This is not
unexpected,sincetheCH2 interposedbetweenthephenyl
andthebackbonea-carbonin chromophoreII contributes
to an overall increasedflexibility of the corresponding
side-chain.


Peptide14, showingthe more intenseCD spectrum,
presentsa type I chromophore.It almost mantainsthe
aspartamesweetnessevenif largerdifferencesin its CD
spectrumareseenwith respectto that of aspartame.


In contrast,all type II peptidessharea CD spectrum
very reminescentof that of naturalaspartame;however,


Figure 1. Circular dichroism spectra of peptides 9a (^), 14 (ÐÐ) and 19 (- - - - -). The aspartame CD spectrum is shown for
comparison (inset)
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replacementof the L-Asp residue with homo-b-Asp
causesa lossof taste.


NMR


The conformationof the dipeptideswasinvestigatedby
1H NMR spectroscopyin CD3OH and DMSO-d6


solutionsat 298K.
Dipeptides 7a, 7b, 9a and 9b, studied by high-


resolution 1H NMR spectroscopyin DMSO-d6 and


CD3OH solutions, showedROESY spectrawith very
little significantstructuralinformation (datanot shown)
andrevealedanenhancedflexibility in solution,probably
becauseof the extra CH2 group in the homo-b-Asp
residue. In addition, the observedNOEs cannot be
explainedin termsof onepreferentialconformation,but
in termsof different conformationsin rapid exchange.


The 1H chemical shift assignmentsin DMSO at
298K for 13, 14, 18 and 19 are reportedin Table 1.
The 3JNH-a CH and 3JaH-bCH coupling constantsand the
temperaturecoefficientsare listed in Table 2. Tables3
and4 containthecalculatedtorsionanglesf andtheside-


Table 1. 1H chemical shifts (ppm) of the dipeptides in DMSO-d6 at 298 K


Compound AA NH aH bH hbH Others


13 Asp 7.53 4.38 2.60/2.42 CH2(Cbz)5.01;2,6HCbz7.33;3,4,5HCbz7.30;Boc 1.37;
Phg 8.46 5.20 2.79 2,6H Phg7.31;3,4,5HPhg7.30;OMe 3.54


14 Asp 8.13 4.05 2.84/2.72
Phg 8.95 5.23 2.80 OMe 3.57


18 Asp 6.93 4.21 2.45/2.31 Boc/OtBu1.38
Phe 7.80 4.21 2.77/2.70 2.41 OMe 3.54;2,4,6H7.19;3,5H 7.27


19 Asp n.d. 3.91 2.70/2.62
Phe 8.46 4.26 2.81/2.76 2.41/2.51 OMe 3.56;2,4,6H7.22;3,5H 7.31


Table 2. 3JNH-aCH (Hz), 3JaH-bCH (Hz) and temperature
coef®cients, D�/DT (ppb Kÿ1), for the dipeptides in DMSO
and in CD3OH (in parentheses) at 298 K


Parameter 13 14 18 19
3JNH-aCH (Asp) 8.5 Broad 8.6 —


(8.0) (—) (7.8) (—)
JaCH-bCHpro-S (Asp) 4.8 6.2 4.9 3.8


(5.4) (4.2) (5.2) (4.2)
3JaCH-bCHpro-R (Asp) 9.4 8.2 9.3 8.4


(8.6) (8.7) (8.7) (8.8)
3JNH-aCH (Pheor Phg) 8.5 8.3 8.5 8.2


(8.3) (8.6) (8.6) (8.2)
3JaCH-bCH (Phe) — — 7.2 7.0pro-S


(—) (—) (7.3) (7.6)pro-S


3JaCH-b'CH (Phe) — — 6.4 6.6pro-R


(—) (—) (7.1) (6.6)pro-R


3JaCH-hbCH (Pheor Phg) 7.4 — 5.7 5.4pro-S


(7.9) (7.6) (5.5) (5.0)pro-S


3JaCH-hb'CH (Pheor Phg) 7.4 — 7.1 8.0pro-R


(6.1) (7.6) (7.2) (8.4)pro-R


D�/DT (Asp) ÿ5.4 ÿ1.5 ÿ6.3 —
(ÿ8.0) (—) (ÿ8.4) (—)


D�/DT (Pheor Phg) ÿ6.0 ÿ3.7 ÿ5.2 ÿ4.1
(ÿ8.5) (ÿ6.0) (ÿ7.3) (ÿ5.5)


Table 3. Torsion angles f in DMSO and in CD3OH (in parentheses) determined by 3JNH-aCH coupling
constants


Amino acid 13 14 18 19


Asp ÿ154,ÿ91, 40–80 — ÿ154,ÿ91, 40–80 —
(ÿ157,ÿ86, 37–83) (—) (ÿ157,ÿ84, 43, 80) (—)


Pheor Phg ÿ154,ÿ91, 40–80 ÿ154,ÿ89, 40–80 ÿ154,ÿ91, 40–80 ÿ157,ÿ86, 37–83
(ÿ154,ÿ89, 40–80) (ÿ154,ÿ91, 40–80) (ÿ154,ÿ91, 40–80) (ÿ157,ÿ86, 37–83)


Table 4. Side-chain populations (%) in DMSO and in CD3OH
(in parentheses)


Amino acid 13 14 18 19


Asp PI (gÿ) 62 51 61 52
(55) (56) (56) (57)


PII (t) 20 33 21 11
(26) (14) (24) (15)


PIII (g�) 18 16 18 37
(19) (30) (20) (28)


Phe PI (gÿ) — — 35 37
(41) (37)


PII (t) — — 42 40
(43) (46)


PIII (g�) — — 23 23
(16) (17)


hbCH2 PI (gÿ) 49
(53)


PII (t) 25
(22)


PIII (g�) 26
(25)
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chain populations. Chemical shifts and temperature
coefficientswereshownto beindependenton thepeptide
concentrationin the range0.5–22mM, suggestingthat
thereis no aggregationat theconcentrationsusedfor the
2D analysis.


The NOEs were obtainedfrom the ROESY experi-
ments and were classified according to their relative
intensitiesasstrong,mediumandweak.The main NOE
correlationsare summarizedin Figs 2–5. As expected,
coupling constants,temperaturecoefficientsand NOE
data, observedfor all molecules,do not indicate the
existenceof a singlepreferredconformationin solution.


For all compoundsa strong inter-residueNOE was
observedbetweenthe a-proton of the Asp and the NH
protonof thefollowing residue,indicatingthatthetorsion
angle (Asp) is restrictedto valuesbetween60° and
180°.


In 13,14and18, theprochiralitiesof thetwob-protons
of the Asp residuewere assigned27 using the coupling
constants3Jab andtheNOE connectivitiesAsp NH–Asp
Hb1 and Asp NH–Asp Hbh. For each compoundthe
proton at higher field (Hbh) is pro-R and that at lower
field (Hb1) is pro-S. Analysisof populationsfor theside-


chain of Asp residuewas carried out using the 3Jab1


and 3Jabh experimentalvaluesand following the treat-
mentsuggestedby JardetzkyandRoberts;28 in eachcase
the gÿ conformation is the preferred structure. The
populationsof peptide 19 side-chainswere calculated
assumingtheHbh aspro-R andtheHb1 aspro-Sprotons
in analogy with peptides13, 14 and 18, since NOE
correlations NH–Hb1 and NH–Hbh could not be
evaluated.A similar treatmentfor the Pheside-chainin
18 indicatesa preferencefor the transorientation.Using
the sameprocedurewe determinedthe homo-b—CH2


backbonepopulationsfor 19 anda preferencefor thegÿ


orientationwasfound.
The torsion angles f for the Phe residues was


evaluatedfrom the 3JNH-aCH couplingconstants,usinga
Karplus-type relationship reported by Bystrov;29 all
compoundshave similar values which are consistent
with themediumNOEsNH Phe–Ha Pheobserved.


Medium and weak NOE connectivities,reportedin
Figs 2–5, were observedfor all compounds;the C-
terminalpartof themoleculesappearslessdefinedsince
no correlationwith themethyl estergroupwasdetected.
An importantdifferencebetweencompounds14 and19


Figure 2. Relevant NOE correlations (strong = solid line,
medium = dashed line, weak = dotted line) for Cbz-NH-L-
Asp(OtBu)-homo-b-L-Phg-OMe recorded in DMSO at 298 K


Figure 3. Relevant NOE correlations (strong = solid line,
medium = dashed line, weak = dotted line) for Boc-NH-L-
Asp(OtBu)-homo-b-L-Phe-OMe recorded in DMSO at 298 K


Figure 4. Relevant NOE correlations (strong = solid line,
medium = dashed line, weak = dotted line) for NH2-L-Asp-
homo-b-L-Phg-OMe recorded in DMSO at 298 K


Figure 5. Relevant NOE correlations (strong = solid line,
medium = dashed line, weak = dotted line) for NH2-L-Asp-
homo-b-L-Phe-OMe recorded in DMSO at 298 K
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andcompounds13and18wasfound.Forthedeprotected
dipeptides(14 and19) the NOEsNH Phe–Hb1 Asp and
NH Phe–Hbh Asp have the samemedium intensities,
whereasin theprotectedcompoundstheNH Phe–HbproR


Aspeffectwasfoundto beweakerthanthatfor NH Phe–
HbproS Asp. An accurateanalysiswasconductedalsoin
CD3OH andtherelatedNMR conformationalparameters
arereportedin Tables2–4.The structuraldataobtained
aresimilar to thosereportedin DMSO.


Molecular dynamics


All the structurally significant NMR parameterswere
used for RMD simulations in vacuo for the various
compounds.†The conformationalstatisticalanalysisof
the RMD simulationsat 300K revealsthat a preferred
conformationwasfoundfor 13. Theaveragestructureof
peptide 13 appearsconsistentwith all the observable
NMR NOE effects.The conformationalanalysisunder-
lines that the preferredconformationof thesedipeptide
tasteligandscan be describedwith an ‘L-shape.’ This
class of conformersalso correspondsto a minimum
energyconformation.In particular,the aspartylresidue
hasdihedralanglesf and ofÿ111.1° and134.4°, anda
gÿ preferredside-chainconformation(w1) for the Asp
residue.Similar behaviourhas also been observedin
crystal structuresof aspartameand its analogues.The
analysisof the homo-b-L-Phg residueshows dihedral
angles f, m and  of ÿ97.5°, 71.2° and ÿ86.4°,
respectively.


The conformationanalysisof RMD simulationfor 18
showsthat it canadoptmainly extendedand‘L-shaped’
conformations,amongothers,with similar energy.The
‘L-shaped’ conformer presentsdihedral anglesof the
aspartylresidueof f,  andw1 ofÿ128°, 103° andÿ58°,
respectively,similar to thoseobservedin severalcrystal
structuresof dipeptidetasteligand analoguesof aspar-
tame.The analysisof the homo-b-L-Pheresidueshows
dihedralanglesf, m and ofÿ120.3°, 80.2° andÿ82.1°,
respectively.


The analysis of the RMD results for 14 and 19
indicatesthat they can adoptmainly extendedand ‘L-
shaped’ conformations,among others, and that these
conformations have comparable energies. For both
compounds,the ‘L-shaped’ conformerpresentsaverage
values of dihedral angles and w1 (147° and ÿ70°,
respectively)of the aspartyl residue similar to those
foundin otherdipeptidetasteligands.Theanalysisof the
homo-b-L-Phgresiduein 14 showsdihedralanglesf, m
and  of ÿ137°, 173° and ÿ73° for the extended
conformation and ÿ145°, 45° and ÿ70° for the ‘L-


shaped’structure.Theconformationalparametersfor the
homo-b-L-Pheresiduein 19 showsa similar behaviour
with dihedralanglesf, m and of ÿ134°, 179° and90°
for the extendedconformationand ÿ134°, ÿ95° and
112° orÿ134°,ÿ95° and112° for thetwo equi-energetic
extendedand ‘L-shaped’ conformationsand preferred
transconformation(w1) for thePheresidueside-chainfor
both theextendedand‘L-shaped’conformers.


CONCLUSION


The conformational effect due to the insertion of a
methylene group in the backbone skeleton of the
dipeptidetasteligand aspartamehasbeeninvestigated.
The solution conformation of the newly synthesized
dipeptidetasteligandswasinvestigatedby 1H NMR and
CD spectroscopy.


The NMR spectrawerefully assignedby a combina-
tion of TOCSY,DQFCOSYandROESYmaps.Chemi-
cal shiftsandtemperaturecoefficientswereshownto be
independentof thepeptideconcentrationin therange0.5
–22mM. For thedipeptidesNH2-homo-b-(L or D)Asp-L-
Phe-OMe(9a and 9b), the NMR data were poor with
little structural information, revealing an enhanced
flexibility in solution certainly due to the extra CH2


moiety of the homo-b-Asp residue.Thus only for the
dipeptides NH2-L-Asp-homo-b-L-Phg-OMe (14) and
NH2-L-Asp-homo-b-L-Phe-OMe (19) were computa-
tional analysespossible.


The CD spectraareconsistentwith the NMR results,
indicatinggreatflexibility for peptides9a,9b and19 and
a reduced flexibility for peptide 14. Moreover, the
populationsof the different families of conformersare
the sameon comparinganalogues9a, 9b and 19 with
aspartame,even if these new dipeptide taste ligand
compoundsdiffer in theirsweetnesspotencywith respect
to aspartame.


The analysisof the conformationalbehaviourof the
synthesizeddipeptidesshowsthat all of the compounds
can adopt preferentiallyextendedand ‘L-shaped’ con-
formationswith different relative populations.Several
other conformationsare also possiblebut with smaller
relativepopulations.


Therelationshipbetweenconformationandsweettaste
underlinesthat thelengtheningof thepeptideskeletonat
the L-Asp site results in a loss of sweetnesswith the
productionof tastelesscompounds,thusconfirmingthat
(i) the C-terminalendis the moreimportantfunction in
imparting the sweet taste to the moleculeand (ii) the
orientationof the amidegrouplinking the Asp andPhe
residueof aspartameanaloguesplaysa decisiverole in
obtaining very sweet compounds.On the other hand,
lengtheningof the skeletonat the C-terminal L-Phesite
maintainsthesweetcharacterin bothNH2-L-Asp-homo-
b-L-Phe-OMeandNH2-L-Asp-homo-b-L-Phg-OMe.The
decreasein sweetnesspotencyin thesecompoundswith


†The figures of the superimpositionobtained for the minimized
structuresof compounds13, 14, 18 and19 during the simulationare
deposited as Supplementary Material on the EPOC website
(http://www.wiley.com/epoc).
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respectto aspartamecanbeascribedto anincreaseof the
chainflexibility dueto themethyleneinsertion,wherethe
C-terminalestergroupis almostcomparablein sizewith
the side-chainaromatic ring. This would make more
likely theexchangein thepositionof eithergroupin the
interactionwith thereceptor.In thelight of theseresults,
it seemsreasonableto confirm that the sweetpower of
aspartameanaloguescanonly be modulatedby modify-
ing theC-terminalmoiety of themolecule.
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solution
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ABSTRACT: The steady-state and time-resolved fluorescence and1H NMR spectra of a stilbenesulphonic acid salt,
commonly used as an optical brightening agent, was studied as a function of concentration in aqueous solution. The
aggregates, formed at higher concentrations, were shown to be predominantly dimers with the central stilbene
moieties of the molecules stacked plane-parallel. The equilibrium constant for the dimer formation at 25°C was
obtained from both NMR and fluorescence measurements. Copyright 1999 John Wiley & Sons, Ltd.
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INTRODUCTION


The salts oftrans-stilbenesulphonic acids are widely used
in industrial applications as fluorescent brightening and
whitening agents. In the following they will be
collectively referred to as optical brightening agents
(OBAs). The optical brightening agents act by absorbing
light in the invisible near-UV region and re-emitting it as
blue fluorescence with high yield. The addition of this
light to the daylight reflected from an object is perceived
as an increase of the brightness1 of the object. The
relative deficiency of blue light in the reflected light from
yellowish objects, e.g. natural fibres, is compensated for
by the addition of the blue fluorescence which is
perceived as an increase of the whiteness1 of the object.


At high loads of OBA, a loss of the desired whitening
effect, perceived as a greyish or a greenish hue, is often
observed. This phenomenon is well known in paper-
making where the quality in this respect is monitored
with brightness measurements.2,3 It has been suggested3


that the greying and greening effects are due to multiple
adsorption of OBAs on the adsorption sites on, for
example, cellulose fibres, i.e. to the formation of bound
OBA aggregates. A similar spectral shift of the
fluorescence spectrum towards longer wavelengths can


be observed upon increasing the concentration of OBA in
aqueous solution. In order to gain insight into the
underlying physical mechanisms of the greying and
greening effects, the properties of OBA in aqueous
solution were studied.


In this paper, the concentration-dependent properties
of a commonly used water-soluble stilbenesulphonic acid
OBA (I ; Fig. 1) were investigated by both fluorescence
and NMR techniques. Considering the above observa-
tions, fluorescence spectroscopy is a natural choice for
the study. Changing the concentration also alters the1H
NMR spectrum ofI primarily by shifting the observed
proton lines from the stilbene moiety. Therefore,1H
NMR spectroscopy was chosen as a second independent
method.


Dye molecules in aqueous solution have been
extensively studied,4–15primarily by absorption spectro-
scopy.4–10The observed spectral changes with increasing
concentration are generally interpreted in terms of the


Figure 1. Structure of the studied stilbene derivative I. The
labels on the aromatic protons, on the right-hand side of the
symmetrical molecule, correspond to the assignment of NMR
peaks in Fig. 4
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self-association of the dye molecules into dimers, trimers
and higher order aggregates.5–15More recently,1H NMR
spectroscopy has been employed to study dye aggrega-
tion.11–15 In previous studies, the aggregation of planar
organic dyes has often been found to follow an isodesmic
model5,8–13(where each step towards higher aggregates
proceeds with the same equilibrium constant), but dimer
formation has also been reported.5–7,9,14,15The results
shown below indicate that the aggregates ofI are
predominantly dimers at the concentrations studied.


EXPERIMENTAL


The stilbene derivativeI , the sodium salt of 4,4'-bis[4-(p-
sulphoanilino)-6-NN-bis(b-hydroxyethyl)amino-1,3,5-
triazin-2-yl]aminotrans-stilbene-2,2'-disulphonic acid,16


MW = 1133, was a complimentary sample from Ciba
Specialty Chemicals. The sample was an amorphous
powder containing 85 wt% ofI , the remainder being
mainly sodium chloride, moisture and minute amounts of
unreactedN,N-bis(b-hydroxyethyl)amine.


Solutions for fluorescence measurements were pre-
pared with deionized water and experiments were carried
out in equilibrium with the atmosphere at 25°C, unless
stated otherwise. Fluorescence spectra were recorded on
a SPEX Fluorolog 212 spectrometer, with photon
counting detection, in front face geometry with 1 mm
quartz cells, with excitation at 350 nm. To avoid
photolytic changes of the sample (due totrans–cis
isomerisation of the stilbene moiety17–20), the excitation
slits were set at 0.1 mm and the emission spectrum was
scanned rapidly. Two consecutive runs gave the same
spectrum within the limits of noise. Time-resolved
fluorescence decays at selected wavelengths were
recorded with a pulsed picosecond Nd:YAG laser system,
with frequency doubling, exciting at 320 nm with 200–


500 ps pulses depending on the adjustment of the
system.21 Adsorption spectra were recorded on a Cary
Model 2400 UV–VIS–NIR spectrometer or a Hewlett-
Packard Model 8453 diode-array spectrophotometer.


Solutions for NMR measurements were prepared with
D2O (99.9%) purchased from Isotec (Miamisburg, OH,
USA). The solutions were carefully protected from
exposure to light. The1H NMR spectra were obtained
at 25°C on a Bruker AMX-300 spectrometer. To prevent
the comparatively strong water signal from obscuring the
peaks fromI, the former was suppressed using a long,
low-level presaturation pulse. The assignment of the1H
resonances was provided by 2D COSY spectroscopy
(results not shown), which allows all features to be
accounted for. All chemical shifts were referenced to
internal TMS.


RESULTS AND DISCUSSION


Fluorescence


Fluorescence spectra recorded at different concentrations
of I in aqueous solution and from the pure compound,
powder ofI , are shown in Fig. 2. The spectrum at 10ÿ5 M


has a broad maximum at 418 nm and does not change
features on dilution to 10ÿ6 and 10ÿ7 M. It can therefore
be considered as the fluorescence spectrum of the
monomer of I . With increasing concentration the
fluorescence spectra gradually change. In the concentra-
tion range 5� 10ÿ4–1� 10ÿ3 M the spectra are inter-
mediate, and from 5� 10ÿ3 M upwards they are almost
independent of concentration (apart from the effect of the
re-absorption of fluorescence light due to the overlap
between absorption and emission bands). The high-
concentration spectra are strongly shifted towards the
spectrum of solid OBA. We ascribe this shift to
aggregation. Thus, the solution spectrum at 10ÿ2 M in
Fig. 2 predominantly represents aggregates. The greenish
emission from aggregated OBA, the broad maximum at
495 nm, causes the greening effect.


The time dependence of the fluorescence decay at three
selected wavelengths in a 10ÿ3 M solution is presented in
Fig. 3. At this concentration, the spectrum is intermedi-
ate, with both monomers (M) and aggregates (An) of I .
The decays are biphasic and fit to two first-order decays
with lifetimes of 0.5 and 12 ns, respectively. The lifetime
for the fast decay is at the time resolution of the
instrument and is estimated to be 0.5 ns or less. The fast
component dominates at short wavelengths where the
monomer emission is dominant and is strongly reduced at
longer wavelengths where the slow component
dominates. Only the fast decay was present in a 10ÿ5 M


solution where only monomers exist. We therefore
ascribe the fast component to excited monomersM*
and the slow component to excited aggregates.


Before further use of the fluorescence data, it is


Figure 2. Fluorescence spectra of I at selected concentra-
tions in aqueous solution and of the solid. For comparison
the spectra have been normalized to equal areas (this
normalization was chosen owing to a lack of normalizing
parameters for the solid sample)
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important to consider two possible mechanisms for the
formation of excited aggregatesAn*. The first is the direct
excitation of the ground-state aggregate:


An� h� � A�n �1�
and the second is the diffusion-controlled formation of
excimersAn*:


M � h� � M�


M� � Anÿ1 � A�n �2�
To distinguish between the two mechanisms, the excimer
formation rate of pyrene, being a smaller and more
rapidly diffusing molecule thanI , may be taken as an
upper bound for the excimer formation rate ofI by Eqn
(2). Birks et al.22 found that the rate constant for pyrene
excimer formation in degassed hexane at 25°C was
6.7� 109 Mÿ1 sÿ1. The maximum pseudo-first-order
disappearance rate ofM* by reaction (2) in a 10ÿ3 M


solution (as in Fig. 3) would then be 6.7� 106 sÿ1,
corresponding to a half-life of 103 ns. However, the
lifetime for the fluorescence decay ofM* was estimated
experimentally to be of the order of 0.5 ns (i.e. the half-
life is 0.3 ns) and thereforeM* decays to the ground state
before any appreciable formation of excimers by reaction
(2). Hence the slow decay is associated with the direct
excitation of ground-state aggregates by reaction (1) and
the concentrations ofM* and An* are proportional to the
ground-state concentrations ofM andAn, respectively.


We now return to Fig. 2 and the iso-emissive point at
470 nm found for the normalized solution spectra. It
indicates a transformation between two species, i.e.
monomers and one type of aggregate. Since the
isodesmic model implies the co-existence of consecutive
higher aggregates, a dimerization equilibrium (n = 2) is


supported, that is,


M �M � D �3�
whereM and D represent the monomer and the dimer,
respectively.


Furthermore, the first-order aggregate decay in Fig. 3
provides an additional strong indication for dimer
formation. The decay from the solid (not shown) is
strongly non-exponential and a factor of two slower than
the aggregate decay. Plausibly, the higher the aggregates,
the longer are the fluorescence lifetimes. Thus, a sizeable
aggregate polydispersity would lead to deviations from a
first-order decay, i.e. instead of the decays shown in Fig.
3, linear for about 12 half-lifes, curved decays would be
observed.


Absorption


The adsorption spectrum ofI was blue-shifted upon
increasing the concentration, i.e. on aggregation ofI .
According to the molecular exciton theory,23 this
suggests that the transition dipoles of the molecules in
the dimer are arranged in plane-parallel, sandwich (H-
type) aggregates.


Owing to the efficient light-induced conversion ofI in
solution to the non-fluorescentcis-stilbene isomer,17–20


we did not use absorption measurements further.


Nuclear magnetic resonance


The concentration-dependent distribution ofI between
monomers and dimers can also be conveniently investi-
gated using the observed concentration dependence of the
1H NMR chemical shifts. The1H NMR spectra of the
aromatic protons presented in Fig. 4 for high and low
concentrations show a general upfield shift upon
decreasing the concentration. The shift is largest for
protonsv, s1 and s2 (see Fig. 1 for assignment). The
spectra are of the fast exchange type with no splitting of
the lines between dimers and monomers. Therefore, the
observed chemical shift at a given concentration is the
simple statistical average:


�obs� PD�D � �1ÿ PD��M �4�
where�obs is the observed chemical shift,�M and�D are
the shifts corresponding to the monomer and dimer state,
respectively, andPD is the probability of finding a
molecule in the dimer state. The assumptions behind this
approach are that all investigated samples are sufficiently
dilute that all shift changes are caused by the aggregation
process and not by statistical intermolecular interactions
(clearly satisfied in our system) and that there are unique
chemical shifts corresponding to the monomer and dimer
states. The monomer and dimer shifts probably differ
because of the aromatic shift effects11,13–15,23–25exerted


Figure 3. Fluorescence decays of I in 10ÿ3
M solution at three


selected wavelengths, 400, 420 and 560 nm, from the
bottom upwards. The spectra are normalized to the same
peak intensity. The fast component dominates at short
wavelengths and is strongly reduced (in relation to the slow
component) at 560 nm
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by the ring currents in one molecule of the dimer on the
protons of the other molecule. This also means that the
magnitudes of the concentration-dependent shifts within
the molecule may vary widely, as is observed.


The fact that the�, s1, and s2 protons are strongly
affected, whereasa1 and a2 are only weakly affected,
indicates that the central stilbene moieties of the
aggregating molecules are closer to each other in the
dimer than the outer aniline rings. The planar conforma-
tion of trans-stilbene facilitates such an arrangement,26,27


with the outer aniline rings either tilted or bent away from
each other.


Unfortunately, most peaks in the aromatic region
partly or fully overlap, which prevents us from accurately
determining the concentration dependence of their1H
chemical shifts. Onlys2 ands3 are clearly separated in
the whole concentration range,s2being the most shifted.
Therefore, the concentration dependence of thes2
chemical shift will be used to estimate the equilibrium
constant.


Most observed lines are broader at higher than at lower
concentrations. While this broadening predominantly
may be a dynamic effect (i.e. due to a slower tumbling of
the dimer), the magnitude of the observed broadening for
the line with the strongest concentration dependence of
the chemical shift (i.e.s2) nevertheless provides a
conservative upper limit for the lifetime. Thus, in the
range 2–10 mM where the monomer-to-dimer ratio is
roughly constant (0.3–0.5), the extra broadening of about
10 Hz (with respect to thes2 line in the spectrum at
10ÿ5 M) yields tD < 100ms.28


Equilibrium constant


The equilibrium constantK for the dimer formation


according to reaction (3) is given by


K � x


�cÿ 2x�2 �5�


where c is the total concentration ofI and x is the
concentration of dimers at equilibrium. Solving forx in
terms ofK andc, using Eqn (4) andPD = 2x/c (since there
are two molecules in each dimer), the expected con-
centration dependence of the chemical shift is given by


�obs� �D � ��D ÿ �M � �1ÿ
����������������
8Kc� 1
p �
4Kc


�6�
Since the fluorescence measurements show that a 10ÿ5 M


solution contains only monomers, the chemical shift ofs2
in the monomer state may be fixed at�M� 7.54. A fit of
the observed concentration dependence of thes2chemi-
cal shift, usingK and�D as free parameters, is shown in
Fig. 5. The equilibrium constant obtained isK = 725�
97Mÿ1. Using thisK and Eqn (5), 77% of the molecules
should participate in dimers at 10ÿ2 M. We note that a fit
to an isodesmic model of aggregation (under the
unsubstantiated extra assumption that the chemical shifts
are independent of aggregate size) is equally fair, so the
dimer formation could not have been safely established
based solely on the chemical shift data.


A similar analysis was used to estimate the equilibrium
constant from the fluorescence data at five wavelengths,
420, 490, 530, 550 and 570 nm, by substituting the
normalized (to unit of absorbed light) intensities for the
chemical shifts in Eqn (6). The average value obtained of
K = (1.2� 0.5)� 103 Mÿ1 agrees (within error limits)


Figure 5. The ®t to Eqn (6) of the observed concentration
dependence of the chemical shift of s2. The accuracy of the
experimental chemical shifts is �0.002 ppm, with the
exception of the three lowest concentrations, where it is
�0.004 ppm


Figure 4. 1H NMR spectra of I dissolved in D2O. The upper
spectrum is from an 8� 10ÿ3


M solution (recorded with
eight scans) and the lower spectrum is from a 2� 10ÿ4


M


solution (512 scans). The chemical shifts of s1, s2, and � (see
Fig. 1) are strongly concentration dependent, whereas those
of s3, a1, and a2 are only weakly so
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with the value obtained by NMR spectroscopy. When
comparing the equilibrium constants from fluorescence
and NMR measurements one should note thatK may
differ in H2O and D2O, respectively.10 The errors of the
individual fluorescence estimates are large and compar-
able to the scatter of the equilibrium constants obtained
using different wavelengths.


Even though the fit in Fig. 5 is fairly good, the
experimental points clearly level off more quickly than
the theoretical expression in Eqn (6). However, an
implicit assumption is thatK is independent of the total
concentrationc. Since one of the main obstacles to the
dimer formation ofI must be the electrostatic repulsion
between the sulphonate groups,K should depend on the
ionic strength. SinceI itself is a salt and since the
remainder of the sample is mainly sodium chloride, the
ionic strength (and consequentlyK) should increase with
increasing total concentration, thus producing the
observed experimental trend [i.e. a faster levelling-off
than expected from Eqn (6)]. (Note that the ionic strength
at the lowest and the highest concentration ofI differs by
a factor of 103) Further studies at higher constant ionic
strengths should clear up this point.


CONCLUSIONS


The observed changes in the fluorescence and1H NMR
spectra upon increasing the concentration ofI in aqueous
solution are interpreted in terms of self-association into
dimers at the concentrations studied. The formation of
dimers is strongly supported by the iso-emissive point in
Fig. 2, and also the biphasic fluorescence decay in Fig. 3,
where the slow component clearly is unimodal. Dimer
formation of I is also consistent with the concentration
dependence of the NMR line shifts and the approximate
agreement of the equilibrium constants evaluated at
different wavelengths (Fig. 2).


The equilibrium constants for dimer formation in D2O
and H2O, obtained from the1H NMR and fluorescence
measurements, are 725� 97 and (1.2� 0.5)� 103 Mÿ1,
respectively. The largest chemical shifts, due to the
aromatic ring currents of the other molecule in the dimer,
are observed for the protonss1, s2, and�, indicating that
the stilbene moieties are close. This is in line with the
plane-parallel stacking of the chromophores suggested by
the application of the exciton model to the concentration-
induced blue shift in the absorption spectra ofI . The
fluorescence and NMR data limit (from below and from
above, respectively) the lifetime of a dimer to 10ÿ8


s< tD < 10ÿ4 s in the concentration range 2–10 nM.
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(ÿDG° or A values) of 2-alkyltetrahydro-2H-thiopyrans
(tetrahydrothiopyrans, thiacyclohexanes, thianes)†


Fillmore Freeman,1* Anna Phornvoranunt1‡ and Warren J. Hehre1,2


1Department of Chemistry, University of California, Irvine, California 92697-2025, USA
2Wavefunction, Inc., 18401 Von Karman Avenue, Suite 370, Irvine, California 92612, USA


Received 11 March 1998; accepted 13 May 1998


ABSTRACT:Ab initio 6–31G* and MP2/6–31G*// 6–31G* methods and density functional (pBPDN**) theory were
used to calculate the geometries and relative energies of the chair, boat, and twist-boat conformations of tetrahydro-
2H-thiopyrans (tetrahydrothiopyrans, thiacyclohexanes, thianes). The chair conformation of thiacyclohexane is 5.3
and 8.0 kcal molÿ1, respectively, (1 kcal = 4.184 kJ) more stable than the twist-boat and boat structures at the MP2/6–
31G*// 6-31G* level.Ab initio methods were used to calculate the relative energies of the rotamers in the chair
conformations of 2-alkylthiacyclohexanes (CH3, C2H5, i-C3H7, t-C4H9, neo-C5H11, SiMe3). The MP2/6–31G*// 6–
31G* conformational energies (ÿDG° or A values, kcal molÿ1) of the 2-alkylthiacyclohexanes (Me = 1.00; Et = 1.16;
i-Pr = 1.02; t-Bu = 3.56; neo-Pent = 1.04; SiMe3 = 2.05) are smaller than those calculated for the corresponding
alkylcyclohexanes and 4-alkylthiacyclohexanes. Plots of the calculated conformational energies (ÿDG°) for the 2-
alkylthiacyclohexanes versus the calculated conformational energies for the corresponding alkylcyclohexanes are
linear (slope = 0.680 andr = 0.983 for 6–31G* and slope = 0.667 andr = 0.989 for MP2/6–31G*// 6–31G*). The
C(2)—S(1) bond lengths are in the range 1.827–1.840 A˚ and the C(6)—S(1) bond lengths are in the range 1.815–
1.819 Å. With the exception of the axial 2-t-Bu substituent (103.0°), the C—S—C angles vary from 98.6° to 100.4°.
The S(1)—C(2)—C(7) angle in the most stable axial conformer is larger that the corresponding angle in its most
stable equatorial conformer. Copyright 1999 John Wiley & Sons, Ltd.


KEYWORDS: conformational energy; 2-alkyltetrahydro-2H-thiopyrans; tetrahydrothiopyrans; thiacyclohexanes;
thianes; molecular orbital study


INTRODUCTION


Substituents in the chair conformation of cyclohexane1–3


or in the 4-substituted half-chair conformation of
cyclohexene (F. Freeman and W. J. Hehre, unpublished
work) prefer the equatorial position. In monosubstituted
cyclohexanes (1), the axial substituents have steric
interactions with the synaxial hydrogens at C(3) and
C(5) [1,3-diaxial interactions; Eqn 1]. The difference in
energy between the most stable axial and equatorial
conformers is designated the conformational energy
(ÿDG° or A value). The free-energy difference between


conformers is referred to as the conformational energy,4,5


or sometimes as theA value.6 For substituted cyclohex-
anes it is conventional to specify the value ofÿDG° for
the equilibrium


axial� equatorial


Since ÿDG° will be negative when the equatorial
conformation is more stable than the axial, the value of
ÿDG° is positive for substituents that favor the equatorial
position.5 The larger the conformational energy, the
greater is the preference for the equatorial position. The
replacement of carbon by another element in cycloalk-
anes or cycloalkenes7–11 (F. Freeman, Z. M. Tsegai and
W. J. Hehre, submitted; N. L. Allinger and K. H. Chen,
personal communication) produces changes in several
structural parameters and consequently affects the
conformational characteristics of the molecules. For
example, introduction of a nitrogen, an oxygen or a
sulfur atom for a methylene group in cyclohexane will
lead to changes in bond lengths (C—C 1.54 A˚ ; C—N
1.47 Å; C—O 1.43 Å; C—S 1.82 Å) and in bond angles.
These new elements may drastically change the non-
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bonded interactions and conformational flexibility of the
six-membered ring [Eqn 2].


The conformational properties of six-membered rings
containing sulfur [3, Eqn 2] have been studied much less
than the oxygen systems.7–11 This study was undertaken
in order to help elucidate the influences of replacing a
methylene group in cyclohexane with a sulfur atom by
comparing the calculated geometries (6–31G*) and
single point energies (MP2/6–31G*// 6–31G*) of the
conformers [chair,Cs point group (2); boat, Cs point


group (4); boat (5); twist-boat (skew-boat,C2 point group
(6); planar C2v point group (7)] of tetrahydro-2H-
thiapyran (tetrahydrothiopyran, thiacyclocylohexane,
thiane;2). The calculated 6–31G* and density functional
theory (pBPDN**) results from the chair conformer2


were compared with the structural parameters from other
calculational methods and from microwave spectroscopic
and x-ray diffraction data (Table 1).Ab initio methods
were used to calculate the conformational energies
(ÿDG° or A value; see earlier) of the rotamers of 2-
alkylthiacyclohexanes [3, R = CH3, C2H5, i-C3H7, t-
C4H9, neo-C5H11, SiMe3; Eqn 2] and to compare these
values with those for the corresponding substituted
alkylcyclohexanes (F. Freeman, Z. M. Tsegai and W. J.
Hehre, unpublished work) and 4-alkylthianes [8; Eqn 3].10


Another objective of this study was to analyze energy
differences among conformers and rotamers by consider-
ing thegauche(synclinal) interactions and repulsive non-
bonded interactions in the equatorial conformer rather
than solely in terms of the 1,3-diaxial repulsive non-
bonded hydrogen-hydrogen interactions in the axial
conformer10 (F. Freeman, Z. M. Tsegai and W. J. Hehre,
unpublished work) [gauche: in A—B—C—D, ligands A
and D aregaucheif the torsion angle (ABCD) about the
B—C bond is near�60° orÿ60°. Synclinal (sc): in X—
A—B—Y, ligands X and Y are synclinal if the torsion
angle (XABY) about the A—B bond is between�30°
and�90° or betweenÿ30° andÿ90°1,12].


Table 1. Comparison of calculated and experimental bond lengths (AÊ ), bond angles (°) and dihedral angles (°) for
thiacyclohexane (2)


Parameter MM4[11] pBPDN** 6–31G* MW[20] ED[21]


Bond length
C—H 1.113 – – 1.095 1.114
C2—Hax – 1.111 1.085 – –
C2—Heq – 1.107 1.083 – –
C2—C3 1.531 1.532 1.528 1.533 1.528
C3—C4 – 1.539 1.532 1.533 1.528
C2—S1 1.814 1.836 1.817 1.832 1.811


Bond angle
H—C—H 106.4 – – 108.5 105.9
H—C2—H – 107.4 107.4 – –
H—C3—H – 107.1 107.1 – –
C2—C3—C4 112.7 112.9 112.8 107.9 112.3
C3—C4—C5 112.9 113.2 113.2 109.2 113.8
C3—C2—S1 112.8 97.7 112.9 114.1 112.7
C2—S1—C6 97.4 98.5 99.2 97.6


Torsion angle
C2—C3—C4—C5 – 59.2 59.4 – 58.6
C4—C3—C2—S1 – 60.4 60.0 – 60.8
C5—C6—S1—C2 – 53.7 53.4 – 55.4


Copyright  1999 John Wiley & Sons, Ltd. J. Phys. Org. Chem.12, 176–186 (1999)


MO STUDY OF CONFORMATIONAL ENERGIES OF 2-ALKYLTETRAHYDRO-2H-THIOPYRANS 177







COMPUTATIONAL METHODS


The optimized geometries (6–31G*, pBPDN**) were
performed with the MacSpartan Plus 1.1.6 and/or Spartan
4.1 and 5.0 computational programs and single point
energy calculations (MP2/6–31G*/ /6–31G*) were per-
formed with the Spartan 4.1 and 5.0 programs.13–18


Frequency calculations (Supplementary Material) were
computed on geometry optimized structures at the 6–
31G* level with the MacSpartan Plus 1.1.6 and/or
Spartan 4.1 and 5.0 programs. (MacSpartan Plus and
Spartan computational programs are available from
Wavefunction, Inc., 18401 Von Karman Avenue, Suite
370, Irvine, CA 92612, USA).


Conformers which contain an alkyl group directed
inwards toward the ring are not included in the discussion
since they are energetically unfavorable and do not
contribute significantly to the population.


RESULTS AND DISCUSSION


Thiacyclohexane (2) has a chair structure similar to
cyclohexane (1), although the heterocycle is more
puckered in order to accommodate the bond angles and
bond lengths characteristic of sulfur. [The 6–31G*-
calculated flagpole hydrogen to hydrogen distance in the
boat conformation of cyclohexane (1) is 2.357 Å.
Electron diffraction studies in the gas phase reveal a
slight flattening of the chair conformation of cyclohex-
ane. The C—C—C—C torsion angles are 55.9°,
compared with 60° for the ideal chair conformation.19]
Microwave spectroscopy (although the chair conforma-
tion of 2 was deduced from the microwave spectroscopic
investigation, the rotational constants proved insufficient
to specify the molecular conformation uniquely20), gas-
phase electron diffraction studies,21 molecular mechanics
calculations11,21,22 and molecular orbital calculations
indicate that the chair conformation of2 is the most
stable form (Table 2). Frequency calculations show that
the boat conformer4 has one imaginary frequency, that


the twist boat structure6 does not have an imaginary
frequency and that the planarC2v structure7 has three
imaginary frequencies. This suggests that the boat
conformer4 may be a transition state between the chair
conformer2 and the twist boat conformer6 (Fig. 1). The
high energy hypothetical planar form7 would suffer from
10 eclipsing non-bonded hydrogen–hydrogen eclipsing
interactions and bond angle strain.


The experimental inversion barrier for thiacyclo-
hexane (2) is 9.4 kcal molÿ1 (1 kcal = 4.184 kJ). [The
experimental inversion barriers for cyclohexane
(10.3 kcal molÿ1), oxacyclohexane (10.3 kcal molÿ1)
and azacyclohexane (10.1 kcal molÿ1) are essentially
identical. As one goes down the Periodic Table (O, S,
Se, Te), the barriers become lower, probably because the
torsional potentials diminish.23] MP2/6–31G*/ /6–31G*
single point energy calculations show that the chair
conformer 2 (Table 2) is 8.0 and 5.3 kcal molÿ1,
respectively, more stable than the boat (4) and twist-boat
(skew-boat,6) structures.21 (R values have been proposed


Table 2. Calculated energies (6±31G*) and energy differences (MP2/6±31G*/ /6±31G*)a of conformations of thiacyclohexane


Energy (hartree)


Conformation Dipole moment (D) 6–31G* MP2/6–31G*/ /6–31G*


Chair (2, Cs) 2.0 ÿ592.681604 ÿ593.456783
Boat (4, Cs) 2.0 ÿ592.668742 ÿ593.444105
Twist-boat (6, C2) 2.2 ÿ592.673231 ÿ593.448390


a Energy difference =DE = Echairÿ Eboat= 8.0 kcal molÿ1; DE = Echairÿ Etwist-boat= 5.3 kcal molÿ1; DE = Etwist-boatÿ Eboat= 2.7 kcal molÿ1.


Figure 1. Energy diagram for ring inversion of thiacyclohex-
ane
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as a qualitative measure of the distortions of six-
membered rings from the chair conformation of cyclo-
hexane24–26). This suggests that the twist-boat conformer
6 is 2.7 kcal molÿ1 more stable than the boat structure4.
Molecular mechanics calculations indicate that the twist-
boat conformer6 is 3.821 or 4.0311,22 kcal molÿ1 higher
in energy that the chair conformer2, while the chair
structure (2) is 5.2 kcal molÿ1 more stable than the boat
conformer (4).21 No experimental value is available for
the chair–twist-boat energy difference, but it has been
estimated to be 4.02 kcal molÿ1.11,27


The boat conformer4 is less stable than the chair form
2 in part because of the eclipsing interactions of the
hydrogens on C(2) and C(3) and on C(5) and C(6). The 6–
31G* calculated C—S—C bond angle in4 is 97.0°,
which is smaller than the value (98.5°) for thiacyclohex-
ane (2). The boat conformer3 is expected to be more
stable than the boat form5 owing to an absence of non-
bonded interactions between flagpole hydrogens [the
transannular strain resulting from steric crowding of the
inside (flagpole) C(2) and C(5) hydrogens]. In addition,
the boat conformation5 is less stable than the boat
conformer4 owing to the eclipsing of four hydrogens. As
in cyclohexane (1), the boat conformer (4) of 2 is flexible.
Twisting of one of the carbon–carbon bonds relative to
another leads to a twist-boat conformation (6), which is
stabilized by removal of the transannular interaction.
There is no transannular strain resulting from steric
crowding of the inside (flagpole) C(2) and C(5)
hydrogens in6 since the distance between these two
hydrogens is 2.655 A˚ , which is greater than the sum of
their van der Waals radii (2� 1.20 Å= 2.40 Å). (The van
der Waals radius, which is determined from interatomic
distances in crystals, is the effective size of the atomic
cloud around a covalently bonded atom as perceived by
another atom. The van der Waals radius is not the
distance at which repulsive interactions of the electrons
on two atoms outweigh the attractive forces between
them.28–34)


The 6–31G* calculated dipole moment of2 is 2.0 D
while the dielectric absorption measurement35 and
microwave spectroscopic (see earlier20) values are 1.71
D and 1.78 D, respectively. In the chair conformer2, the
C(2)—C(3)—C(4)—C(5), C(6)—S(1)—C(2)—C(3) and
S(1)—C(2)—C(3)—C(4) torsion angles are 59.4°, 53.4°
and 60.0°, respectively. The C(6)—S(1)—C(2)—Hax


torsion angle in2 is 69.7°. The C(2)—C(3)—C(4),
C(3)—C(4)—C(5), C(5)—C(6)—S(1) and C—S—C
bond angles are 112.8°, 113.3°, 112.9° and 98.5°,
respectively. The C—S—C angle in dimethyl sulfide is
98.8°.36 The 6–31G* calculated carbon-sulfur bond
length in 2 is 1.817 Å. Electron diffraction gives a
carbon–sulfur bond length (rg) of 1.811 Åand a C—S—
C angle of 97.6° for 2 (Table 1).21The 6–31G* calculated
C(2)—Hax and C(2)—Heq bond lengths in 2 are
essentially the same (1.085 and 1.083 A˚ ), which suggests
an absence of anomeric effects.1,7,9 [The calculational


methods used here give some approximation to the
equilibrium bond lengths (re), whereas the experimental
values cited in the references from electron diffraction
(rg) and microwave (rs) spectroscopic studies give
vibrationally averaged values. These numbers are
different physical quantities and have different numerical
values. Thus,re needs to be converted torg andrs in order
to make valid comparisons.]37


Calculations were performed on the axial [9a, two
gauche (synclinal) butane interactions] and equatorial
[9b, zero gauche(synclinal) butane interactions] con-
formers of methylcyclohexane (9) (F. Freeman, Z. M.
Tsegai and W. J. Hehre, submitted)38–46 [molecular
mechanics calculations give aÿDG° value of
1.77 kcal molÿ1 for methylcyclohexane (8, 9)39] (the
gaucheinteractions in cyclohexanes and thiacyclohex-
anes may not be comparable to those of gauche butane
because the hydrogen–hydrogen interactions are mini-
mized in the cyclic structures.43–45) for comparison
purposes with 2-methylthiacyclohexane (10; see Table
3). At the 6–31G* level, the equatorial diastereomer9b
(Cs point group, energy =ÿ273.243665 hartree,m = 0.09
D) is more stable (ÿDG° = 2.30 kcal molÿ1) than its axial
isomer 9a (Cs point group, energy =ÿ273.239998
hartree,m = 0.05 D). At the MP2/6–31G*/ /6–31G* level,
the equatorial diastereomer9b (E =ÿ274.160811 har-
tree) is more stable (ÿDG° = 1.96 kcal molÿ1) than its
axial isomer 9a (E =ÿ274.157688 hartree).38–44 An
experimentalÿDG° value of 1.74 kcal molÿ1 has been
obtained for methylcyclohexane (9) in CFCl3CDCl3 via
low-temperature carbon-13 NMR spectroscopy.40,41


Although steric effects are considered to be respon-
sible for equatorial preferences in cyclohexanes, natural
bond orbital analysis (NBO)38,47 suggests that bond–
antibond interactions of the exocylic C(1)—C(7) bond in
methylcyclohexane withs*C—C and s*C—H bonds are
mainly responsible for the equatorial preference. How-
ever, bond–antibond stereoelectronic interactions may
not be the sole contributor to the equatorial preference in
methylcyclohexane (9). At the 6–31G* level, the C(1)—
C(2), C(1)—C(7) and C(1)—Heqbond distances in9aare
1.539, 1.534 and 1.088 A˚ , respectively. The correspond-
ing distances in the equatorial conformer9b are 1.534,
1.539 and 1.091 A˚ , respectively. The C(1)—C(2)—C(3)
and C(2)—C(3)—C(7) angles in9a are 113.2° and
112.5°, respectively, while the same angles in the
equatorial conformer9b are 112.2° and 111.6°, respec-
tively. The torsion angles C(3)—C(2)—C(1)—C(7) for
9a and9b are 73.5° and 179.1°, respectively. Compared
with cyclohexane, which has an Hax—C(1)—C(2)—C(3)
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torsion angle of 65.9°, the geometry of the ring in9a is
slightly distorted since the C(3)—C(2)—C(1)—C(7)
torsion angle is increased by 7.6° compared with
cyclohexane.38 This outward bending of the methyl
group in9a helps to minimize the repulsive non-bonded
hydrogen–hydrogen interactions (see earlier).28–34


In the axial diastereomer9a, the C(7)-Ha distance from
both C(3)-Hax and C(5)-Hax is 2.401 Åwhile C(7)-Hb and
C(7)-Hc are both 2.453 A˚ from C(1)-Heq. There are two
gauche interactions in9a with respect to the C(3)—
C(2)—C(1)—C(7) (73.5°) and C(5)—C(6)—C(1)—C(7)
(73.5°) bonds.12 In the equatorial diastereomer9b, the
methyl group is staggered relative to the Hax—C(1) bond,
and the Hax—C(1)—C(7)—Ha torsion angle is 180°. The
distances from C(1)-Hax to C(7)-Hb and C(7)-Hc are
2.481 and 2.481 A˚ , respectively. The equatorial con-
former 9b has an anti arrangement with respect to the
C(3)—C(2)—C(1)—C(7) (179.1°) and C(5)—C(6)—
C(1)—C(7) (179.1°) bonds. In this type of analysis, it is
generally assumed that the repulsivegauchebutane inter-
actions dominate the overall energetics.38,40–46


The enthalpy and entropy contributions can also play
important roles in determining the free energy difference
between axial and equatorial conformations.40,41,48,49


In addition, the chair conformation of cyclohexane is
viewed as a structure with no strain and is compared with


butane. However, thegaucheinteractions in cyclohexane
may not be comparable to those ofgauche butane
because the hydrogen–hydrogen interactions are mini-
mized in the cycloalkane.45 A value no greater than
0.28 kcal molÿ1 per cyclohexane gauche interaction has
been suggested.43


Table 3 shows a comparison of calculated bond
lengths, bond angles and dihedral angles for 2-
methylthiacyclohexane (10) and Table 4 shows that the
equatorial conformer10b is more stable than the axial
conformer10a (ÿDG° = 1.00 kcal molÿ1). The 6–31G*
calculated conformational energy for10 is similar to the
values (ÿDG° = 1.03 or 1.18 kcal molÿ1) obtained by
Allinger and co-workers11,22 using molecular mech-
anics, but smaller than the value of 1.42 kcal molÿ1


obtained from the respective low-temperature13C NMR
studies of Barbarellaet al.50 in CD2Cl2 and of Eliel and
Willer51,52 in CDCl3. The MP2/6–31G*//6–31G* calcu-
lated (ÿDG° value of 1.00 kcal molÿ1) is smaller than the


Table 3. Comparison of calculated bond lengths (AÊ ), bond angles (°) and dihedral angles (°) for 2-methylthiacyclohexane (10)


10a 10b


Parameter MM4 (rg)[
11] 6–31G* MM4 (rg)[


11] 6–31G*


Bond length
C2—Hax – – 1.114 1.086
C2—Heq 1.115 1.085 – –
C6—Hax 1.111 1.084 1.112 1.085
C6—Heq 1.112 1.083 1.112 1.083
C2—C3 1.539 1.536 1.537 1.531
C3—C4 1.527 1.533 1.526 1.532
C4—C5 1.525 1.531 1.526 1.531
S1—C2 1.820 1.830 1.820 1.830
S1—C6 1.816 1.818 1.813 1.827


Bond angle
H—C6—H 105.9 107.2 106.2 107.4
C2—C3—C4 114.7 114.8 113.0 113.7
S1—C2—C3 111.2 111.2 111.1 111.5
C2—S1—C6 99.1 100.3 97.7 99.4


Torsion angle
C2—C3—C4—C5 59.0 59.7 60.0 60.0
S1—C2—C3—C4 59.2 57.9 62.3 59.4
C2—S1—C6—C5 54.5 52.8 55.7 53.6
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calculated values for methylcyclohexane (9,
ÿDG° = 1.96 kcal molÿ1) and 4-methylthiane (3, R =
CH3,ÿDG° = 1.94 kcal molÿ1; Table 5). It is known that
there is little variation in conformational energy between


different heterocycles and cyclohexane at the 4-position.
The smallerÿDG° value for10 is reasonable since the
carbon–sulfur bond is longer than the carbon–carbon
bond. The longer bond increases the distance between the
axial methyl group and the synaxial hydrogen at C(6) in
10 [Eqn 4].


The dipole moments of10a and 10b are nearly
equivalent since the exocyclic carbon–carbon bonds are
not polar (Table 4). In10a, the distances from C(7)-Ha to
C(4)-Hax and C(6)-Hax are 2.413 and 2.521 A˚ , respec-
tively,28–34 and C(7)-Hb and C(7)-Hc are 2.487 and
2.439 Å, respectively, from C(2)-Heq. Also in 10a, C(7)-
Hb is 2.496 Å from C(3)-Heq. There are twogauche
interactions in10a and its enantiomer (Table 6).43–46


Compared with thiacyclohexane (2), which has Hax—
C(2)—C(3)—C(4) and Hax—C(2)—S(1)—C(6) dihedral
angles of 62.4° and 69.7°, respectively, there is an
outward bending of the methyl group in10aby 7.9° and
8.1°, respectively. Thus, as in methylcyclohexane (9),


Table 4. Calculated energies (hartree), conformational energies (ÿDG°, kcal molÿ1)a and dipole moments (D) of 2-
alkylthiacyclohexanes


6–31G* MP2/6–31G*// 6–31G*


R Compound Energy ÿDG° Dipole moment Energy ÿDG°


H 2 ÿ592.681604 – 2.0 ÿ593.456783 –
CH3ax 10a ÿ631.714339 – 2.0 ÿ632.624102 –
CH3eq 10b ÿ631.717384 1.91 2.0 ÿ632.626705 1.00
C2H5ax 11a ÿ670.747960 – 2.0 ÿ671.790164 –
C2H5ax 11b ÿ670.747190 (0.48) 2.0 ÿ671.789499 (0.42)
C2H5eq 11c ÿ670.750466 1.57 1.9 ÿ671.792007 1.16
C2H5eq 11d ÿ670.750092 [1.34] 1.9 ÿ671.791505 [0.84]
C2H5eq 11e ÿ670.748815 [0.54] 1.9 ÿ671.790715 [0.35]
i-C3H7ax 12a ÿ709.778975 – 2.0 ÿ710.956741 –
i-C3H7eq 12b ÿ709.781704 1.71 1.9 ÿ710.958375 1.02
i-C3H7eq 12c ÿ709.781695 [1.71] 1.9 ÿ710.958195 [0.91]
i-C3H7eq 12d ÿ709.781191 [1.39] 1.9 ÿ710.957850 [0.70]
t-C4H9ax 13a ÿ748.805254 – 1.9 ÿ750.120533 –
t-C4H9eq 13b ÿ748.811801 4.11 1.9 ÿ750.126213 3.56
neo-C5H11ax 14a ÿ787.844745 – 1.9 ÿ789.289880 –
neo-C5H11eq 14b ÿ787.847327 1.62 1.8 ÿ789.291532 1.04
SiMe3ax 15a ÿ999.890557 – 1.9 ÿ1001.148292 –
SiMe3eq 15b ÿ999.895280 2.96 1.8 ÿ1001.151559 2.05


a Conformational energy (ÿDG°)1–6refers to the energy difference between the most stable axial conformer and its most stable equatorial conformer.
The other values in theÿDG° columns are the energy differences (in brackets) between the most stable axial conformer and its other equatorial
conformers and the energy differences (in parentheses) between axial conformers.


Table 5. Comparison of calculated (MP2/6±31G*//6±31G*)
conformational energies (ÿDG°, kcal molÿ1) for alkylcyclo-
hexanes (1) (F. Freeman, Z. M. Tsegai and W. J. Hehre,
submitted), 2-alkylthianes (3) and 4-alkylthianes (8)10


ÿDG°
R 1 3 8


CH3 1.96 1.00 1.94
C2H5 1.80 1.16 1.75
i-C3H7 1.59 1.02 1.62
t-C4H9 5.45 3.56 5.49
neo-C5H11 1.32 1.04 1.39
SiMe3 2.69 2.05 2.76
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Table 6. Calculated torsion angles in 2-alkylthiacyclohexanes


Torsion angle (°)
R C4—C3—C2—C7 C6—S1—C2—C7 S1—C2—C7—C8 C3—C2—C7—C8


CH3ax 10a 70.3 77.8 – –
CH3eq 10b 178.6 176.6 – –
C2H5ax 11a 70.2 77.5 66.9 165.8
C2H5ax 11b 69.0 78.3 172.2 60.5
C2H5eq 11c 177.7 176.6 65.4 171.3
C2H5eq 11d 179.3 177.4 170.2 66.5
C2H5eq 11e 174.0 178.8 66.6 59.3
i-C3H7ax 12a 68.2 78.0 63.6 (173.9) 46.9 (169.4)
i-C3H7eq 12b 172.0 178.0 61.2 (65.8) 64.8 (168.2)
i-C3H7eq 12c 174.4 178.0 71.7 (162.6) 53.9 (71.9)
i-C3H7eq 12d 178.7 177.7 61.3 (176.0) 52.7 (175.5)
t-C4H9ax 13a 82.0 92.4 56.8 (63.8) (179.2) 76.4 (163.0) (46.0)
t-C4H9eq 13b 172.3 176.8 65.0 60.6
neo-C5H11ax 14a 68.7 76.1 95.6 137.9
neo-C5H11eq 14b 178.2 176.7 90.2 137.9
SiMe3ax 15a 76.4 87.2 68.6 (51.9) (173.9) 158.4 (81.1) (40.9)
SiMe3eq 15b 175.3 179.8 174.4 (55.9) (65.6) 59.8 (178.3) (60.2)


Table 7. Calculated (6±31G*) bond angles in 2-alkylthiacyclohexanes


Bond angle (°)
R Compound C2—S1—C6 C2—C3—C4 S1—C2—C3 S1—C2—C7 C3—C2—C7


H 2 98.5 112.8 112.9 – –
CH3ax 10a 100.3 114.8 111.2 112.6 113.5
CH3eq 10b 99.4 113.7 111.5 108.5 112.1
C2H5ax 11a 100.3 114.8 110.6 113.6 113.2
C2H5ax 11b 100.4 114.7 110.4 111.9 115.2
C2H5eq 11c 99.4 113.9 111.0 109.7 111.5
C2H5eq 11d 99.7 113.7 111.1 107.6 113.5
C2H5eq 11e 98.8 113.1 111.3 110.2 113.9
i—C3H7ax 12a 100.4 114.7 109.2 113.0 115.8
i—C3H7eq 12b 98.6 113.2 110.7 111.8 113.4
i—C3H7eq 12c 99.1 113.1 110.8 109.3 115.3
i—C3H7eq 12d 100.1 114.1 110.2 108.8 113.7
t—C4H9ax 13a 103.0 117.7 109.9 115.0 118.8
t—C4H9eq 13b 99.2 113.4 109.7 111.3 115.3
neo—C5H11ax 14a 100.2 114.5 110.1 113.8 112.9
neo—C5H11eq 14b 99.6 113.9 110.6 109.4 111.8
SiMe3ax 15a 100.9 114.8 111.0 113.5 118.6
SiMe3eq 15b 99.8 113.6 111.2 110.4 113.8
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this outward bending of the methyl group in10ahelps to
minimize the repulsive nonbonded hydrogen-hydrogen
interactions.28–34 In the equatorial conformation10b,
there are no significant non-bonded repulsive interactions
involving hydrogens (no distance between two hydrogens
of less than 2.500 A˚ ).28–34


The C(3)—C(2)—C(1)—C(7) torsion angle in9a is
73.5° and the C(4)—C(3)—C(2)—C(7) and C(6)—
S(1)—C(2)—C(7) torsion angles in10a are 70.3° and
77.8°, respectively (Table 6). Hence the steric repulsion
is minimized in10aby an outward bending of the methyl
group away from the interior of the thiane ring. The
C(2)—S(1)—C(6) bond angles in10a (100.3°) and10b
(99.4°) are larger than the corresponding angle in
thiacyclohexane (2, 98.5°; Table 6). The difference
(0.90°) in axial and equatorial C(2)—S(1)—C(6) bond
angles in 10 is comparable to the difference (0.97°)
between the axial and equatorial C(1)—C(2)—C(3) bond
angles in methylcyclohexane (9). However, there is a
larger difference (4.1°) in axial (112.6°) and equatorial
(108.5°) S(1)—C(2)—C(7) bond angles in10 than in the
axial and equatorial C(2)—C(1)—C(7) bond angles in
methylcyclohexane (0.90°; Table 7). The C(2)—C(7) and
C(2)—S(1) bond lengths in10aand10b are comparable
(Table 8).


Table 4 shows that the three equatorial rotamers of 2-
ethylthiacyclohexane [11c(methyl group is on sulfur side
of ring),11d(methyl group is opposite sulfur side of ring)
and 11e] are more stable than the axial conformer11a
(ÿDG° = 1.16 kcal molÿ1). The MP2/6–31G*// 6–31G*


calculated conformational energies for ethylcyclohexane
and 4-ethylthiacyclohexane are 1.80 and 1.75 kcal
molÿ1, respectively (Table 5).


Each rotamer (11a, 11b) of axial 2-ethylthiacyclohex-
ane has threegauche interactions. In11a, the methyl
group is pointed toward the sulfur side of the ring
whereas in11b the methyl group is pointed away from
the sulfur side of the ring. In rotamer11a, the distances
from C(7)-Ha to C(4)-Hax and to C(6)-Hax are 2.445 and
2.477 Å, respectively and the C(7)-Hb to C(3)-Heq


distance is 2.379 A˚ . The C(6)—S(1)—C(2)—C(7) angle
of 77.5° in 11ashows that the ethyl group is tilted away
from the interior of the ring. In rotamer11b, the distances
from C(7)-Ha to C(4)-Hax and to C(6)-Hax are 2.404 and
2.500 Å, respectively, the C(7)-Hb to C(2)-Heqdistance is
2.435 Åand the C(8)-H to C(3)-Heq distance is 2.288 A˚ .
The stronger repulsive non-bonded hydrogen–hydrogen
interactions make rotamer11b of higher energy (0.42
kcal molÿ1) than11a. In particular, the C(8)-H to C(3)-
Heq repulsive interaction in11b is absent in11asince its
methyl group points toward the sulfur side of the ring.


In the three equatorial 2-ethylthiacyclohexanes there is
one gaucheinteraction in11c and its enantiomer, one


Table 8. Calculated (6±31G*) bond distances (AÊ ) of 2-alkylthiacyclohexanes


R Compound C2—C7 C2—C3 C2—S1 C6—S1


H 2 – 1.528 1.817 1.817
CH3ax 10a 1.531 1.536 1.830 1.818
CH3eq 10b 1.567 1.531 1.827 1.817
C2H5ax 11a 1.537 1.536 1.832 1.818
C2H5ax 11b 1.538 1.537 1.832 1.818
C2H5eq 11c 1.584 1.532 1.830 1.816
C2H5eq 11d 1.535 1.532 1.830 1.816
C2H5eq 11e 1.536 1.532 1.831 1.817
i—C3H7ax 12a 1.549 1.539 1.836 1.818
i—C3H7eq 12b 1.545 1.533 1.834 1.816
i—C3H7eq 12c 1.546 1.533 1.833 1.816
i—C3H7eq 12d 1.547 1.535 1.836 1.815
t—C4H9ax 13a 1.566 1.545 1.839 1.819
t—C4H9eq 13b 1.560 1.537 1.840 1.815
neo—C5H11ax 14a 1.547 1.538 1.834 1.817
neo—C5H11eq 14b 1.546 1.533 1.832 1.816
SiMe3ax 15a 1.921 1.540 1.837 1.818
SiMe3eq 15b 1.919 1.539 1.826 1.816
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gaucheinteraction in11d and its enantiomer and two
gauche interactions in11e. Coincidentally, conformer
11c is 0.82 kcal molÿ1 (one gauche interaction) more
stable than conformer11e51,52 (in solution, the entropy
and enthalpic terms must be considered40,41). In con-
former 11c, the C(7)-Hb to C(2)-Hax and C(3)-Heq to
C(7)-Hax distances are 2.498 and 2.388 A˚ , respectfully. In
conformer11d the distances from C(2)-Hax to C(7)-Ha


and from C(3)-Hax to C(7)-Hb are 2.495 and 2.288 A˚ ,
respectively. In11e, the distances from C(2)—Hax to
C(7)-Ha and from C(2)-Hax to C(7)-Hb are 2.382 and
2.411 Å, respectively, and the C(3)-Hax to C(8)-H
distance is 2.364 A˚ . Thus the greater stability of11c
versus11eis due to one lessgaucheinteraction and fewer
repulsive non-bonded hydrogen interactions.


The C(2)—S(1)—C(6) bond angles in11a (100.3°)
and11c (99.4°) are the same as the respective values for
10aand10b and are larger than the corresponding angle
in thiacyclohexane (2, 98.5°; Table 7). The large
difference (3.9°) in axial (11a, 113.6°) and equatorial
(11c, 109.7°) or (3.4°) in axial (11a, 113.6°) and
equatorial (11d, 110.2°) S(1)—C(2)—C(7) bond angles
in 11 gives additional support for the increased steric
repulsion in11awhich leads to an outward bending of the
ethyl group (Table 7).


The conformational energy of 2-isopropylthiacyclo-
hexane (12) is 1.02 kcal molÿ1 (Tables 4 and 5). The
axial conformer exists as the single rotamer12awith four
gauche interactions, whereas there are two chiral
equatorial conformers (12b, 12c) and an achiral rotamer
12d. The equatorial rotamers12b and 12c and their
enantiomers each has threegaucheinteractions and the
other rotamer12d has two gauche interactions. Con-
former12b is 0.11 and 0.32 kcal molÿ1 more stable than
equatorial conformers12c and 12d, respectively. One
difference between12band12c is that one methyl group
of the isopropyl group in the former points toward the
sulfur side of the ring.


In the axial conformation12a, the distances from C(7)-


Ha to C(4)-Hax and C(6)-Hax are 2.493 and 2.443 A˚ ,
respectively, the distance from C(9)-H to C(3)-Heq is
2.220 Å and the distance from C(8)-H to C(2)-Heq is
2.499 Å. The C(4)—C(3)—C(2)—C(7) and C(6)—
S(1)—C(2)—C(7) torsion angles are 68.2° and 78.0°,
respectively (Table 6). The value of 78.0° in 12a is
consistent with the isopropyl group bending away from
the interior of the ring in order to minimize non-bonded
repulsive interactions. In the equatorial conformer12b,
the C(2)-Hax to C(7)-H, C(2)-Hax to C(8)-H, C(3)-Heq to
C(7)-H and C(3)-Hax to C(9)-H distances are 2.417,
2.416, 2.383 and 2.293 A˚ , respectively. In the equatorial
conformer12c, the C(2)-Hax to C(7)-H, C(2)-Hax to C(8)-
H, C(2)-Heq to C(8)-H and C(3)-Hax to C(9)-H distances
are 2.456, 2.405, 2.308 and 2.399 A˚ , respectively.
Although there are no non-bonded interactions between
C(7)-Ha and the ring hydrogens in the equatorial
conformation12d, the distance from C(8)-H to C(3)-
Hax is 2.174 Å.


The C(2)—S(1)—C(6) bond angles in12a (100.4°)
and 12d (100.1°) are similar and are larger than the
corresponding angle in unsubstituted thiacyclohexane (2,
98.5°; Table 7), while this angle in12c(98.8°) is close to
that in2. The large difference (4.2°) in axial (12a, 113.0°)
and equatorial (12d, 108.8°) S(1)—C(2)—C(7) bond
angles in12 gives additional support for the increased
steric repulsion in12awhich leads to an outward bending
of the isopropyl group (Table 7). A similar analysis
(111.8°) between12a and the higher energy equatorial
rotamer12cgives a value of 1.2°.


The axial conformer of 2-tert-butylthiacyclohexane
(13a) has sixgaucheinteractions and one methyl group
pointing into the ring. Tables 4 and 5 show that the
equatorial conformation13b is more stable than the axial
conformer 13a (ÿDG° = 3.56 kcal molÿ1). In 13a, the
C(8)-H to C(4)-Hax and to C(6)-Hax distances are 2.161
and 2.318 A˚ , respectively, and the distances from C(9)-H
to C(3)-Hax and C(10)-H to C(2)-Heq are 2.212 and
2.331 Å, respectively. The C(4)—C(3)—C(2)—C(7) and
C(6)—S(1)—C(2)—C(7) torsion angles in13a are 82°
and 92.4°, respectively.


In the equatorial conformation13b, the C(3)-Hax to
C(8)-H, C(3)-Hax to C(9)-Ha, C(2)-Hax to C(9)-Hb and
C(2)-Hax to C(10)-H distances are 2.325, 2.141, 2.442,
and 2.455 A˚ , respectively. The C(2)—S(1)—C(6) bond
angles in13a (103°) and13b (99.2°) are larger than the
corresponding angle in unsubstituted thiacyclohexane (2,
98.5°; Table 7). The large difference (3.7°) in axial (13a,
115.0°) and equatorial (13b, 111.3°) S(1)—C(2)—C(7)
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bond angles in13 gives additional support for the
increased steric repulsion in13a which leads to an
outward bending of thetert-butyl group.


The equatorial conformer (14b) of 2-neopentylthiacy-
clohexane (14) is more stable than its axial conformer
14a (ÿDG° = 1.04 kcal molÿ1; Tables 4 and 5). The
conformational energy for14 is similar to the values for
2-ethylthiacyclohexane (11, ÿDG° = 1.16 kcal molÿ1)
and 2-isopropylthiacyclohexane (12, ÿDG° = 1.02 kcal
molÿ1).


In the axial conformer14a, the distance from C(6)-Hax


to C(7)-Ha is 2.413 Å and the distance from C(4)-Hax


to C(7)-Hb is 2.531 Å. The distance from C(3)-Heq to
C(7)-Hb is 2.339 Å, and the distances from C(2)-Heq


to C(9)-H and C(11)-H are 2.193 and 2.430 A˚ , respec-
tively. In the equatorial conformer14b, the C(3)-Hax to
C(7)-Ha distance is 2.411 A˚ and the C(2)-Hax to C(9)-H
and C(11)-H distances are 2.203 and 2.376 A˚ , respec-
tively.


The axial conformation of 2-(trimethylsilyl)thiacyclo-
hexane (15a) has six gauche interactions and the
equatorial conformations15b has fourgaucheinterac-
tions. There are no non-bonded interactions in15b and
one such interaction (the C(6)-Hax to C(8)-H distance is
2.415 Å) in 15a. The conformational energy for15 is
2.05 kcal molÿ1, which is smaller than the value of
3.56 kcal molÿ1 for 2-tert-butylthiacyclohexane (13)
owing to the longer carbon–silicon bonds (Table 8).


CONCLUSIONS


The conformational energies of 2-alkylthiacyclohexanes
(3) are smaller than the conformational energies of the
corresponding alkylcyclohexanes (1) and 4-alkylthiacy-
clohexanes (8). TheÿDG° values in3 may be accounted
for in terms ofgauche(synclinal) interactions, repulsive
non-bonded interactions, and steric effects in both the


Figure 2. Plot of the 6±31G* conformational energies of 2-
alkylthiacyclohexanes versus the conformational energies of
the corresponding alkylcyclohexanes


Figure 3. Plot of the MP2/6±31G*//6±31G* conformational
energies of 2-alkylthiacylohexanes versus the conformational
energies of the corresponding alkylcyclohexanes
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axial and the equatorial conformer (F. Freeman, Z. M.
Tsegai and W. J. Hehre, submitted).38,40,41,43–46,48


Although 2-alkylthiacyclohexanes (3) show a smaller
preference for the equatorial conformation than the
corresponding alkylcyclohexanes (1), the conformational
energies are influenced by similar nonbonded interactions
and steric factors (Figs 2 and 3). Plots of the calculated
conformational energies for the 2-alkylthiacyclohexanes
(3) versus the calculated conformational energies for the
corresponding alkylcyclohexanes (1) are linear
[slope = 0.680 andr = 0.983 for 6–31G* (Fig. 2) and
slope = 0.667 andr = 0.989 for MP2/6–31G*/ /6-31G*,
Fig. 3].


The 1,3-diaxial interactions which destabilize the axial
conformer are weaker in alkylthiacyclohexanes (3)
because the carbon–sulfur bond is longer than carbon–
carbon bond, which places the synaxial hydrogen and
alkyl group farther apart than they would be in the
corresponding alkylcyclohexanes [(1); Eqn 4]. The
C(2)—S(1) bond lengths in (3) are in the range 1.827–
1.840 Åand the C(6)—S(1) bond lengths are in the range
1.815—1.819 A˚ . With the exception of the axialt-Bu
substituent (103.0°), the C—S—C angles vary from 98.6°
to 100.4°. The S(1)—C(2)—C(7) angle in the most stable
axial conformer is larger that the corresponding angle in
its most stable equatorial conformer (Table 7).
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ABSTRACT: Pseudo-first-order rate constants (kobs) for the reaction of piperidine with phthalimide vary linearly with
the total concentration of piperidine ([Pip]T) at a constant content of CH3CN in H2O–CH3CN solvents within the
CH3CN content range 2–80 % (v/v). The change inkobs with the change in [Pip]T at 100% (v/v) CH3CN obeys the
relationshipkobs= 	 [Pip]T


2/(1�Φ [Pip]T). Copyright 1999 John Wiley & Sons, Ltd.


KEYWORDS: phthalimide; piperidine; aminolysis; kinetics; acetonitrile–water solvent; acetonitrile solvent; general
base catalysis


INTRODUCTION


Aminolyses of esters in aqueous solution have been
extensively studied partly because of the importance of
such reactions in understanding the complexity of many
in vivo enzyme-catalyzed reactions.1 However, the belief
that actual enzyme-catalyzed reactions occur in a
microscopic medium which does not totally resemble
pure water solvent led a few investigators to study the
mechanistic aspects of aminolyses of esters in aprotic
solvents.2 Systematic kinetic studies on the effects of
mixed aqueous–organic solvents on rates of aminolysis
of esters and related compounds are rare.3 The most
obvious reason for the limited attempts at such studies is
the requirement for the use of amine buffers. The
complex effects of mixed aqueous–organic solvents on
the pKa values of acids complicate the kinetic treatment
of rate data obtained in the presence of buffers. If the rate
of hydrolysis of a substrate is insensitive to hydroxide ion
concentration within the rangeca 0.001–0.05M, then the
rate of aminolysis of such a substrate can be easily
studied without the use of amine buffers. Such reaction
characteristics led a few workers to study the effects of
ionic micelles on the aminolysis of organic substrates4–6


and the effects of H2O–CH3CN solvents on the
aminolysis of ionized phenyl salicylate7 without the use
of amine buffers.


Apart from some significance of such studies to
enzyme-catalyzed reactions, these studies are also


important for understanding the complexity of micellar-
and membrane-mediated organic reactions. This paper
describes the effects of CH3CN–H2O and CH3CN
solvents on the rates of reaction of piperidine with
phthalimide.


EXPERIMENTAL


Materials. All the reagents used were supplied by Fluka
or Aldrich and were of the highest commercially
available purity. Stock solutions of phthalimide were
prepared in acetonitrile.


Kinetic measurements. The reaction rates for the
piperidinolysis of phthalimide were studied by monitor-
ing the disappearance of phthalimide spectrophotome-
trically at 300 nm. The details of the procedure are as
described elsewhere.8


The reactions were generally followed up to 70–99%
completion. All the kinetic runs were carried out under
experimental conditions where the reaction rates obeyed
a pseudo-first-order rate law. Pseudo-first-order rate
constants,kobs, were calculated with the equation


Aobs� �app�X�0 exp�ÿkobst� � A1 �1�


using a non-linear least-squares technique considering
�app (apparent molar absorptivity) andA? (the absor-
bance at reaction timet = ?) as unknown parameters. In
Eqn. 1,Aobsis the absorbance at any reaction time,t, and
[X] 0 is the initial concentration of phthalimide (PTH),i.e.
the concentration of PTH att = 0,�app= �PTHÿ �P(where
�PTHand�Prepresent the molar absorptivities of PTH and
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products,N-piperidinylphthalamide and phthalamic acid,
respectively).


Product analysis. The expected products of the cleavage
of PTH, in the presence of piperidine in mixed aqueous–
acetonitrile and pure acetonitrile solvents, areN-piper-
idinylphthalamide and non-ionized and ionized
phthalamic acid. The molar absorptivities ofN-piper-
idinylphthalamide and non-ionized and ionized
phthalamic acid at 300 nm are nearly zero. Therefore,
�app� �PTH at 300 nm. The calculated values of�app


turned out to be almost independent of the total
concentration of piperidine ([Pip]T) in mixed aqueous–
acetonitrile and pure acetonitrile solvents. These results
show that the products of the reaction of piperidine with
PTH are chemical species which do not absorb to a
detectable level at 300 nm and these products are most
likely N-piperidinylphthalamide and non-ionized and
ionized phthalamic acid.


RESULTS AND DISCUSSION


The rate of reaction of phthalimide with piperidine was
studied within the CH3CN concentration range 2–100%
(v/v) in mixed aqueous solvents at 35°C. Pseudo-first-
order rate constants (kobs) at a constant content of CH3CN
but�80% (v/v) obeyed the equation


kobs� k0� kn�Pip�T �2�


wherek0 andkn are the pseudo-first-order rate constant
for hydrolysis and the nucleophilic second-order rate
constant for the reaction of phthalimide with piperidine,
respectively, and [Pip]T is the total concentration of
piperidine. The linear least-squares calculated values of
k0 andkn [from Eqn. 2] are summarized in Table 1. The
calculated values ofk0 are either negative or positive
associated with considerably high standard deviations
(Table 1). Hence thesek0 values are statistically
unreliable. It should be noted that the maximum
contributions ofk0 compared withkn[Pip]T in Eqn. 2,
obtained at the lowest values of [Pip]T, are<40% (Table
1). The significantly low contribution ofk0 compared
with kn[Pip]T at different contents of CH3CN in mixed
aqueous solvents is a consequence of the unreliablek0


values calculated from Eqn. 2. The values ofkn were also
calculated from Eqn. 2 consideringk0 as a known
parameter. The values ofk0 at different contents of
CH3CN were obtained from the literature.9 These kn


values are not appreciably different from the correspond-
ing kn values obtained from Eqn. 2 (Table 1). The fitting
of the observed data to the equationkobsÿ k0 = kn[Pip]T
is evident from the plots in Fig. 1, where solid lines are
drawn through the calculated points.


The increase in [Pip]T at constant [H2O] in CH3CN–
H2O solvent is expected to increase [ÿOH] owing to the
reaction H2O� Pip � PipH� � ÿOH, where Pip and
PipH� represent free and protonated forms of piperidine,
respectively. However, such an equilibrium reaction did
not increase [ÿOH] sufficiently to cause a deviation from
linearity in the plot ofkobs versus [Pip]T (Fig. 1). The
linearity of the plots in Fig. 1 indicates that the ratio [Pip]/
[Pip]T remains nearly unchanged with change in [Pip]T at
constant [H2O]. It can easily be shown that an increase in
[Pip]T from 0.02 to 0.1M at 2% (v/v) CH3CN causes an
increase in [ÿOH] or [PipH�] from 0.0058 to 0.0143M. If
we apply such a correction in the calculation ofkn with
Eqn. 2, then the corrected value ofkn turns out to be
0.333� 0.019 l molÿ1 sÿ1, which is comparable withkn


(= 0.290 l molÿ1 sÿ1) obtained in the presence of 0.005M


NaOH (unpublished observations).
The rate of hydrolysis, under the present experimental


conditions, is independent of [ÿOH] and also negligible
compared with that of aminolysis. The rate of hydrolysis
of phthalimide was found to be almost independent of
[ÿOH] within the range 0.0025–0.05M.10,11The value of
the second-order rate constant (kOH) for the reaction of


Figure 1. Plots of kobs
cor (= kobsÿ k0) versus [Pip]T for


piperidinolysis of phthalimide at (◊) 2, (*) 10, (~) 20, (*)
30, (!) 40, (&) 50, (~) 60 and (!) 80% (v/v) CH3CN in
mixed aqueous solvents. The solid lines were drawn through
the calculated points using the equation kobsÿ k0 = kn[Pip]T
and parameters listed in Table 1
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ionized phthalimide (Sÿ) with ÿOH turned out to be
3.5� 10ÿ3 l molÿ1 sÿ1 at 30°C.10,11 The pKa of PipH�


decreased from 11.37 to 10.99 with increase in the
content of CH3CN from 2 to 60% (v/v) and became 11.36
at 70% (v/v) CH3CN in mixed aqueous solvents.12 pKw


increased from 14.00 to 15.43 with increase in the content
of ethanol from 0 to 70% (w/w) at 25°C in water–ethanol
solvent.13 An increase in the CH3CN content in mixed
aqueous solvent is also expected to decreaseKw. It can
easily be shown that the effects of CH3CN content onKa


and Kw in mixed aqueous solvents may produce
[ÿOH]< 0.05M owing to the reaction Pip� H2O �
PipH� � ÿOH, under the experimental conditions im-
posed.


The experimentally observed value ofkobs at 0.01M


NaOH and 80% (v/v) CH3CN is 6.42� 10ÿ5 sÿ1 (Table
1). If we assume that under such conditions the reactants
are only non-ionized phthalimide (SH) andÿOH, then the
value ofkOH is 6.42� 10ÿ3 l molÿ1 sÿ1. Now, even if it is
assumed that [ÿOH] = 0.021 and 0.048M at 0.2 and 1.0M
Pip and 80% (v/v) CH3CN (which is not correct as it can
be shown that under such conditions, [ÿOH]� 0.021 and
0.048M at 0.2 and 1.0 M Pip, respectively), then the
values ofkobs turn out to be 1.3� 10ÿ4 and 3.1� 10ÿ4


sÿ1 at 0.2 and 1.0M Pip, respectively. Thesekobs values
are more than 4- and 10-fold smaller than the respective
kobs values obtained at 0.2 and 1.0M Pip and 80% (v/v)
CH3CN (Table 1). Similarly,kobs(due to hydrolysis only)
may be shown to be 1.44� 10ÿ3 sÿ1 within the [Pip]T
range 0.02–0.10M at 2% (v/v) CH3CN, which is more
than 4- and 20-fold smaller thankobs values obtained at
0.02 and 0.10M Pip, respectively (Table 1). This shows
that the hydrolysis is negligible compared with amino-
lysis of phthalimide under the experimental conditions of
the present study.


The values ofkobs at 100% (v/v) CH3CN obeyed the
following empirical equation:


kn
app� 	�Pip�T


1� ��Pip�T
�3�


where kn
app= kobs/[Pip]T and 	 and Φ are empirical


parameters. The non-linear least-squares calculated


Table 1. Effects of content of CH3CN on rate constants, k0 and kn, calculated from Eqn. 2a


CH3CN (%, v/v) 104k0
b (sÿ1) 103kn (l molÿ1 sÿ1) [Pip]T rangec (M) Yd We


2 ÿ1.5� 14.0f 306� 21f 0.02–0.10 – 12.4
2 (14.4) 268� 31 0.02–0.10 21


10 7.9� 7.2 150� 9 0.04–0.12 12 2.7
10 (10.5) 146� 6 0.04–0.12 15
20 5.62� 0.76 63.4� 0.6 0.04–0.20 18 2.7
20 (7.00) 61.7� 1.6 0.04–0.20 22
30 13.5� 3.9 23.5� 1.2 0.10–0.50 36 16.2
30 (4.46) 27.3� 1.9 0.10–0.50 14
40 8.92� 2.22 12.5� 0.5 0.20–0.60 26 13.6
40 (3.17) 14.2� 0.6 0.20–0.60 10
50 9.28� 3.43 6.66� 0.52 0.20–1.00 41 21.3
50 (2.40) 8.08� 0.77 0.20–1.00 13
60 4.05� 2.02 4.71� 0.30 0.20–1.00 30 10.8
60 (1.43) 5.22� 0.30 0.20–1.00 12
80 ÿ1.8� 1.7 3.65� 0.25 0.20–1.00 – 15.3
80 (0.642) 3.09� 0.46 0.20–1.00 9


a [Phthalimide]0 = 2� 10ÿ4
M; temperature = 35°C, � = 300 nm; co-solvent is water.


b Parenthesizedk0 values as determined at 0.01M NaOH were obtained from Ref. 9.
c The range of total concentration of piperidine.
d Y= 100k0/(k0� kn[Pip]T), where [Pip]T is the minimum concentration of piperidine attained in the study.
e W= 100(jknÿ (kn)j)/kn, wherekn is calculated from Eqn. 2 and (kn) is calculated from the relationshipkobsÿ k0 = kn[Pip]T with k0 from Ref. 9.
f Error limits are standard deviations.


Figure 2. Plot of kn
app ( = kobs/[Pip]T) versus [Pip]T for


piperidinolysis of phthalimide in acetonitrile solvent. The
solid line was drawn through the calculated points using
Eqn. 3 and parameters mentioned in the text
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values of	 andΦ are (4.39� 0.72)� 10ÿ3 l2 molÿ2 sÿ1


and 1.32� 0.47 l molÿ1, respectively. A Reasonably
good fit of the experimental data to Eqn. 3 can be seen
from the plot in Fig. 2, where a solid line is drawn
through the calculated points.


An increase in the content of CH3CN from 2 to 80%
(v/v) decreasedkn 87-fold (Table 1) andk0 22-fold.9


Nearly a 26-fold decrease inkn for the reaction of
p-nitrophenyl acetate with piperidine was observed with
increase in the CH3CN content from 0 to 80 mol% in
mixed aqueous solvents.3 The pH-independent hydro-
lysis of phthalimide in aqueous solution containing 1.6%
(v/v) CH3CN involvesÿOH and non-ionized phthalimide
(SH) as the reactants,9 whereas with such a solvent and
within the pH range 10.8–11.5 the reaction of phthal-
imide with piperidine involves Sÿ and free piperidine as
the reactants.14 Based on the Brønsted plot, piperidine
(Pip) reacts with SH onlyca four times faster compared
with Sÿ. The significantly high reactivity of Pip with Sÿ


is attributed to the occurrence of intramolecular general
acid–base catalysis.14 The absence of reaction between
Pip and SH in aqueous solution containing 1.6% (v/v)
CH3CN was concluded to be due to the extremely low
concentration of SH at pH� 10.8. As mentioned earlier,
an increase in CH3CN content in mixed aqueous solvents
has little effect on the pKa of PipH�. However, the pKa of
phenol increased continuously from 9.95 to 18.03 with
the increase in DMSO content from 0 to 100 mol% in
mixed aqueous solvents.15 The ionization of both phenol
and SH constitutes non-isoelectric ionization reactions.
Hence the ionization constant of SH is expected to
decrease continuously with increase in CH3CN content in
mixed aqueous solvents. These inferences indicate that
an increase in acetonitrile content in mixed aqueous
solvents should increase the concentration of SH.


The effects of mixed aqueous–organic solvents on
reaction rates may be attributed to several factors, such as
permittivity, polarizability, polarity, basicity, preferential
solvation, hydrogen bonding and hydrophobicity. These
factors are not equally influential and some of them
oppose each other towards a particular reaction rate. The
transition state involved in the reaction of Pip with either
Sÿ or SH is more polar than the reactant state and hence
the decrease inkn with increase in CH3CN content may
be ascribed to greater destabilization of the transition
state than the ground state. However, if this is the only
source for the effect of CH3CN–H2O solvent onkn, then it
is difficult to explain the extremely slow decrease inkn


with increase in CH3CN content at>50% (v/v) CH3CN
(Table 1). Similarly, the [CH3CN]-independentkn for the
reactions of Pip withp-nitrophenyl acetate3 and ionized
phenyl salicylate12 at �60% (v/v) CH3CN in mixed
aqueous solvents cannot be explained in terms of the
relatively larger destabilization of transition state.


Perhaps it is more appropriate to discuss the effect of
solvent on the rate of an addition–elimination reaction in
terms of solvent effect on the nucleophilicity of a


nucleophile (i.e. the pKa of a protonated nucleophile)
and on the leaving ability of the leaving group (i.e. the
pKa of a protonated leaving group). The pKa of
piperidinium ion (PipH�) decreases from 11.37 to
10.98 with increase in CH3CN content from 2 to 50%
(v/v) whereas it increases from 10.98 to 11.36 with the
increase in CH3CN content from 50 to 70% (v/v).12


Similar observations have been obtained for several
protonated amines.16–18The pKavalue of PipH� becomes
18.92 at 100% (v/v) CH3CN.3 Unlike the equilibrium
constant of an isoelectric reaction (BH� � B� H�), the
equilibrium constant of a non-isoelectric reaction (AH�
Aÿ �H�) decreases continuously with increase in the
content of organic co-solvent in a mixed aqueous
solvent.12,15,19The pKa value of phenol increased from
10.17 to 13.38 with increase in CH3CN content from 2 to
70% (v/v) (unpublished observations). The pKa value of
phenol is 27.2 at 100% (v/v) CH3CN.3 The ionization of
the conjugate acid of the leaving group in the aminolysis
of phthalimide (CONH2 or CONHÿ) also con-
stitutes a non-isoelectric reaction. Therefore, an increase
in CH3CN content is expected to increase continuously
the pKa of the leaving group in mixed aqueous solvents.


An increase in the pKa of the conjugate acid of the
leaving group should decrease whereas an increase in the
pKa of the conjugate acid of the nucleophile should
increase the rate of reaction. Thus, the sharp decrease in
kn with increase in the content of CH3CN in water-rich
mixed acetonitrile–water solvents may be attributed to
the increase and decrease in the pKa of the leaving group
and nucleophile, respectively. The moderately slow
decrease inkn with increase in CH3CN content at
>50% (v/v) CH3CN is due to the increase in the pKa of
the conjugate acid of both the leaving group and the
nucleophile.


The significantly large decrease inkn for the reaction of
PTH with piperidine (87-fold) compared withk0 for
hydrolysis of PTH (22-fold) may be explained in terms of
the solvent effect on the pKa of PipH� and H2O. The
slope of the plot of pKa versus CH3CN content should be
larger for H2O (Ka for a non-isoelectric ionization
reaction) than for PipH� (Ka for an isoelectric ionization
reaction) and consequently the decreasing effect of the
mixed CH3CN–H2O solvents should be larger for
piperidinolysis than for hydrolysis of phthalimide.


The mechanism of aminolysis of phthalimide in an
aqueous solvent containing�2% (v/v) CH3CN has been
studied in some detail.14,20 Although the present data
obtained in mixed aqueous–acetonitrile solvents are not
sufficient to discuss any detailed mechanism, it appears
that there is no change in mechanism with change in the
composition of CH3CN–H2O solvent. The mechanism
for the reaction of Pip with PTH in mixed CH3CN–H2O
solvents may be as shown in Scheme 1, whereT� is a
highly reactive transient intermediate. It has been
concluded elsewhere14 that kÿ1


1� k2
1 and hence the


k2
1 step, which involves the cleavage of the C—N bond
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coupled with proton transfer from the cationic amino
group to the leaving group through a proton switch
mechanism, is the rate-determining step.


The observed rate law (rate =kobs[PTH]T, where
[PTH]T is the total concentration of PTH) and Scheme
1 lead to the equation


kobs� k0� k1
1k2


1fa�Pip�T=kÿ1
1 �4�


where Ka
PTH� aH with Ka


PTH = [Sÿ] aH/[SH] and
fa = Ka


Pip/(aH� Ka
Pip) with Ka


Pip = [Pip] aH/[PipH�].
Equation 4 is similar to Eqn. 2 withkn = k1


1 k2
1 fa/kÿ1


1.
The plots in Figs 1 and 2 show that the mechanisms for


the reaction of phthalimide with piperidine in mixed
CH3CN–H2O and CH3CN solvents are different. It has
been concluded that the negative deviations in the
relationship between rate constant and catalyst concen-
tration which are not caused by complexing of reactants
or catalyst are caused by the change in the rate-
determining step.1a The change in the rate-determining
step with change in catalyst concentration implies the
existence of a transient intermediate on the reaction path.
Thus, the plot in Fig. 2 supports the occurrence of a
stepwise mechanism for the reaction of phthalimide with
piperidine in pure acetonitrile solvent. In terms of
proposed and kinetically supported mechanisms for the
aminolysis of esters in acetonitrile2c and other organic


solvents,2 the mechanism for the reaction of Pip with SH
in pure CH3CN solvent may be as shown in Scheme 2.
The existence of a highly reactive zwitterionic tetrahedral
intermediate (T�) and monoanionic tetrahedral inter-
mediate (Tÿ) was supported by the break in the Brønsted
plot.2c The non-linear feature of the plot in Fig. 2 may be
explained by the mechanism shown in Scheme 2 where
thek2


2 step is the rate-determining step at low [Pip]T and
at high [Pip]T the k3


2 step becomes the rate-determining
step.


The other possibilities for the non-linear nature of the
plot in Fig. 2 are (1) self-association of only SH
molecules, (2) association of Pip and SH or (3) self-
association of Pip molecules. The first possibility may be
ruled out because self-association of SH molecules may
lead to a rate law which does not agree with the observed
rate law (rate =kobs[PTH]T, where [PTH]T is the total
concentration of phthalimide).


The second possibility involves the formation of a
complex (SH�Pip) between SH and Pip where the
electrophilic reactivity towards Pip of SH is negligible
compared with that of SH�Pip. Such a complex (C1)
should involve hydrogen bonding between the amine
hydrogen of Pip and the carbonyl oxygen of SH. If the
hydrogen of the imide group of SH is hydrogen bonded
with the nitrogen of Pip in SH�Pip (C2), then such an
interaction must cause SH�Pip to be less reactive than SH


Scheme 1 Scheme 2
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toward Pip, and this is against the observed results. The
second possibility which involves hydrogen-bonded


complex (SH�Pip) formation between SH and Pip
molecules could lead to the following rate law:


rate� k2KC�Pip�T2�PTH�T
1� KC�Pip�T


�5�


where KC represents the equlibrium constant for the
complex formation between SH and Pip andk2 is the
second-order rate constant for the reaction of Pip
with SH�Pip. Equation 5 is derived based on the assump-
tion that [Pip]T = [Pip]� [SH�Pip]� [Pip] for [Pip]�
[SH�Pip] [the lowest concentration of Pip (0.1M) is
500-fold larger than the initial concentration of PTH
(2� 10ÿ4 M)]. Equation 5 and the observed rate law may
give


kobs� k2KC�Pip�T2


1� KC�Pip�T
�6�


Equation 6 is similar to Eqn. 3 with	 = k2KC and
Φ = KC. Although the observed data appear to fit Eqn. 6
reasonably well, such fitting may be regarded as
fortuitous because the complex formation between SH
and Pip is inconceivable because similar complex
formation between phenyl salicylate andn-butylamine2a


and between catechol monoacetate andn-butylamine21


could not be detected in aprotic solvents. Similarly, no
such complex formation was detected in other related
reactions.22


The third possibility that Pip molecules associate
themselves may lead to the rate law as expressed by Eqn.
7 provided the associated complex (Pip�Pip) is reactive
and the free piperidine molecule is non-reactive.


rate� k2KA�Pip�T2�PTH�T
1� 3KA �Pip�T


�7�


In Eqn. 7, the assumption involved is thatKA[Pip]� 1,
where KA represents the association constant for
dimerization of Pip. The observed rate law and Eqn. 7
can yield


kobs� k2KA �Pip�T2


1� 3KA �Pip�T
�8�


Equation 8 is similar to Eqn. 3 with	 = k2KA and
Φ = 3KA. Hence the observed data in Fig. 2 may be
explained in terms of Eqn. 8. However, the fitting of
observed data to Eqn. 8 may be considered to be
inconceivable because such dimerization of amine
molecules (primary and secondary amines) was not
detected in several related studies.2,3,21,22Furthermore, a
tertiary amine was found to act as a general base catalyst
in related studies23 whereas Eqn. 8 indicates that a
tertiary amine should not be reactive.


The observed rate law (rate =kobs[PTH]T) and Scheme
2 can lead to Eqn. 9 provided thatkÿ1


2� k2
2[Pip] and


[SH] = [PTH]T.


kobs� k2
2K1


2fa2�Pip�T2


1� faH�kÿ2
2=k3


2��Pip�T
�9�


The feasibility of the inequalitykÿ1
2� k2


2[Pip] is
discussed in detail elsewhere.14 In Eqn. 9, K1


2 = k1
2/


kÿ1
2 andfaH = 1ÿ fa. Equation 9 is similar to Eqn. 3 with


	 = k2
2K1


2fa
2 andΦ = (kÿ2


2/k3
2)faH.


It is interesting that general base (GB) catalysis is
negligible compared with the uncatalyzed cleavage of
PTH in CH3CN–H2O solvents with CH3CN content
�80% (v/v) whereas the rate of uncatalyzed cleavage of
PTH becomes negligible compared with GB-catalyzed
cleavage in 100% (v/v) CH3CN solvent. It should be
noted that the reason for the occurrence of a stepwise
mechanism in 100% acetonitrile solvent is the conclusion
that the change in the slope ofkn versus [Pip]T plot is due
to the change in the rate-determining step with change in
[Pip]T. The change in the rate-determining step with
change in the reaction conditions implies that the reaction
involves reactive intermediate(s) on the reaction path.
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ABSTRACT: The13C chemical shifts of the title compounds (1) were determined in CDCl3 and in CD3OD as well as
in D2SO4 solutions. Moreover17O chemical shifts of1 in CDCl3 were measured. The SCS (substituent-induced
chemical shift) values were analyzed by means of linear free energy (LFE) relationships and also by cross-
correlations with those of both the corresponding 5-substituted 2-acetylthiophenes (2) and 4-substituted
acetophenones (3). The 13C SCS values indicate a transmission pattern of the substituent effect which is more
complex than those observed in2 and3. On the other hand, the17O SCS values are more significant and reliable
indicators of the transmission of the electronic effects on to the carbonyl group of1, clearly underlining the different
propensities of the phenyl and the thiophen-2'-yl groups in accomplishing such a transmission. Some apparent
discrepancies observed between protonation and17O NMR data of compounds1, 2 and 3 are also discussed.
Copyright  1999 John Wiley & Sons, Ltd.
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INTRODUCTION


Phenylthiophen-2'-ylmethanone (1hh) and other aro-
matic ketones are important compounds in several
respects. Thus,1hh itself finds applications (i) in
pharmacology1 being, for instance, more efficient than
aspirin as an anti-aggregating agent2 (ii ) as a component
of polymerization catalysts3 or (iii ) as a crystal for
generating higher harmonics in Nd:YAG lasers.4 Re-
cently a photophysical study5 indicated that1hh also
behaves as an efficient triplet sensitizer but the typical
n,p* triplet reactivity of aryl ketones is partially lost.
Conformational studies6 have shown that the sulfur atom
of 1hh is on the same side as the carbonyl group, with
which the thiophen-2'-yl ring is almost coplanar.


Recently, in the framework of our research on the
electron-density distribution in ArCOY compounds, we
have investigated the protonation of some phenylthio-


phen-2'-ylmethanones,7 pointing out that the substituent
effects are better transmitted through the thiophene rather
than through the benzene ring, thus enlightening the
greater conjugative ability of the former ring.8 Protona-
tion equilibria of the carbonyl group are very sensitive to
changes inp-conjugation induced by a substituent and/or
by conformational variations; since the electron-density
distribution and hence the extent ofp-conjugation in
unsaturated molecules can be successfully estimated by
means of NMR spectroscopy,9 we thought it of interest to
analyze substituent effects on both13C and17O chemical
shifts of the carbonyl group of some substituted
phenylthiophen-2'-ylmethanones (1). Indeed, mono- and
disubstituted benzenes10 and also heterocycles11,12 have
been widely used as models for studying13C and, when
possible,17O substituent-induced chemical shifts (SCS).
The analysis of the SCS values of endocyclic carbon
atoms by using both single-parameter [Hammett equa-
tion, Eqn. 1] or dual substituent parameter [DSP, Eqn. 2]
equations [the DSP equation9a separates substituent
effects into polar (sI) and resonance (sR) components
and uses one of the four different resonance scales (sR


�,
sR
ÿ, sR


BA andsR) depending on the electronic demand
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at the reaction or measuring site], owing to the complex-
ity of effects which affect the13C SCS values13 often gave
bad results:


SCS� ��� i �1�
SCS� �I�I � �R�R� i �2�


In contrast, SCS values of exocyclic atoms have been
mainly expressed by correlation with a DSP equation,
obtaining satisfactory results.9 However, in many
aromatic and heteroaromatic systems appropriate cross-
correlations gave good results14 allowing the dependence
of SCS on structure to be described. Thus, in this study,
together with Eqns 1 and 2, we used appropriate cross-
correlations. In fact, it has been shown9b,dthat this kind of
study furnishes interesting information for monitoring the
nature of the interactions between the aromatic (or
heteroaromatic) ring and the probe (in this case
carbonyl). The substituents studied range from the
strongly electron-withdrawing nitro group to the strongly
electron-donating methoxy group. The influence of the
solvent on the transmission of the substituent effect on
the probe group has also been evaluated, the solvents
used ranging from CDCl3, for which interactions with the
carbonyl should be of little importance, to CD3OD or to
D2SO4 solutions, for which strong interactions with the
probe group are expected. CD3OD and D2SO4 (as we
have recently pointed out7 in D2SO4 all the phenylthio-
phene-2'-ylmethanones are fully protonated) solutions
provide spectra of unprotonated (series1) and protonated
(series1H�) compounds at the carbonyl group, respec-
tively. Previously we examined NMR and protonation
data for both substituted 2-acetylthiophenes215 and
acetophenones3.9d Now the phenylthiophen-2'-ylmetha-
nones (1) appear promising substrates to evaluate the
competitive steric and electronic requirements of phenyl
and thiophen-2'-yl rings.


RESULTS AND DISCUSSION


The 13C and 17O substituent-induced chemical shift
[SCS =�X (or �Z) ÿ�H] values of 1 and the13C SCS


values of1H� are reported in Tables 1 and 2, positive
signs denoting nuclear deshielding with respect to the
parent compound1hh (X = Z = H) andvice versa.


First, in order to evaluate the solvent effect, the13C
SCS values of1 in CD3OD were cross-correlated with
those in CDCl3. Endocyclic carbon atoms of both rings
(also those meta or meta-like with respect to the
substituent or to the carbonyl group,i.e. the bridge for
the transmission of the electronic effect) gave slope
values close to unity with excellent statistical results (see
Table 3, lines 2–9), showing that the substituent effect
considered is much the same in both solvents. By
contrast, the cross-correlation between SCS values for
the carbonyl carbon in CD3OD and in CDCl3 (Table 3,
line 1: b = 1.35, r = 0.950) indicates a larger solvent
effect on the carbonyl in CD3OD than in CDCl3, in
agreement with the higher electrophilicity of methanol
with respect to chloroform [the relevant constants for the
undeuterated solvents beingE(MeOH) = 14.94 and
E(CHCl3) = 3.1716] and with some differences in the
modulation of the substituent effects (compare the
correlation coefficient with those calculated for the
endocyclic carbon atoms). These results indicate that
any solvent effect is essentially localized at the level of
the carbonyl group and does not influence the electron
density on the aromatic rings. We had previously shown
that in 2-acetylthiophenes (2) the C=O����DOCD3


interactions (increasing the electronic requirement of
the carbonyl) moderately affected, with respect to CDCl3,
the electron density at C-2 (b = 1.14) and C-3 (b = 1.26)
of the thiophene ring, too.15 The different behavior of
compounds1 here is probably attributable to the fact that
the carbonyl group effect can be distributed (and thus
‘diluted’) on to two aromatic rings; accordingly, the13C
chemical shift in CDCl3 of the carbonyl carbon atom of
1hh (188.91 ppm) is lower than that of 2-acetylthiophene
(190.59 ppm).8a


The effect of the X- or Z-substituents on the carbonyl
13C NMR chemical shift values in CD3OD was analyzed
by means of the single-parameter linear free energy
(LFE) correlation of Eqn. 1 (Table 3, lines 10–19), using
thesp set of substituent constants (thesp


� set giving on
the whole similar but statistically worse results). While
the carbon atoms of the unsubstituted ring (thiophen-2'-yl
for 1ah–eh,hh and phenyl for1ha–he,hh) generally


Copyright  1999 John Wiley & Sons, Ltd. J. Phys. Org. Chem.12, 408–415 (1999)


SUBSTITUENT EFFECTS ON13C AND 17O CHEMICAL SHIFTS OF PHENYLTHIOPHENYLMETHANONES 409







provided significant correlations (lines 10–17), SCS
values for endocyclic carbon atoms of the substituted
ring (phenyl for1ah–eh,hhand thiophen-2'-yl for 1ha–
he,hh) were found not to correlate significantly withsp


(data not reported), except for C-1 (line 18) and C-3' (line
19). The good correlationversussp


� of the C-1 SCS
values for compounds1ah–eh,hh (Table 3, line 18)
matches well previous results9b,10,17 for 4-substituted-
acetophenones3 [SCSCÿ1(3) =ÿ1.17� 0.36� (8.61�
0.45)sp


�, n = 8, r = 0.989]. Moreover, a very good
cross-correlation holds between the SCS values above
and those relevant to thepara-carbon atom of monosub-
stituted benzenes (PhX)10 [SCSCÿ1(1ah–eh,hh) =ÿ0.22�
0.25� (0.89� 0.06)SCSCÿ4(PhX), n = 6, r = 0.992], the
slope of which testifies to some attenuation of the13C
sensitivity to the substituent effect played by the bonded
CO—2'-Th group with respect to H itself.


The13C chemical shift dependence on substituent in a
distant aromatic or heteroaromatic ring is not a surprising
result. Indeed, it has been found that in compounds such
as Z-a-(p-substituted phenyl)-b-(5-substituted thiophen-
2-yl)acrylonitriles,18 thiophene and furan chalcone ana-
logues,19 N-benzylideneanilines,20 azobenzenes,21 sty-
renes21 and 2- and 3-thiophenecarboxanilides22 contain-
ing two aromatic rings, the13C chemical shift values
of the para-carbon atom of an unsubstituted ring are


affected by electronic effects of remote substituents
showing good correlations with substituent constants.
Thus the trend seems to emerge that remote substituents
cause chemical shift variations at ring carbon atoms that
can be linearly correlated by the Hammett equation, in
contrast with the effects exerted by near substituents.
Negative slopes (lines 10 and 14) most likely reflect the
contribution of the resonance structureA, which justifies


Table 1. 13C NMR substituent chemical shifts [SCS = �X (or �Z) ÿ�H] for 1 in CD3OD and 1H� in D2SO4 (®gures in parentheses);
positive values correspond to a deshielding effect, with respect to the parent 1hh


Compound
X or


Z C=O C-1 C-2 C-3 C-4 C-2' C-3' C-4' C-5'


1ah NO2 ÿ3.04 4.69 1.04 ÿ4.86 16.86 ÿ0.45 0.74 0.38 1.17
(ÿ2.12) (4.79) (0.49) (ÿ5.17) (12.10) (1.45) (1.74) (1.33) (5.14)


1bh Br ÿ1.25 ÿ1.08 1.76 3.31 ÿ5.37 ÿ0.34 0.04 0.12 0.31
(ÿ1.29) (ÿ1.33) (1.11) (3.17) (ÿ3.13) (ÿ0.08) (ÿ0.26) (0.17) (0.52)


1ch Cl ÿ1.39 ÿ1.49 1.68 0.28 6.20 ÿ0.31 0.01 0.11 0.27
(ÿ1.51) (ÿ1.73) (1.25) (0.48) (7.68) (ÿ0.06) (ÿ0.28) (0.19) (0.40)


1dha Me ÿ0.20 ÿ2.73 0.27 0.63 11.15 0.15 ÿ0.30 ÿ0.08 ÿ0.31
(ÿ1.09) (ÿ2.81) (0.66) (0.95) (14.38) (ÿ0.21) (ÿ1.17) (ÿ0.45) (ÿ1.95)


1ehb MeO ÿ1.20 ÿ7.75 2.58 ÿ14.72 31.41 0.21 ÿ0.77 ÿ0.18 ÿ0.80
(ÿ3.85) (ÿ6.90) (4.44) (ÿ13.78) (29.17) (ÿ0.51) (ÿ2.77) (ÿ0.84) (ÿ4.05)


1hhc H 189.98 139.31 130.12 129.62 133.58 144.43 136.68 129.40 136.09
(191.84) (128.90) (132.21) (129.80) (138.80) (133.67) (150.99) (133.42) (156.64)


1ha NO2 ÿ0.94 ÿ1.75 0.34 0.36 1.02 4.23 ÿ2.37 0.29 22.60
(5.77) (ÿ0.82) (1.98) (0.67) (3.36) (3.48) (ÿ3.17) (ÿ3.04) (7.94)


1hb Br ÿ1.35 ÿ0.83 ÿ0.04 0.15 0.26 1.89 0.38 3.64 ÿ11.88
(ÿ2.47) (ÿ0.55) (ÿ0.30) (0.14) (0.11) (1.16) (0.62) (3.92) (ÿ7.25)


1hc Cl ÿ1.18 ÿ0.91 ÿ0.05 0.14 0.24 ÿ0.89 ÿ0.18 ÿ0.01 4.83
(ÿ1.90) (ÿ0.66) (ÿ0.33) (0.10) (0.05) (0.13) (0.90) (0.38) (7.40)


1hdd Me ÿ0.20 0.09 ÿ0.08 ÿ0.01 ÿ0.18 ÿ2.09 0.97 ÿ1.00 16.46
(ÿ3.99) (0.07) (ÿ0.87) (ÿ0.21) (ÿ1.15) (ÿ2.24) (1.08) (0.61) (22.60)


1hee MeO ÿ0.26 ÿ0.08 ÿ0.28 0.00 ÿ0.50 ÿ13.81 1.80 ÿ21.81 41.13
(ÿ11.10) (ÿ0.04) (ÿ2.38) (ÿ0.44) (ÿ3.24) (ÿ2.58) (3.56) (ÿ13.95) (39.49)


a CH3 21.59 (21.19) ppm.
b CH3O 58.06 (56.56) ppm.
c Chemical shifts (ppm) for the parent systems1hh [relative to CD3OD (49.00 ppm with respect to TMS)] and1H�hh [relative to
trimethylammonium (45.35 ppm with respect to TMS)].
d CH3 15.93 (17.00) ppm.
e CH3O 61.22 (64.06) ppm.
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the polarization of thep-electrons of the unsubstituted
ring due to electronic effects on the substituted ring.


The good or poor success of the above correlations
could indicate that the interactions of the substituent with
the relevant probe atom in the ground and excited states
are similar or different, respectively.23 On the other hand,
the occurrence of excellent cross-correlations (see
discussion above and Table 3, lines 2–9) on going from
chloroform to methanol also for those ring carbon atoms
that give non-linear Hammett plots indicates that the
substituent–ring–probe interactions in the ground and
excited states are scarcely affected by the solvent
employed. For this reason, we have reported (Table 3,
lines 10–19) only correlations for data in CD3OD, as data
in CDCl3 gave practically identical figures.


As the results of LFE correlations were on the whole
considered unsatisfactory, SCS values of1 were
compared with SCS values of 4-substituted acetophe-
nones (3)10,17 and of 5-substituted 2-acetylthiophenes
(2)15 obtaining (see Table 3, lines 20–27) excellent
statistical results. Slope values close to unity (b = 0.94–
1.09) were calculated for the above cross-correlations.
Therefore, on going from1 to 3 (i.e. replacing the
thiophen-2'-yl ring with a methyl group) or from1 to 2
(i.e. replacing the phenyl ring with a methyl group),
significant variations in the transmission of substituent
effects through the substituted ring are not observed, an
outcome that can be related (i) to the low conjugation
existing between the unsubstituted ring and the carbonyl
group in compounds1 or (ii ) to the fact that on going
from 1 to 3 or from 1 to 2 interactions between the
substituent and the relevant probe atom in the ground and
in the excited state are similar.


Concerning the effect of substituents on the carbonyl


carbon (C-a), the SCS values reported in Table 1 show
that all the substituents exert a shielding effect on the13C
chemical shift, whatever their polar effects, much as
already observed, both qualitatively and quantitatively,
e.g., for 4-substituted acetophenones3.9b,10,17 Here,
though, at variance with compounds3, poor correlations
are obtained not only for the single-parameter but also for
the DSP analysis, the limited number of experimental
points most likely playing a role. On the other hand, it is
very interesting that the (C-a) SCS values of1ah–eh,hh
gave an excellent correlationversusthe corresponding
data for 3 (Table 3, line 20). In contrast, a similar
correlation between the SCS values of1ha–he,hhand2
proved very poor (data not reported;r < 0.2); these results
seem to indicate that the conformational differences
between1ha–he,hhand the corresponding 2-acetylthio-
phenes2 play a more important role than those between
1ah–eh,hhand the corresponding acetophenones3. This
appears in contrast with the fact that the C-a 13C chemical
shift of compound1hh(188.91 ppm) is much more similar
to that of 2-acetylthiophene (190.59 ppm)8athan to that of
acetophenone (198.01 ppm).10,17


Protonation of the carbonyl group in1 causes a
shielding (ca 10 ppm) for the carbon atoms directly
linked to it (C-1 and C-2') and a deshielding for the other
endocyclic carbon atoms. The chemical shift variations
observed agree with the expected increase in the electron-
withdrawing effect of the carbonyl group after protona-
tion, which makes structuresCH� and DH� more
important for1H� than the correspondingC andD for
1. As a consequence, the electron density decreases on
C-2, C-3, C-4, C-3', C-4' and C-5' and increases for C-1
and C-2'.


As the thiophen-2'-yl ring conjugates with the carbonyl


Table 2. 13C and 17O NMR substituent chemical shifts [SCS = �X (or �z) ÿ�H] for 1 in CDCL3; positive values correspond to a
deshielding effect with respect to the parent 1hh


13C 17O:
Compound X or Z C=O C-1 C-2 C-3 C-4 C-2' C-3' C-4' C-5' CO


1aha NO2 ÿ1.96 4.48 0.76 ÿ4.72 17.54 ÿ0.31 0.85 0.47 1.27 13.4
1bh Br ÿ1.17 ÿ1.28 1.55 3.35 ÿ4.99 ÿ0.45 ÿ0.04 0.14 0.38 6.5
1ch Cl ÿ1.34 ÿ1.74 1.42 0.35 6.43 ÿ0.43 ÿ0.09 0.11 0.32 ÿ1.1
1dhb Me ÿ0.33 ÿ2.72 0.22 0.69 10.77 0.16 ÿ0.39 ÿ0.10 ÿ0.39 ÿ6.2
1ehc MeO ÿ1.39 ÿ7.48 2.43 ÿ14.72 30.83 0.20 ÿ0.85 ÿ0.19 ÿ0.79 ÿ10.7
1hhd H 188.91 138.80 129.83 129.07 132.93 144.29 135.52 128.62 134.88 515.8
1hae NO2 ÿ0.86 ÿ2.01 0.16 0.46 1.27 3.88 ÿ2.67 ÿ0.03 22.20 20.9
1hb Br ÿ1.23 ÿ0.80 ÿ0.12 0.14 0.25 1.44 0.15 3.18 ÿ11.19 2.6
1hc Cl ÿ1.08 ÿ0.87 ÿ0.16 0.12 0.20 ÿ1.40 ÿ0.44 ÿ0.48 5.85 ÿ1.1
1hdf Me ÿ0.34 0.07 ÿ0.19 ÿ0.12 ÿ0.34 ÿ2.25 0.42 ÿ1.23 16.19 ÿ9.4
1heg MeO ÿ0.54 ÿ0.10 ÿ0.36 ÿ0.09 ÿ0.63 ÿ13.61 1.12 ÿ21.76 40.85 ÿ22.4


a NO2 576.0 ppm.
b CH3 22.29 ppm.
c CH3O 56.14 ppm; CH3O 62.4 ppm.
d 13C and17O chemical shifts (ppm) for the parent system1hh [relative to CDCl3 (77.00 ppm with respect to TMS) or the external 1,4-dioxane
(0.0 ppm), respectively].
e NO2 574.2 ppm.
f CH3 16.08 ppm.
g CH3O 61.13 ppm; CH3O 60.8 ppm.


Copyright  1999 John Wiley & Sons, Ltd. J. Phys. Org. Chem.12, 408–415 (1999)


SUBSTITUENT EFFECTS ON13C AND 17O CHEMICAL SHIFTS OF PHENYLTHIOPHENYLMETHANONES 411







group more efficiently than the phenyl ring,8 the
deshielding effect on C-3', C-4' and C-5' is more
pronounced than on C-2, C-3 and C-4 on going from1
to 1H�. Furthermore, for both rings the deshielding is, as
expected, greater for the carbon atoms (C-2, C-4 and
C-3', C-5') conjugated with the protonated carbonyl
group than for the unconjugated ones (C-3 and C-4').


A correlation of the SCS values for1H� with those for
1 (see Table 4, lines 1–13) allows us to analyze the
influence of the carbonyl protonation on the transmission
of substituent effects. For compounds bearing the
substituent on the phenyl ring (1ah–eh,hh) bad correla-
tions resulted (data not reported;r < 0.9) for C-2 and
C-2', whereas for the other endocyclic carbon atoms (C-1,
C-3, C-4, C-3', C-4' and C-5') good correlations
(r � 0.98) were obtained. It is interesting to observe that
slope values slightly smaller than unity for phenyl carbon
atoms (C-1, C-3 and C-4:b = 0.86–0.95) and signifi-
cantly higher than unity for thiophen-2'-yl carbon atoms
(C-3', C-4' and C-5': b = 3.0–4.6) were calculated,


indicating that protonation appreciably alters (i.e.
enhances) the transmission of the substituent effects only
through the unsubstituted thiophen-2'-yl ring. Analogous
indications derive from the analysis of compounds
bearing the substituent on the thiophen-2'-yl ring (1ha–
he,hh): a bad correlation (data not reported;r < 0.9)
relative to C-2' was again obtained, whereas for the other
endocyclic carbon atoms good (C-1, C-2, C-4, C-3' and
C-4': r > 0.96) or acceptable (C-3 and C-5': r � 0.92)
correlations were obtained. Slope values slightly smaller
(C-4' and C-5': b = 0.65 and 0.83) or higher (C-3':
b = 1.5) than unity were calculated for endocyclic carbon
atoms of the thiophen-2'-yl ring (the substituted ring). In
contrast, very high slope values were observed for
endocyclic carbon atoms (C-2, C-3 and C-4:b = 2.4–
6.9) of the phenyl ring (the unsubstituted ring) whereas
for C-1 a value lower than unity was obtained (b = 0.52).


The SCS values of1H�ha–he,hhwere compared with
those of2H�: excellent correlations (see Table 4, lines
15–16;r > 0.99) for C-4' and C-5' and bad correlations


Table 3. Statistical results (Hammett equations and cross-correlations) for the 13C and 17O SCS values of 1a


Line Probe atom Series
Probe atom


(or s)b Series
r� sr


(or b� sb) i � si n r
C.L.>
(%)


1 C(C=O) 1c C(C=O) 1d 1.35� 0.14 0.23� 0.14 11 0.950 99.9
2 C-1 1c C-1 1d 1.03� 0.01 0.08� 0.04 11 0.999 99.9
3 C-2 1c C-2 1d 1.06� 0.03 0.10� 0.03 11 0.997 99.9
4 C-3 1c C-3 1d 1.00� 0.01 ÿ0.01� 0.02 11 0.999 99.9
5 C-4 1c C-4 1d 1.01� 0.01 ÿ0.07� 0.11 11 0.999 99.9
6 C-2' 1c C-2' 1d 1.03� 0.01 0.14� 0.06 11 0.999 99.9
7 C-3' 1c C-3' 1d 1.03� 0.08 0.19� 0.07 11 0.973 99.9
8 C-4' 1c C-4' 1d 1.01� 0.01 0.13� 0.06 11 0.999 99.9
9 C-5' 1c C-5' 1d 1.01� 0.01 ÿ0.17� 0.11 11 0.999 99.9


10 C-2' 1ah–eh,hhc sp ÿ0.66� 0.15 ÿ0.03� 0.06 6 0.906 99.0
11 C-3' 1ah–eh,hhc sp 1.23� 0.19 ÿ0.22� 0.07 6 0.957 99.0
12 C-4' 1ah–eh,hhc sp 0.50� 0.02 ÿ0.01� 0.01 6 0.995 99.9
13 C-5' 1ah–eh,hhc sp 1.70� 0.15 ÿ0.13� 0.06 6 0.984 99.9
14 C-1 1ha–he,hhc sp ÿ1.78� 0.29 ÿ0.33� 0.11 6 0.951 99.0
15 C-2 1ha–he,hhc sp 0.49� 0.09 ÿ0.09� 0.03 6 0.933 99.0
16 C-3 1ha–eh,hhc sp 0.36� 0.04 0.06� 0.02 6 0.972 99.9
17 C-4 1ha–he,hhc sp 1.34� 0.06 ÿ0.04� 0.02 6 0.996 99.9
18 C-1 1ah–eh,hhc sp� 7.41� 0.91 ÿ1.37� 0.44 6 0.971 99.9
19 C-3' 1ha–he,hhc sp ÿ3.53� 0.50 0.59� 0.19 6 0.962 99.9
20 C(C=O) 1ah–eh,hhd C(C=O) 3d 1.09� 0.07 0.02� 0.08 6 0.992 99.9
21 C-1 1ah–eh,hhd C-1 3d 1.07� 0.02 ÿ0.06� 0.06 6 0.999 99.9
22 C-2 1ah–eh,hhd C-2 3d 1.08� 0.11 0.14� 0.13 6 0.980 99.9
23 C-4 1ah–eh,hhd C-4 3d 1.02� 0.01 ÿ0.13� 0.05 6 0.999 99.9
24 C-2' 1ha–he,hhd C-2 2c 0.94� 0.03 0.05� 0.17 6 0.998 99.9
25 C-3' 1ha–he,hhd C-3 2c 0.97� 0.15 0.43� 0.19 6 0.957 99.0
26 C-4' 1ha–he,hhd C-4 2c 0.99� 0.01 0.13� 0.09 6 0.999 99.9
27 C-5' 1ha–he,hhd C-5 2c 1.02� 0.02 0.57� 0.35 6 0.999 99.9
28 O(C=O) 1ah–eh,hhd sp� 15.76� 2.80 0.37� 1.10 6 0.961 99.9
29 O(C=O) 1ha–he,hhd sp� 26.92� 1.30 ÿ1.47� 0.62 6 0.995 99.9


a r, Susceptibility constant;b, slope of the cross-correlation;i, intercept of the regression line;sr, sb and si, standard deviations ofr, b and i,
respectively;n, number of data points;r, correlation coefficient; C.L., confidence level.
b Substituent constants from Ref. 26;sp, NO2 (�0.81), Br (�0.22), Cl (�0.22), H (0), Me (ÿ0.14), MeO (ÿ0.28);sp�, NO2 (�0.81); Br (�0.15), Cl
(�0.11), H (0), Me (ÿ0.31), MeO (ÿ0.78).
c Solvent: CD3OD.
d Solvent: CDCl3.
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(data not reported;r < 0.9) for C-3' and C-2' were
observed. The slope value (b = 0.43) calculated for the
latter correlation is the result of the fact that the shielding
effect on C-2' in 2H� (ca 15 ppm) is reduced in1H�ha–
he,hh (ca 6 ppm) as a consequence of the already
mentioned possibility, for1 and/or1H�, of transmitting
any electronic demand of the carbonyl group on to two
aromatic moieties; in other words, the result should
reflect the relative abilities of a phenyl and a methyl
group to delocalize an adjacent positive charge. Con-
firmation is provided by the shielding effect measured
upon protonation, on the methyl carbon in2 (ca3.5 ppm)
and on C-1 in1hh (ca 10 ppm).


As far as the carbonyl carbon is concerned, structure
AH� accounts for the deshielding observed in1H� with
respect to 1 for compounds with strong electron-
withdrawing substituents (X or Z = NO2). In contrast,
for compounds with strong electron-donating substituents
(X or Z = MeO) an increased relevance of structures
CH� (or DH�) determines an increase in electron density
(and then a shielding) on the carbonyl carbon of
1H�eh,hewith respect to1eh,he.


The SCS data for the carbonyl carbon of1H�ah–eh,hh
(see Table 1) did not show a simple dependence on
substituent effects, as indicated by the poor results (data
not reported;r < 0.4) obtained by using both single-
parameter and DSP equations. In contrast, the corre-
sponding data for1H�ha–he,hhgave a good result using
a single-parameter equation and an excellent result using


the DSP equation (Table 4, lines 17 and 18). It is
interesting that the value calculated for the ratio of
resonance to inductive effect (� = rR


�/rI) is practically
identical (ca 2) with that observed for the carbonyl
carbon of protonated215 and 3.10,,17 Both the suscept-
ibility constants (rR


� and rI) calculated for1H�ha–
he,hhproved very similar to those for3H� and about half
of those for2H�. This is in a way surprising since a
behavior of1H�ha–he,hhmore similar to2H� than to
3H� with regard to the transmission of substituent effects
on to the carbonyl carbon could have been expected.
Probably conjugation of the phenyl ring with the
carbonyl carbon atom in1H�ha–he,hh, although not
extensive, is able to modify appreciably the transmission
of substituent effects from the thiophen-2'-yl ring to the
same carbon. On the other hand, the resemblance in
behavior between1H�ha–he,hh and 3H� should be
considered fortuitous; in fact, for the former compounds
the two aromatic rings cause a kind of saturation effect on
the carbonyl carbon atom [as the small variation
(<2 ppm) in chemical shift on going from1hh
(189.98 ppm) to1H�hh (191.84 ppm) shows], whereas
for compounds3H� the size of the above-mentioned
susceptibility constants arises from the lower ability of
the phenyl ring to conjugate as compared with the
thiophen-2'-yl ring.


The 17O chemical shift value of1hh (515.8 ppm)
compared with those of acetophenone (542.5 ppm24) and
2-acetylthiophene (518.6 ppm8a) shows that the replace-


Table 4. Statistical dataa for the cross-correlations, for the single-parameter and DSP analysis of 13C SCS values of 1H� in D2SO4


Line
Probe
atom Series


Probe atom
(or s)b Series r� sr (or b� sb) i � si n r


C.L.>
(%)


1 C-1 1H�ah–eh,hh C-1 1ah–eh,hhc 0.94� 0.04 ÿ0.02� 0.16 6 0.996 99.9
2 C-3 1H�ah–eh,hh C-3 1ah–eh,hhc 0.95� 0.02 0.05� 0.16 6 0.999 99.9
3 C-4 1H�ah–eh,hh C-4 1ah–eh,hhc 0.86� 0.09 1.36� 1.44 6 0.978 99.9
4 C-3' 1H�ah–eh,hh C-3' 1ah–eh,hhc 2.98� 0.18 ÿ0.32� 0.08 6 0.993 99.9
5 C-4' 1H�ah–eh,hh C-4' 1ah–eh,hhc 3.75� 0.25 ÿ0.15� 0.05 6 0.991 99.9
6 C-5' 1H�ah–eh,hh C-5' 1ah–eh,hhc 4.59� 0.26 ÿ0.48� 0.16 6 0.993 99.9
7 C-1 1H�ha–he,hh C-1 1ha–he,hhc 0.52� 0.07 ÿ0.03� 0.06 6 0.965 99.9
8 C-2 1H�ha–he,hh C-2 1ha–he,hhc 6.93� 0.52 ÿ0.19� 0.10 6 0.989 99.9
9 C-3 1H�ha–he,hh C-3 1ha–he,hhc 2.42� 0.49 ÿ0.21� 0.08 6 0.927 99.0


10 C-4 1H�ha–he,hh C-4 1ha–he,hhc 4.07� 0.42 ÿ0.71� 0.21 6 0.979 99.9
11 C-3' 1H�ha–he,hh C-3' 1ha–he,hhc 1.49� 0.20 0.35� 0.26 6 0.964 99.9
12 C-4' 1H�ha–he,hh C-4' 1ha–he,hhc 0.65� 0.09 0.03� 0.83 6 0.962 99.9
13 C-5' 1H�ha–he,hh C-5' 1ha–he,hhc 0.83� 0.18 1.63� 3.80 6 0.916 99.0
14 C(C=O) 1H�ha–he,hh C(C=O) 2H�d 0.67� 0.01 ÿ0.41� 0.12 6 0.999 99.9
15 C-4' 1H�ha–he,hh C-4 2H�d 0.89� 0.02 0.05� 0.16 6 0.999 99.9
16 C-5' 1H�ha–he,hh C-5 2H�d 1.17� 0.07 ÿ1.04� 1.16 6 0.993 99.9
17 C(C=O) 1H�ha–he,hh sp� 9.99� 1.44 ÿ2.25� 0.69 6 0.961 99.9


rI 5.97� 1.17
18 C(C=O) 1H�ha–he,hh sI,sR� rR


� 12.45� 0.79 ÿ0.36� 0.53 6 0.995 99.9


a As in Table 3.
b Substituent constants from Ref. 26;sI, sR


�, NO2 (�0.67, 0.00), Br (�0.47,ÿ0.44), Cl (�0.47,ÿ0.48), H (0, 0), Me (ÿ0.01,ÿ0.30), MeO (�0.30,
ÿ1.15).
c Solvent: CD3OD.
d Solvent: D2SO4.
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ment of a methyl group for a thiophen-2'-yl ring (i.e.3 vs
1) significantly alters the conjugative interactions be-
tween carbonyl and aromatic rings; in contrast, substitu-
tion of a methyl group for a phenyl ring (i.e.2 vs1) causes
only a meagre electron density variation on the oxygen
atom. This confirms that the thiophen-2'-yl ring is
appreciably more ‘conjugative’ than the phenyl ring.


The 17O SCS data for compounds1 restate that the
oxygen atom, because of its sensitivity to variations in
electron density25 is a suitable probe for a study of the
substituent effects on the carbonyl electronic distribution;
in particular, substituents inpara or para-like positions
exert ‘normal’ effects, as expected on the grounds of the
electronic (mesomeric and inductive) properties of the
C=O double bond. At variance with the13C SCS values
for the carbonyl carbon atom, the17O SCS were
satisfactorily correlated (see Table 3, lines 28 and 29)
by means of a single-parameter equation, by using thes�


scale of substituent constants.26 The different behavior
shown by the two SCS data series (17O and 13C) is
consistent with the resonance structuresB–D, high-
lighting the non-conjugative nature of the carbonyl
carbon atom and, in contrast, a conjugation of the oxygen
atom with the aromatic rings which is fairly strong, as
judged by the large resonance susceptibility constants.
Needless to say, very bad results are obtained by17O
versus 13C cross-correlations for both the1ah–eh,hh
and 1ha–he,hhseries, as an evident proof that the two
series of SCSs do not imply a common interaction
mechanism23: i.e. for 1, the electron excitation energy
term in the Karplus–Pople equation27 does not obey the
Hammett equation. Nevertheless, the satisfactory corre-
lations obtained for17O SCS values seem to indicate that
the electron excitation term plays a more important role
in determining the entity of13C than that of17O chemical
shifts.


Moreover, interesting information can be obtained
from the comparison between the susceptibility constants
of the SCSversuss� plots for 2 and3 (r�2/r


�
3 = 1.7)


and between those for1ha–he,hh and 1ah–eh,hh
(r�Z/r�X = 1.7); these ratios confirm the higher ability
of the thiophen-2'-yl ring to transmit substituent effects in
comparison with the phenyl ring and furthermore indicate
that the relative abilities are not significantly influenced
by the nature [intermolecular (2 vs 3) or intramolecular
(1ha–he,hhvs 1ah–eh,hh)] of the competition. In this
regard, it should be recalled that protonation equilibria
for the same series of compounds had furnished ratio
values showing a somewhat different balance:r�Z/r�X


(2.2) >r�2/r
�


3 (1.7).7 This difference can surely be
related to the fact that17O NMR data measure the
intrinsic basicity of the oxygen atom, whereas protona-
tion constants measure differences in energy levels
between the base and its conjugated acid. Hence, in the
latter case at least two factors should be accounted for,
viz. the variation of solvation effects on going from the
base to its conjugated acid and the levelling effect exerted


by the thiophen-2'-yl group on the transmission of
substituent effects through the phenyl ring which cause
a lowering ofr�X with respect tor�3.


CONCLUSIONS


The occurrence of excellent cross-correlations between
13C SCS data collected in chloroform and methanol
seems to indicate that solvation of a carbonyl group does
not determine a significant variation of the conformation
of 1. In addition, the excellent cross-correlations between
17O SCS data for1ah–eh,hh and the corresponding
acetophenones3 seem to indicate that the shielding effect
observed in the17O chemical shifts on going from
acetophenone to1hh should be ascribed to the different
electronic effect of the thiophen-2-yl ring with respect to
the methyl group rather than to a variation in torsion
angle between the phenyl ring and the carbonyl moiety.
In contrast, the bad cross-correlations between13C SCS
data for1ha–he,hhand the corresponding 2-acetylthio-
phenes2 seem to indicate that the absence of significant
variations in 17O chemical shift on going from 2-
acetylthiophene to1hh should be ascribed to an increase
in torsion angle between the thiophen-2'-yl system and
the carbonyl moiety. In fact, such a variation in torsion
angle should cause28 a deshielding of the carbonyl
oxygen, which in this case is counter-balanced by the
shielding effect due to replacement of the methyl group
for the phenyl ring. Although the carbonyl oxygen17O
NMR chemical shifts are more suitable than the carbonyl
carbon13C shifts in order to quantify the transmission of
the substituent electronic effects on to the probe group in
phenylthiophen-2'-ylmethanone derivatives, the whole of
the results obtained testify to the utility of multiple probe
atom NMR studies. The data collected confirm that the
carbonyl group (COR, COAr), unlike other COY groups
(COOR; CONH2), is capable of through conjugation
with a directly bonded aromatic or heteroaromatic
ring, the extent of conjugation being related to the
particular nature of the aromatic/heteroaromatic sys-
tem.8a,9,10,15,17,29


EXPERIMENTAL


Materials. Compounds1 were prepared according to the
general method (Friedel–Crafts acylation) reported pre-
viously30 and the melting-points agree with those given
in the literature.


13C and 17O NMR Measurements. 13C NMR spectra
were run at 62.9 MHz on a Bruker AC-250 E pulsed
Fourier transform spectrometer. Acquisition parameters
were spectral width 16K, 64K data points, 45° pulse
angle and quadrature phase detection. Chemical shift
values were measured from fully decoupled spectra. Peak
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assignment was performed by considering the effects of
substituents on chemical shifts and occasionally by using
off-resonance decoupled or proton coupled spectra. A
concentration of 0.3–0.4 mol dmÿ3 in substrate was used
for the sample solutions. Spectra of1H� and 1 were
measured in D2SO4 (internal standard: trimethylammo-
nium ion) and in CD3OD or CDCl3 (internal standard: the
solvent used) solutions, respectively.


17O NMR spectra were recorded on a Varian VXR-300
pulsed Fourier transform spectrometer at 40.670 MHz;
all spectra were acquired at natural abundance for
anhydrous CDCl3 solutions. Chemical shifts were
referenced to external 1,4-dioxane.31 Acquisition par-
ameters were spectral width 30 kHz, 2K data points, 90°
pulse angle (35ms pulse width), quadrature phase
detection, acquisition timesTacq>5T2 and 50000–
150000 scans. Processing parameters were exponential
multiplication of the FIDs by a line-broadening (LB)
factor of 10–25 Hz and zero-filling up to 16K,32 resulting
in a digital resolution of 3.7 Hz per point after Fourier
transformation.
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ABSTRACT: The reaction kinetics and mechanism of the oxidations of leucomethylene blue (MBH) and
leucothionine (TH) by iron (III) sulfate in aqueous solution were studied spectrophotometrically by the stopped-flow
technique. MBH and TH, which were freshly prepared by photoreduction of methylene blue and thionine,
respectively, with ascorbic acid were used in the kinetic measurements. The pseudo-first-order rate constants (kobsd)
show kinetic saturation at high initial concentrations of iron (III) sulfate for MBH and TH. It was found that the
reciprocal ofkobsdincreases linearly with increase in the reciprocal of [Fe3�]0. A broad absorption band was observed
on mixing MBH and Fe3� solutions at low temperatures, and this was attributed to a charge-transfer complex between
MBH and Fe3�. The effects of Fe2� ion andL-(�)-ascorbic acid on the rates of oxidation were also investigated. A
small kinetic isotope effect on the oxidation rate for MBH was observed. The results can be explained by a general
mechanism with stepwise electron–proton–electron transfers with the formation of a complex between reactants.
Copyright  1999 John Wiley & Sons, Ltd.
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INTRODUCTION


There has been considerable interest in the reaction
mechanism of hydride transfer from various substrates to
p-acceptors.1–14 Since leucomethylene blue (MBH) and
leucothionine (TH) are very unstable and easily oxidized
by co-existing oxygen in solution, few kinetic studies on
the reactions of these compounds withp-acceptors have
been reported. Recently, we have studied the kinetics of
the reactions of TH and MBH with two-electron oxidants
by producing TH and MBH in a closed system by
photoreductions of thionine (T�) and methylene blue
(MB�) with triethylamine.15 Kinetics, isotope effects and
other evidence have proved that the reactions proceed
through stepwise electron–proton–electron (EPE) trans-
fer pathway.


Thionine and methylene blue exist as monovalent
cations in the ordinary pH region and their redox
reactions are reversible. These dyes are hardly reduced
by Fe2� ion in the dark, but the reduction of the dyes
occurs easily on irradiation with visible light. It has been
reported16–20that since the intermediates and products of
the photoreductions are re-oxidized to T� and MB� by
Fe3� ion produced during the photoreductions of the dyes
by Fe2�, certain photostationary states exist. Hatchad and
Parker19 and Schlag20 investigated the kinetics of the re-


oxidatioin of bleached thionine with Fe3� by following
the reappearance of thionine absorption after flashing. In
these system, however, the starting conditions of
oxidation were ambiguous, because the photostationary
state depends on the light intensity and the concentrations
of Fe2� and Fe3�. It seems that thereafter there has been
no report of the reaction of TH or MBH with one-electron
oxidants. A detailed kinetic study of the oxidations of TH
and MBH with Fe3� is important for elucidating the
reaction mechanisms for the photoreduction of T� and
MB� with Fe2�.


In this study, we followed the reactions of TH and
MBH with Fe3� by producing TH and MBH by means of
photoreductions of T� and MB� with ascorbic acid in a
closed system and by mixing a solution of TH (or MBH)
with a solution of Fe3�. This paper reports detailed
kinetics and mechanisms of the reactions of TH and
MBH with Fe3�.


EXPERIMENTAL


Materials. Thionine (T� Clÿ) and methylene blue (MB�


Clÿ) were purchased from Tokyo Chemical Industry and
Wako Pure Chemical Industries, respectively.L-(�)-
Ascorbic acid (AA), iron (III) sulfate [Fe2 (SO4)3�nH2O]
and iron (II) sulfate (FeSO2�7H2O) were obtained from
Wako Pure Chemicals Industries. The compounds were
used as received. Aqueous solutions were deaerated by
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bubbling 99.99% nitrogen gas for more than 30 min just
before use. The concentration of Fe3� was determined by
EDTA titration.


Kinetic measurements. MBH (or TH) solution was
prepared by irradiating MB� (or T�) and AA aqueous
solution (concentration ratio 1:15), deaerated by bubbling
with nitrogen gas, with visible light supplied by a 650 W
projector lamp in a bath whose temperature was
thermostated at the reaction temperature. On irradiation,
the solution changed from blue to colorless immediately.
This indicates that the leuco dyes (TH and MBH) were
formed. Then, the solutions of TH (or MBH) and Fe3�


were separately charged in drive syringes of a stopped-
flow apparatus (Otsuka Electronics stopped-flow spectro-
photometer, RA-401). Mixing was performed within 1
ms by means of nitrogen gas pressure. After mixing, the
change in the absorbance at 655 nm for MB� (at 599 nm
for T�) was monitored. The runs were repeated 20–30
times. All the runs were performed with excess Fe3�


concentrations. During the measurements, the solution of
MBH (or TH) was being irradiated continuously to
prevent reoxidation of the lueco dyes by oxygen
remained in the solution.


Spectroscopic measurements. Rapid-scan spectra were
taken every 40 ms after mixing the MBH (or TH) solution
with Fe3� solution at 298 K. When EPA (diethyl ether–
pentane–ethanol) solutions of MBH and Fe3� were
mixed belowÿ70°C, a colored solution was obtained
immediately. The absorption spectra of this solution were
obtained at various temperatures with a Union SM-401
spectrophotometer using a cryostat with optical windows.
An absorption spectrum different from that of MB� was


obtained atÿ63°C and the spectrum changed to that of
MB� as the temperature increased.


RESULTS


We produced TH and MBH by photoreductions of
thionine and methylene blue with AA. Figure 1 shows the
absorption spectra of MB� taken before and after the
photoreduction [(1) and (2)] and the spectrum of a
equivolume mixture of MBH and Fe3� solutions (3).


Figure 1. Absorption spectra of MB� taken (1) before and (2)
after photoreduction and (3) absorption spectrum of a
equivolume mixture of MBH and Fe3� Figure 2. Rapid-scan spectra for the formation of MB� in the


reaction of MBH with Fe3� at 25°C in aqueous solution.
Cycle time, 40 ms


Figure 3. Time dependences of absorption of MB� at
655 nm after mixing an MBH solution with Fe3� solutions.
Initial concentrations; [MBH]0 = 1.20� 10ÿ5


M; [Fe3�]0 = 0
(0); 2.31� 10ÿ3


M; (1); 2.75� 10ÿ3
M (2); 3.37� 10ÿ3


M


(3); 4.37� 10ÿ3
M (4) and 6.24� 10ÿ3


M (5)
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Figure 1 can be explained by the formation of MBH by
photoreduction and re-production of MB� by oxidation
with Fe3�. Inspection of Fig. 1 shows that more than 98%
of MB� was re-produced. Figure 2 shows the rapid scan
spectra for the formation of MB�.


Time-dependent curves of the absorption at 665 nm
after averaging the repeated runs are shown in Fig. 3. The
absorbances at 665 nm increased rapidly and reached a
constant value after mixing of the MBH solution with
Fe3� solutions of several concentrations, whereas it did
not increase when MBH solution was mixed with the
deaerated solvent. This shows that under these experi-
mental conditions, the reactions with Fe3� proceed nearly
to completion, and that the oxidation of MBH by oxygen
remaining in the solvent after deaeration and oxygen
which was dissolved on mixing and during the reaction
can be neglected.


The rates of formation of MB� in the presence of a
large excess of Fe3� obeyed pseudo-first-order kinetics.
The apparent first-order rate constants (kobsd) were
estimated for several concentrations of Fe3� at different
temperatures. The rate constant (kobsd) increases with
increasing Fe3� concentration. Saturation curves were
obtained on plotting thekobsd values against [Fe3�]0 at
each temperature ( Fig. 4). The rate constants (kobsd) for
the reaction of TH with Fe3� were also obtained in a


similar manner. Similar saturation curves between the
kobsdvalue and [Fe3�]0 were obtained.


Since we used a large excess of AA as a reducing agent
for photoreductions of MB� and T�, we examined the
influence of AA on the rate of oxidation of MBH (or TH)
with Fe3� and found thatkobsd is independent of the
concentration of AA in the concentration range used here
(Table 1).


We produced leucomethylene blue-d (MBD) by
photoreduction of MB� using D2O instead of H2O as
solvent and measured the rate of the reaction between
MBD and Fe3�.


DISCUSSION


As mentioned above, saturation curves were obtained
between thekobsdvalues and [Fe3�]0 for MBH and TH.
The dependence of thekobsd values on [Fe3�]0 can be
described by


kobsd� a�Fe3��0
1� b�Fe3��0


�1�


wherea andb are parameters discussed later. Equation
(1) can be rewritten as


1
kobsd


� b
a
� 1


a�Fe3��0
�2�


This equation is verified by plots of 1/kobsd versus 1/
[Fe3�]0, which are straight lines as shown in Fig. 5. The
linearity of 1/kobsd versus 1/[Fe3�]0 is characteristic of
1:1 complex formation between MBH (or TH) and Fe3�,
which equilibrates much more rapidly than the hydride
transfer between these species. Indeed, Fukuzumiet al.21


observed the absorption band from a charge-transfer (CT)
complex formed between 9,10-dihydro-10-methylacri-
dine (DHMA) and Fe3� and discussed the kinetics of the
formation and decay of this complex and its role in the
electron-transfer reaction from DHMA to Fe3� according
to the above equations. We expected the formation of a
CT complex in the present reaction system. At room
temperature, however, there was no indication of the
formation of a CT complex (only the spectrum for MB�


was obtained between 400 and 700 nm at 13 ms after
mixing of solutions of MBH and Fe3�). When the EPA


Figure 4. Plots of the observed rate constant (kobsd) vs Fe3�


concentration for the oxidation of MBH by Fe3� at 25.4 (*),
30.0 (**), 34.7 (&) and 39.8°C (&)


Table 1. Effect of the concentration of L-(�)-ascorbic acid on kobsd for the leucomethylene blue±iron(III) sulfate reaction at
25.4°Ca


104[AA] 0 (M) 1.44 1.69 2.05 2.53 3.01
[AA]/[MB �] 12 14 17 21 25
kobsd(sÿ1) 0.860 0.855 0.866 0.858 0.871
a [Fe3�]0 = 6.65� 10ÿ3 M, [MBH] 0 = 1.20� 10ÿ5 M.
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solutions of MBH and Fe3� were mixed at low
temperatures belowÿ63°C, a broad absorption band
with �max= 590 nm was obtained, and on increasing the
temperature the spectrum changed to that of MB� (Fig.
6). The broad band is characteristic of an intermolecular
CT complex. These findings show that a CT complex
formed between MBH and Fe3� at low temperatures
below ÿ63°C, and that the hydride transfer reaction
occurred and MB�was formed at higher temperatures. At
room temperature, the formation of the CT complex was
not detected, because of its low concentration compared
with that at low temperatures or the rapid formation of
MB� (even during the dead-time of the stopped flow
apparatus appreciable amounts of MB� were formed).


Such a complex may be productive (Scheme 1) or non-
productive (Scheme 2) and these two possibilities are
kinetically indistinguishable.


MBH � Fe3� �K CTC!k1 MBH�: � Fe2� �3�
MBH�: � H2O! MB: � H3O


� �fast� �4�
MB: � Fe3� ! MB� � Fe2� �fast� �5�


Scheme 1


CTC�K
ÿ1


MBH � Fe3� !k2 MBH�: � Fe2� �6�
MBH�: � H2O! MB: � H3O


� �fast� �7�
MB: � Fe3� ! MB� � Fe2� �fast� �8�


Scheme 2


In Scheme 1, it is assumed that there is a rapid
equilibrium between MBH, Fe3� and the CT complex


(CTC). The rate-controlling step is the slow electron
transfer from TH to Fe3� giving MBH�� and Fe2� [Eqn
3]. Subsequently, MBH�� is deprotonated by solvent
water to provide MB� radical [Eqn 4]. Further, the second
electron transfers from MB� to the other Fe3� [Eqn 5].
The overall stoichiometry can be written as


MBH � 2Fe3� ! MB� � 2Fe2� � H� �9�


According to equilibrium hypothesis, if [Fe3�]0 is in
very large excess, the pseudo-first-order rate constant
(kobsd) for the formation of MB� is given by Eqn 10


kobsd� Kk1�Fe3��0
1� K�Fe3��0


�10�


which can be rewritten as Eqn 11


1
kobsd


� 1
k1
� 1


Kk1�Fe3��0
�11�


In Scheme 2, the CTC is considered to be a
‘bystander.’ Equation 6 can be described as a rapid
equilibrium with a slow electron transfer. From Scheme
2, kobsdis given by Eqn 12


kobsd� k2�Fe3��0
1� K�Fe3��0


�12�


which can be rewritten as Eqn 13


Figure 5. (a) Plots of 1/kobsd vs 1/[Fe3�]0 for the oxidation of
MBH by Fe3� at 25.4 (*), 30.0 (**), 34.7 (&) and 39.8°C
(&)


Figure 6. Spectral change as a function of temperature for
the MBH±Fe3� system in EPA at low temperatures.
[MBH]0� 10ÿ5


M and [Fe3�]0� 10ÿ4
M
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1
kobsd


� K
k2
� 1


k2�Fe3��0
�13�


Equations 10 and 11 are kinetically indistinguishable
from Eqns 12 and 13, and Eqns 11 and 13 predict a linear
correlation between 1/kobsd and 1/[Fe3�]0. This agrees
fairly well with the results obtained (Fig. 5).


Hatchard and Parker19 studied briefly the kinetics of
the re-oxidation of bleached thionine with Fe3� by
following the reappearance of thionine absorption after
flash photolysis of thionine and iron (II) sulfate. They
observed that the apparent first-order rate constant
increased linearly with increasing Fe3� concentration
for low concentrations of Fe3� and leveled off at high
concentrations of Fe3�. They explained these findings by
two independent reaction mechanisms: (a) by direct
oxidation of leucothionine with Fe3� to give semithio-
nine, followed by oxidation of the latter, or (b) by
oxidation of the equilibrium concentration of semithio-
nine by Fe3�. Scheme 1 corresponds to mechanism (a),
but the Scheme I includes more detailed reaction steps
involving the proton-transfer step.


In both schemes, the rate-determining step is the
electron transfer from MBH to Fe3�. If this reaction is
reversible, retardation of the Fe3� oxidation of MBH by
Fe2� must be observed. Powell et al.22 studied the
kinetics of hexacyanoferrate (III) oxidations of dihydro-
pyridines (PyH2). They observed that the reactions were
inhibited by added Fe(CN)6


4ÿ. and proposed a reaction
scheme which involves a reversible electron-transfer step
between PyH2 and Fe(CN)6


3ÿ. If a similar reaction
scheme holds for the present reactions, inhibition of the
reaction by added Fe2� could be observed. As is shown in
Table 2, the kobsd values are independent of the
concentration of Fe2�. This shows that the electron-


transfer step is not reversible in the present reactions.
Okamoto et al.23 and Fukuzumi et al.24 also proposed
reaction mechanisms with irreversible electron-transfer
steps for the reaction of 1-propyl-1, 4-hydronicotinamide
with Fe(CN)6


3ÿ and the oxidation of 1-benzyl-1,4-
dihydronicotinamide by iron(III) complexes, respec-
tively.


The parametersa andb in Eqns 1 and 2 were obtained
from the slopes and intercepts of straight lines shown in
Fig. 5. Sincea = k1K (Scheme 1) ork2 (Scheme 2) and
b = K (Schemes 1 and 2), the values ofk1 or k2 andK can
be obtained from the slopes and intercepts of straight
lines at several temperatures and are listed in Table 3.


Figure 7 shows plots of 1/kobsd versus 1/[Fe3�]0 for
MBH and MBD. From the slopes and intercepts of the
straight lines, ratiosk1


H/k1
D (or (k2


HKD/k2
D K H)) = 1.9� 0.2


and K H/K D = 1.2� 0.1 were obtained. The reaction


Table 2. In¯uence of added Fe2� on kobsd for the reaction of MBH and Fe3� at constant [Fe3�]0 and 40.6°Ca


104[Fe2�]0 (M) 0 0.48 1.92 3.84 6.05
kobsd(sÿ1) 2.30 2.26 2.32 2.38 2.41
a [Fe3�]0 = 2.46� 10ÿ3 M, [MBH] 0 = 1.20� 10ÿ5 M.


Table 3. Summary of rate data for the reaction of TH and MBH with Fe3� at various temperatures in aqueous solutiona


Compound T (°C) a (l molÿ1 sÿ1) b (l molÿ1) a/b (sÿ1)


TH 19.8 945 361 2.62
24.7 1470 331 4.44
29.8 2137 275 7.77
35.1 3039 259 11.73


MBH 25.4 526 460 1.14
30.3 749 390 1.92
34.7 1105 346 3.19
39.8 1591 283 5.62


a For Scheme 1,a = k1K, b= K anda/b = k1; for Scheme 2,a = k2, b = K anda/b = k2/K.


Figure 7. Plots of 1/kobsd vs 1/[Fe3�]0 for the oxidations of
MBH (*) and MBD (*) by Fe3� at 25.4°C
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sequences in Scheme 1 or 2 predict the secondary isotope
effect on the rate. The observed value ofk1


H/k1
D is too


large to be accounted for by the normal secondary isotope
effect, and small for the rate-determining deprotonation.
Okamotoet al.23 obtained similar results for the reaction
of 1-propyl-1,4-hydronicotinamide with Fe(CN)6


3ÿ.
They pointed out that this reaction under weakly basic
conditions proceeds through a mechanism with an
electron transfer followed by a proton transfer and that
the transfer of a proton participates in the rate-determin-
ing electron-transfer step. The results obtained in this
study indicate that the reaction of MBH with Fe3�


proceeds through a similar mechanism.
Figure 8 shows the Arrhenius and the Van’t Hoff plots


of k1 (or k2/K), k1K (or k2) andK. The heat of formation of
CTC and the activation enthalpy and entropy for
electron-transfer reaction were obtained and are listed
in Table 4. These values for the reaction between TH and
Fe3� are also listed in Table 4.


It has been reported21 that the blue transient complex
formed between Fe3� and DHMA is a p-complex
between Fe3� and the acridine ring and that thisp-
complex is stabilized by a ligand-to-metal charge-
transfer interaction. The degree of charge transfer was
estimated to be close 100%, because the absorption


maximum of the complex is the same as that of the free
radical cation (C13H10NMe��). Although the only kinetic
evidence for the formation of the complex for the present
cases was obtained at room temperature, the nature of the
complex is thought to be similar to that of the complex
between DHMA and Fe3�, since thep-electron structures
of TH and MBH are similar to that of an acridine ring and
the kinetic behaviour for the reaction of TH and MBH
with Fe3� is similar to that for the reaction of DHMA
with Fe3�.


The mechanistic involvement of CT complexes in a
variety of reactions of electron donors and acceptors has
been always questioned by an alternative mechanism in
which the CT complex is merely an ‘innocent bystander’
in an otherwise dead-end equilibrium. Recently, we
observed a negative activation enthalpy for the reaction
between bis[4-(dimethylamino)phenyl]methane (MH2)
and 2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ) in
trichloroethane and pointed out that the hydride transfer
from MH2 to DDQ occurs via electron transfer in the CT
complex formed between MH2 and DDQ.25 As has been
pointed out in many cases, however, Schemes 1 and 2
could not be distinguished in the reactions of TH and
MBH with Fe3�.


CONCLUSIONS


We obtained the rate constants (kobsd) for the oxidation of
MBH and TH by Fe3� by means of a combination of the
formation of MBH and TH by photoreductions of MB�


and T� by ascorbic acid and the stopped-flow technique.
We observed thatkobsd increased with increasing Fe3�


concentration and saturation curves were obtained
betweenkobsd and [Fe3�]0. We have demonstrated that
the reaction schemes with the formation of a complex
between MBH (or TH) and Fe3� hold in the present
reactions. Scheme 1 corresponds to one of the reaction
mechanisms proposed by Hatchard and Parker19 for the
re-oxidation of bleached thioine with Fe3�. This study
could give a more quantitative relationship betweenkobsd


and [Fe3�]0. The method using a combination of the
formation of unstable species by photoreduction and the
stopped-flow technique proved to be useful for kinetic
studies of rapid reactions of unstable species.


Figure 8. Arrhenius and Van't Hoff plots of Kk1 (or k2), k1 (or
k2/K) and K for the reaction of MBH with Fe3�


Table 4. Summary of activation parameters for the reactions of TH and MBH with Fe3� in aqueous solution


Compound Ea (kJmolÿ1) DH≠ (kJ molÿ1) DS≠ (J Kÿ1 molÿ1) DH° (kJ molÿ1) DS° (J Kÿ1 molÿ1)


TH Kk1(k2) 56.9� 2.2 54.4� 2.2 ÿ1.8� 0.05
K ÿ17.3� 2.5 ÿ10.2� 1.4


k1(k2/K) 74.2� 3.3 71.7� 3.3 8.4� 0.4
MBH Kk1(k2) 59.8� 0.9 57.3� 0.9 ÿ0.9� 0.01


K ÿ25.4� 3.8 ÿ34.3� 2.1
k1(k2/K) 85.2� 0.9 82.7� 0.9 33.4� 0.3
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ABSTRACT: The absolute proton affinity (PA) of aromatic carbons of monosubstituted naphthalenes with CH3, OH,
CHO, NO2 and Cl substituents was calculated at the MP2(fc)/6–31G**//HF/6–31G*� ZPVE(HF/6–31G*) level of
theory. Increments corresponding to unsubstituted positions within the naphthalene skeleton were estimated. They
can be used in estimatingPAs of polysubstituted naphthalenes by using a simple additivity rule based on the
independent substituent approximation (ISA). It is shown that increments are good indicators of the electrophilic
substitution reactivity. The proton affinities of a large number of polysubstituted methylnaphthalenes was examined
employing the additivity equation. It was found that the protonated forms, which exhibit the largestPAs, correspond
to arenium ions observed by NMR spectroscopy in superacid media. Copyright 1999 John Wiley & Sons, Ltd.


KEYWORDS: proton affinity; substituted naphthalenes


INTRODUCTION


The absolute proton affinity (PA) is one of the most
fundamental thermodynamic properties of bases. It is
intimately related to the intrinsic (gas-phase) basicity,
providing valuable hints about the electrophilic reactivity
at the same time. Hence, gathering of information onPAs
is an important but not always easy task. Both experiment
and theory face some limitations in providing accurate
PAs of large(r) molecules. The measured values are
commonly obtained either by the bracketing (equili-
brium) procedure1 or from the metastable proton
complexes (kinetic procedure) of two related bases.2,3


In many cases thePAs estimated by these two approaches
differ significantly beyond the error margin.4 Moreover,
experimental measurements offer the relative proton
affinity (RPA), as a rule being related to the most reactive
site only. On the other hand, theory is capable of
providing very accuratePAs by the G2 method, but only
for small(er) molecules.5,6 Unfortunately, G2 and related
methods cannot be applied to large molecules of
chemical interest. However, there are simpler theoretical
models, which represent a good compromise between
accuracy and reliability on one side and feasibility on the
other, thus extending the range of applications of the


theory in leading to reliablePAs. One way is given by the
use of the DFT formalism with large basis sets.7,8 An
alternative pathway is based on the HF/6–31G* optimi-
zation of structures followed by the single-point MP2
calculation, as will be discussed later.9,10 Our relatively
simple theoretical model gave results in excellent
accordance with the best available experimental data
for the first-row atoms. Furthermore, we have been able
to show thatPAs in heavily substituted benzenes follow a
transparent rule rooted in the independent substituent
approximation (ISA).11 Preliminary results obtained for
some disubstituted naphthalenes strongly indicate that a
similar additivity rule holds in these aromatic systems
too.12,13The purpose of the present work was twofold: (1)
to providePA increments for monosubstituted naphtha-
lenes involving some of the most important functional
groups in organic chemistry, which in turn will describe
the variation in the proton affinity as a function of the
position within the naphthalene perimeter, and (2) to
illustrate the use of the ISA model in estimating thePAs
of polysubstituted naphthalenes. The closely related
electrophilic reactivity of these compounds will also be
briefly discussed.


BASIC DEFINITIONS AND COMPUTATIONAL
DETAILS


Proton affinities are calculated employing the equation


PA�B�� � ��Eel�� ÿ ��ZPVE�� �1�
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where(DEel)a = [E(B)ÿ E(BHa
�)] and (DZPVE)a =


[ZPVE(B)ÿ ZPVE(BHa
�)] are the electronic and the


zero-pointvibrationalenergycontributionsto theproton
affinity, respectively.In our caseB representsnaphtha-
lene and BHa


� is its conjugate acid produced by
protonationat position a. We haveshownthat the PA
can be obtainedfrom the additivity equationwithout a
significantlossin accuracy:


PA�subst.naphth.�� � PA�naphth.�� � �xI
��X��� �2�


wheremdenotesthe positionof the substituentand� the
protonation site. Summation is extended over all
substituentsX within a molecule,whereasincrements
I�(Xm)� reflecta changein thePA at position�, relative
to the free naphthalenevalue, due to a substituent
attachedto thecarbonatomCm. For example:


wherechlorineis placedat thea-position1.
Themodelof choicein our investigationsof thePAsin


aromatics is denoted by MP2(fc)/6–31G**//HF/6–
31G*� ZPVE(HF/6–31G*). It implies optimization of
all independentstructuralparametersat the HF/6–31G*
level.Minima onthepotentialenergysurfaceareverified
by the vibrationalanalyses.The correspondingfrequen-
cies are usedin estimatesof the zero-pointvibrational
energiesapplyinga commonweightingfactor of 0.89.14


Finally, a single-pointMP2(fc) calculationis carriedout
employing the 6–31G** basis set. This model in a
shorthandnotationwill be denotedasMP2. Finally, the
Gaussian94 program15 wasutilized throughoutthis work.


RESULTS AND DISCUSSION


Total molecularand zero-pointvibrational energiesof
studiedbasesdenotedna andnb (n = 1–5)anddepictedin
Fig. 1, are summarizedin Table 1. The corresponding
valuespertainingto theirprotonatedformsarealsogiven.
A striking featureof the datapresentedis given by the
fact that ZPVE contributionsto the PA valuesdenoted
DZPVEs are fairly constant. They cluster around
6.5kcalmolÿ1 with an averageabsolutedeviation of
only 0.2kcalmolÿ1. (1 kcal= 4.184kJ). It should be
mentioned that singular deviations never exceed
0.8kcalmolÿ1. Employing the energiespresentedin
Table1 andtheprotonaffinitiesof theparentnaphthalene
(194.8 and 190.5kcalmolÿ1 for a and b sites, respec-
tively13) onecandeduceincrementsI�(Xm)� for a large


selectionof widely different substituentsencompassing
CH3, OH,CHO,CN,NO2, F andCl. Theyarecollectedin
Table2. In thisconnectionit shouldbementionedthatwe
did not consideripsoprotonation,becausethis requiresa
separatetreatment.16 The reasonbehind the different
behavior of the ipso-protonatedforms is given by a
changein the modeof interactionbetweenthe aromatic
fragment and the out of the molecular plane shifted
substituent(group). A good exampleis provided by F
atomin fluorobenzene,whereipsoprotonationproduces
puckeringof the benzenering, which in turn cannotbe
neglected.16 However, the methyl group representsa
notable exception as evidenced by the ipso-proton
affinity of toluene.It is only by ÿ0.9kcalmolÿ1 lower
thanthePA valueof freebenzene.17 Indeed,calculations
haverevealedthat the out-of-planeshift of the methyl
group in toluene leads to a negligible ring puckering
dihedral angle (0.8°), which is compatible with the
‘inertness’ of the CH3 group. Consequently,the ipso
protonationof aC atombondedto amethylgroupcanbe
treatedasany otherpositionwithin the aromaticmoiety
to a goodapproximation.It appearsthat incrementsfor
the ipso-protonateda-methyl-andb-methyl-naphthalene
areÿ0.8 andÿ1.2kcalmolÿ1, respectively,thus being
comparable to the I�(CH3)ipso in toluene of
ÿ0.9kcalmolÿ1. Theseincrementswill be usedlater in
considering the protonation of highly methylated
naphthalenes.


A surveyof theincrementsdisclosesapicturewhich is
in harmonywith chemicalexperiencegainedin studiesof
the electrophilic reactivity of aromaticsin generaland
benzenein particular.18 This is not unexpectedbecause
theprotonaffinity is agoodindicatorof thesusceptibility
towardselectrophilicsubstitution.For instance,we have
conclusivelyshownthatthePAvaluesreproducewell the
selectivityin theelectrophilicreactionsof benzenefused
to small strained rings (Mills–Nixon effect), in good
accordancewith numerousexperimentalfindings.19–21


We shall show in the forthcoming discussionthat the
proton affinity is closely related to the orientational
properties of various substituents, attached to the


Figure 1. Schematic representation of a- and b-substituted
naphthalenes
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naphthalenemoiety, in controlling the electrophilic
attack. More specifically, higher PA values indicate
higher yields of products in kinetically controlled
reactions.


We commencediscussionwith themethylsubstituent.
It is usefulto give PA incrementsof toluenefor thesake
of comparison;they are 6.3, 3.0 and7.4kcalmolÿ1 for
ortho, meta and para protonation,respectively,11 and
representaclosesimilarity with thecorrespondingvalues
in a-methylnaphthaleneand for the C(1) and C(3)
positions in b-methylnaphthalene(Table 2). It is well
known that basicity of methylbenzenesincreaseswith
increasingnumberof CH3 groups.22 This wasconfirmed
by a very goodlinear relationship11 betweenthe proton


affinity of thefamily of methylatedbenzenes,obtainedby
theadditivity rule,andthemeasuredrelativebasicitiesof
Brown and Brady.23 Higher basicity implies enhanced
electrophilic reactivity. It is found, for instance,that
toluene is 104 times more reactive in the chlorination
reactionthan benzeneunder the sameconditions.24 By
thesametokenonewould expectincreasedbasicityand
consequentlyamplifiedelectrophilicreactivity of a- and
b-methylnaphthalenes. According to the calculated
increments,positions2 and 4 shouldbe more reactive
in a-methylnaphthalenethan other carbonatomsof the
ring. Similarly, position 1 should be by far the most
reactivesite in b-methylnaphthalene. This is indeedthe
case.Alcorn andWells25 foundthatnitrationtakesplace


Table 1. Total molecular energies E (a.u.) at the HF and MP2 levels of theory and zero-point
vibrational energies [ZPVE (kcal molÿ1)] of molecules na and nb (n = 1±5) and their ring-protonated
species


Molecule E(HF) ZPVE E(MP2) Molecule E(HF) ZPVE E(MP2)


1a ÿ422.39084 105.0 ÿ423.86288 1b ÿ422.39284 104.8 ÿ423.86334
1a1 ÿ422.72527 112.0 ÿ424.18321 1b1 ÿ422.73778 111.3 ÿ424.19354
1a2 ÿ422.72854 111.3 ÿ424.18481 1b2 ÿ422.72067 111.8 ÿ424.17622
1a3 ÿ422.72259 111.5 ÿ424.17987 1b3 ÿ422.72810 111.3 ÿ424.18299
1a4 ÿ422.73542 111.4 ÿ424.19165 1b4 ÿ422.72999 111.3 ÿ424.18765
1a5 ÿ422.72906 111.6 ÿ424.18599 1b5 ÿ422.73000 111.3 ÿ424.18770
1a6 ÿ422.72113 111.4 ÿ424.17981 1b6 ÿ422.72987 111.2 ÿ424.18371
1a7 ÿ422.72450 111.4 ÿ424.18006 1b7 ÿ422.72448 111.2 ÿ424.18120
1a8 ÿ422.72850 111.4 ÿ424.18783 1b8 ÿ422.73376 111.2 ÿ424.18938
2a ÿ458.21027 91.0 ÿ459.71262 2b ÿ458.20950 90.8 ÿ459.71107
2a2 ÿ458.56086 98.2 ÿ460.04972 2b1 ÿ458.56709 98.1 ÿ460.05338
2a3 ÿ458.53745 97.5 ÿ460.02774 2b3 ÿ458.54935 97.7 ÿ460.03607
2a4 ÿ458.56944 98.3 ÿ460.05725 2b4 ÿ458.53864 97.3 ÿ460.03092
2a5 ÿ458.55374 98.2 ÿ460.03435 2b5 ÿ458.54150 97.2 ÿ460.03435
2a6 ÿ458.53431 97.1 ÿ460.02866 2b6 ÿ458.55510 97.9 ÿ460.03927
2a7 ÿ458.55005 97.7 ÿ460.03458 2b7 ÿ458.53580 97.8 ÿ460.02779
2a8 ÿ458.54519 97.4 ÿ460.03794 2b8 ÿ458.55645 97.8 ÿ460.04272
3a ÿ496.08212 94.4 ÿ497.70068 3b ÿ496.08631 94.2 ÿ497.70274
3a2 ÿ496.39264 100.4 ÿ497.99910 3b1 ÿ496.40368 100.5 ÿ498.00985
3a3 ÿ496.39719 100.5 ÿ497.99955 3b3 ÿ496.40582 100.6 ÿ498.00862
3a4 ÿ496.39672 100.5 ÿ498.00476 3b4 ÿ496.40823 100.5 ÿ498.00991
3a5 ÿ496.40017 100.5 ÿ498.00704 3b5 ÿ496.41081 100.6 ÿ498.01231
3a6 ÿ496.39881 100.6 ÿ498.00000 3b6 ÿ496.40061 100.4 ÿ498.00527
3a7 ÿ496.39381 100.4 ÿ497.99976 3b7 ÿ496.40498 100.5 ÿ498.00507
3a8 ÿ496.40542 100.7 ÿ498.00843 3b8 ÿ496.40764 100.5 ÿ498.01258
4a ÿ586.81895 90.6 ÿ588.66587 4b ÿ586.82741 90.5 ÿ588.67090
4a2 ÿ587.11681 96.7 ÿ588.95740 4b1 ÿ587.13115 96.9 ÿ588.96835
4a3 ÿ587.12640 96.9 ÿ588.95999 4b3 ÿ587.13257 96.9 ÿ588.96592
4a4 ÿ587.12124 96.5 ÿ588.96470 4b4 ÿ587.13784 96.8 ÿ588.96762
4a5 ÿ587.13340 96.8 ÿ588.96921 4b5 ÿ587.14155 96.8 ÿ588.97132
4a6 ÿ587.12654 96.7 ÿ588.95894 4b6 ÿ587.12686 96.5 ÿ588.90395
4a7 ÿ587.12573 96.7 ÿ588.96121 4b7 ÿ587.13418 96.7 ÿ588.96298
4a8 ÿ587.13924 96.9 ÿ588.97154 4b8 ÿ587.13702 96.7 ÿ588.97270
5a ÿ842.25294 82.8 ÿ843.70034 5b ÿ842.25512 82.7 ÿ843.70064
5a2 ÿ842.57655 89.3 ÿ844.01389 5b1 ÿ842.58498 89.3 ÿ844.02108
5a3 ÿ842.57207 89.2 ÿ844.00549 5b3 ÿ842.57711 89.2 ÿ844.00990
5a4 ÿ842.58271 89.3 ÿ844.02104 5b4 ÿ842.57703 89.1 ÿ844.00985
5a5 ÿ842.58039 89.2 ÿ844.01479 5b5 ÿ842.58026 89.1 ÿ844.01328
5a6 ÿ842.57132 89.4 ÿ844.00556 5b6 ÿ842.57828 89.1 ÿ844.01173
5a7 ÿ842.57455 89.1 ÿ844.00829 5b7 ÿ842.57342 90.0 ÿ844.00580
5a8 ÿ842.58146 89.2 ÿ844.01604 5b8 ÿ842.58365 89.2 ÿ844.01759
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predominantlyat position 4 in the former compound
followed by NO2 substitutionsat positions 2 and 8
dependingon the methodapplied.In b-methylnaphtha-
lene position 1 is by far the most favorable.25 Further,
brominationof a-methylnaphthaleneyields70%of the4-
bromo derivative.26 Analogously, bromination of b-
methylnaphthalenegivesthe1-bromoderivativeasfound
by AdamsandBinder.27


The hydroxy group is another substituent which
activatesvirtually all carbon atoms belonging to the
naphthaleneperimeter with two notable exceptions:
positions 5 and 4 in a-and b-methylnaphthalenes,
respectively.Deactivationof thesecarbonsrelative to
the parent naphthaleneis almost negligible. More
importantly, the variation in incrementsrelated to the
OH groupis muchmorepronouncedthanfor theprevious
CH3 substituent.This leads to a stronger directional
effect. Early work showedthat 2-naphtholupon chlor-
ination yields 1-chloro-2-naphthol.28 More recentquan-
titative measurementsof the distribution of isomers
obtained by nitration are related to methoxynaphtha-
lenes.29 Theseresultsare expectedto hold for hydro-
xynaphthalenesalso, in view of the same mode of
interaction between OH and OCH3 groups with the
aromaticfragment.Theunderlyingmechanismis thatof
lone pair back-bondingof the oxygen atom, which
donatessomeelectrondensity to the p-aromaticmani-
fold. Thiseffect is strongerfor theOCH3 groupowing to
the additionalreservoirof electrondensityprovidedby
the methyl group, but essentialsof the interactionare
qualitatively and persistentlythe same.Gas chromato-
graphicanalyseshaveshownthat the 4-nitro-a-methox-
ynaphthalenederivativeappearedin amountsbetween75
and90%. For b-methoxynaphthalenethe 1-NO2 isomer
wasproducedin 70%yield, whereastheremaining30%


of products was distributed over 6-NO2 and 8-NO2


derivatives.29 These findings are in agreementwith
calculatedincrementsof theOH group(Table2).Finally,
it shouldbepointedout that theprotonatedforms1-H�-
b-naphtholand4-H�-a-naphtholhavebeenobservedin
superacidsby Olahet al.30


Formyl, cyanoandnitro groupsbelongto a family of
strongly electron-withdrawing substituents,which con-
siderablydeactivatean aromaticnucleus.18 This is also
evident from inspection of their increments, which
assumelow negativevalues.It is generallybelievedthat
thesesubstituentsretardthefirst ring muchmorethanthe
unsubstitutedring.31 This conjectureis not completely
correct,asevidencedby thepresentedincrements,which
do not exhibit appreciablevariation. In fact, they are
almostuniformly distributedover both rings, with very
few exceptions.Hence one can safely say that the
substitutionreactionsin generalwill occur with con-
siderably more difficulty than in a free naphthalene.
Nevertheless,some regiospecific selectivity can be
observedas determinedby the least deactivatedsites.
As anillustrativeexamplewementionthatnitrationof a-
nitronaphthalenegives 1,8- and 1,5-dinitronaphtha-
lenes.31 Further, it was found that both a- and b-
formylnapththalenesgive 8-NO2 derivatives,32 in accor-
dancewith the correspondingincrements.Nitration of
position3 in b-formylnaphthaleneis obviouslyunfavor-
ableowingto theproximity of theCHOandNO2 groups.


F and Cl atoms exhibit ambivalentbehavior.They
mildly deactivatecarbonatomsof the naphthalenering,
with a few notable exceptions.The latter encompass
positions2 and4 in a-fluoronaphthaleneandposition1 in
b-fluoronaphthalene.It is thereforenotsurprisingthatthe
protonatedspecieswerecapturedwith theprotonalmost
exclusively at position 4 in a-halonaphthalenesand


Table 2. Increments I�(Xm)� (in kcal molÿ1) for monosubstituted naphthalenes
where m represents either the a-or b-positiona


Substituent


Protonationsite Position CH3 OH CHO CN NO2 F Cl


C(2) a 5.2 13.8 ÿ9.2 ÿ12.0 ÿ14.6 ÿ2.0 ÿ0.2
C(3) 1.9 ÿ0.8 ÿ9.1 ÿ11.6 ÿ11.7 ÿ4.7 ÿ5.4
C(4) 5.1 14.3 ÿ10.1 ÿ12.2 ÿ14.9 ÿ2.4 ÿ0.1
C(5) 1.5 ÿ0.1 ÿ8.7 ÿ10.0 ÿ12.6 ÿ3.4 ÿ3.9
C(6) 2.0 ÿ1.7 ÿ8.9 ÿ11.7 ÿ12.7 ÿ4.3 ÿ5.6
C(7) 2.1 ÿ4.8 ÿ8.8 ÿ10.3 ÿ13.4 ÿ3.1 ÿ3.6
C(8) 2.7 ÿ2.9 ÿ8.0 ÿ10.0 ÿ11.6 ÿ3.1 ÿ3.1
C(1) b 6.0 12.7 ÿ8.4 ÿ11.5 ÿ13.7 ÿ1.1 ÿ0.3
C(3) 3.6 ÿ6.5 ÿ5.0 ÿ10.4 ÿ12.3 ÿ2.6 ÿ2.9
C(4) 2.2 ÿ0.6 ÿ8.3 ÿ14.0 ÿ13.2 ÿ6.9 ÿ7.2
C(5) 2.3 ÿ1.7 ÿ6.9 ÿ11.3 ÿ10.7 ÿ4.1 ÿ5.0
C(6) 4.1 ÿ8.3 ÿ6.9 ÿ10.5 ÿ12.3 ÿ0.9 ÿ1.7
C(7) 2.6 ÿ1.2 ÿ7.1 ÿ12.0 ÿ11.3 ÿ4.4 ÿ6.3
C(8) 3.4 ÿ6.3 ÿ6.7 ÿ10.1 ÿ9.3 ÿ1.6 ÿ2.4


a The absoluteprotonaffinities areobtainedby addingeachincrementto the PA of the parent
naphthalene.Thelattervaluesare194.8and190.5kcalmolÿ1 for positions1 and2, respectively.
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position1 for b-fluoronaphthalenes.33 Similarly, nitration
of b-halonaphthalenestakesplaceat position1.31


In thelastsectionwe considerthereactivityof di- and
multi-substitutednaphthalenes.In order to obtain the
resulting combinedincrements,one makesuse of the
additivity rule. For example,examinationof the total
incrementsin 1-nitro-b-methylnaphthaleneshows that
the largest incrementof ÿ8.2kcalmolÿ1 is related to
position8. Additional nitrationof this compoundgivesa
derivative with the secondNO2 attachedto the C(8)
carbon.31 Analogously,dinitrationof b-hydroxynaphtha-
leneyieldsthedinitro derivativewith NO2 groupsplaced
at positions 1 and 6 in accordancewith increment
analysis.


Sulfonation of tri- and tetramethylnaphthalenes34


yields the mostabundantderivativein accordancewith
thesumof theCH3 groupincrementsgivenin Table2 in
all but two cases:1,4,5-trimethyl-and 1,6,7-trimethyl-
naphthalene. In these systems the —HSO3 group
apparentlyprefersa benzenefragmentpossessingmore
CH3 substituentsowing to a specific interaction. Ipso
sulfonation does not take place since the positive
increment of one methyl group would be lost and
replacedby small but negativeincrementfor the proton
ipsoattack(seeabove).


Finally, we considerherethe most stableprotonated
forms of methylated naphthalenes,which have been
studied in superacidmedia by NMR spectroscopy.35


Absoluteprotonaffinitiesobtainedby theadditivity Eqn.
(2) are given in Table 3. Values correspondingto the
areniumions observedin experimentsare markedwith
asterisks.It appearsthat the ionic form occurringunder
the experimental conditions upon protonation corre-
spondsto the largest absoluteproton affinity, as one
wouldintuitively expect.Therearesomecaseswheretwo
(or more) different protonated species of the same
compoundare identified. They againcorrespondto the
highestPA valuesfor that molecule.Only one discre-
pancy was found for 1,4,6,7-tetramethylnaphthalene.
Here the ipso protonationat positions1 and4 becomes
competitive,but this was not corroboratedby experi-
ments.Moreover,thelargestPA valueis associatedwith
position 5, which was not identified either. The origin
behindthis discrepancyis not clear,but eachrule hasits
exceptions.We note in passingthat the highestPA and
related basicity are found in heptamethylnaphthalene.
The positionmostsusceptibleto the protonattackis the
unsubstitutedcarbon atom C(8) for reasonsdiscussed
above.A slightly lower proton affinity is estimatedin
octamethylnaphthalene.The data presentedin Table 3
nicely illustrate that basicity increaseswith increasing
number of methyl groups. It is remarkablethat the
theoreticalresultsobtainedfor isolatedmoleculesreflect
muchof the electrophilicreactivity found in condensed
phasesexhibiting strong polar medium effects. This
finding deservesfurther theoreticalefforts in estimating
explicitly the solvent effects in these systems.It is


gratifying thatthegas-phaseresultsoffer usefulinforma-
tion onthereactivityin solvents,at leastat thequalitative
level.


CONCLUSION


The calculatedabsoluteproton affinity of monosubsti-
tutednaphthalenespertainingto thecarbonatomsof the
ring exhibits variations which strongly dependon the
nature of the substituent. They are much more
pronouncedfor electrodative than for electrocaptive
substituents.Changesin PA valuesrelative to naphtha-
lene takenas the referencecompoundare conveniently
describedby incrementsI�(Xm)�. They dependon the
position of the substituenton the naphthaleneskeleton
and on the site of the proton attack. According to
incrementsthe studied substituentscan be divided in
three groups: (1) those which activate practically all
naphthalenecarbon atoms except the ipso position,
typical representativesbeing electron-releasinggroups
suchasCH3 andOH; (2) substituentswhichdeactivateall
ring positionsbecauseof their considerables- and p-
electronwithdrawingpower,asexemplifiedby CHO,CN
andNO2; and(3) theambivalenthalogenF andCl atoms,
which are strong s-acceptors and weak p-electron
donors. Hence it appearsthat present results are in
harmonywith a rich empirical knowledge.18 However,
distributionsof the PA incrementsover the naphthalene
framework offer more quantitative information. It is
shown that increments in mono- and disubstituted
naphthalenesgenerally reflect the regioselectivity of
substituentsin electrophilicreactions.In particular,they
are able to predict the most abundantproduct in these
reactionsasa rule, if thelatterarekinetically controlled.
It shouldbe kept in mind, however,that the distribution
of resultingisomersin electrophilicreactionssometimes
dependscritically on the type of reactants.36 It is shown
that arenium ions produced by protonation of poly-
substituted methylnaphthalenes and experimentally
observedare those isomers which correspondto the
highest PA values. Theoretical predictions are in
accordancewith NMR measurementsof thesepersistent
cations identified in superacidmedia.33,35 Hence PA
incrementscanbeemployed,if handledwith duecare,in
predicting sites of electrophilic attack in substituted
methylnaphthalenes.In particular,thereshouldbeaclose
linear relationshipbetweenthe PAs estimatedby the
additivity rule andthebasicityof thesecompounds.


As afinal comment,a relationto theearlyconceptof a
cationlocalizationenergyL�


� shouldbementioned.The
latterwasintroducedby Wheland37 asa reactivity index
relatedto the formationof s-complexesin electrophilic
reactions.It can be shown that L1


� and L2
�, e.g. in


naphthalene,assumevalues2.30(b) and2.48(b), respec-
tively within the HMO model.38 Since smaller L�


�


energy implies less severeperturbationof the initial
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Table 3. Proton af®nities (in kcal molÿ1) as obtained by the additivity Eqn. (2)a


Molecule Atom-H� PAad
b Molecule Atom-H� PAad


b


C(1) 196.7 C(1) 204.2*
C(2) 197.8 C(2) 191.9
C(3) 194.4 C(3) 198.2
C(4) 201.4* C(4) 199.3


C(1) 203.0* C(1) 195.5
C(2) 192.9 C(2) 197.7
C(5) 200.5 C(3) 194.5
C(6) 197.2 C(4) 202.6*


C(1) 200.0 C(1) 204.9*
C(2) 194.5 C(2) 193.4
C(3) 196.0 C(3) 196.7
C(4) 202.1* C(4) 200.4
C(5) 198.6
C(6) 196.6
C(7) 195.2
C(8) 200.9


C(1) 199.1* C(1) 196.2
C(2) 197.6 C(2) 199.3
C(5) 199.0 C(3) 191.2
C(6) 194.6 C(4) 205.9*


C(5) 199.7
C(6) 195.1
C(7) 196.7
C(8) 199.8


C(1) 196.3 C(1) 205.1*
C(2) 199.8 C(2) 196.4
C(3) 195.0 C(3) 201.2
C(4) 203.3* C(4) 201.3
C(5) 202.3 C(5) 201.3
C(6) 191.3 C(6) 198.7
C(7) 196.2 C(7) 197.2
C(8) 199.7 C(8) 202.4


C(1) 197.4 C(1) 200.6
C(2) 198.4 C(2) 199.6
C(3) 196.5 C(3) 199.7
C(4) 202.2* C(4) 201.8
C(5) 198.5 C(5) 198.2
C(6) 196.1 C(6) 199.8
C(7) 191.4 C(7) 196.5
C(8) 203.5* C(8) 204.1*


C(1) 202.2 C(1) 197.7
C(2) 198.1 C(2) 201.3
C(3) 194.8 C(3) 193.3
C(4) 208.1* C(4) 208.6*
C(5) 202.0 C(5) 198.9
C(6) 199.2 C(6) 200.3
C(7) 199.3 C(7) 198.6
C(8) 203.2 C(8) 204.6


C(1) 200.4 C(1) 209.3
C(2) 203.4 C(2) 204.1
C(3) 195.3 C(3) 202.6
C(4) 210.1* C(4) 210.7*
C(5) 204.0 C(5) 210.7*
C(6) 202.2 C(6) 200.1
C(7) 203.8 C(7) 204.9
C(8) 204.1 C(8) 206.9
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p-system,it follows that the electrophilic reactivity of
position1 in naphthaleneis morepronounced.This is in
accordancewith the reactivity studiesand the proton
affinity valuesPA(1) andPA(2). In principle, onecould
make a comparisonbetweenL�(Xm)� values in sub-
stituted naphthalenesand the correspondingPA incre-
ments. The problem is that heteroatomshave to be
parametrizedin the HMO model,which is alwaysmore
or lessarbitrary. It is possibleto selectparametersfor
various substituentssuch that L�(Xm)� valuesbecome
compatiblewith incrementsI�(Xm)�, but suchan effort
would not pay off since both semiempirical and
simplified ab initio modelsarefeasiblein largesystems
nowadays.
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(1982).
37. G. W. Wheland,J. Am.Chem.Soc.64, 900 (1942).
38. E. Heilbronner and H. Bock, Das HMO-Modell und seime


Anwendung-GrundlagenundHandhabung, 2nded.,p. 372.Verlag
Chemie,Weinheim(1978).


Copyright  1999JohnWiley & Sons,Ltd. J. Phys.Org. Chem.12, 597–604(1999)


604 M. ECKERT-MAKSIĆ ET AL.








Gas-phase elimination kinetics of ethyl, isopropyl and tert-
butyl N,N-diethylcarbamates. Application of Taft±Topsom
correlation for substituents other than carbon at the acid
side of organic ethyl esters
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ABSTRACT: The elimination kinetics of ethyl, isopropyl andtert-butyl N,N-diethylcarbamates were investigated in a
static reaction vessel over the temperature range 220–400°C and pressure range 17–160 Torr. These reactions are
homogeneous, unimolecular and follow a first-order rate law. The temperature dependance of the rate coefficients is
given by the following equations: for ethylN,N-diethylcarbamate, logk1 (sÿ1) = (11.47� 0.25)ÿ (178.4� 3.1) kJ
molÿ1 (2.303RT)ÿ1, for isopropylN,N-diethylcarbamate, logk1 (sÿ1) = (12.83� 0.70)ÿ (179.8� 7.9) kJ molÿ1


(2.303RT)ÿ1; and fortert-butyl N,N-diethylcarbamate, logk1 (sÿ1) = (12.87� 0.62)ÿ (158.6� 6.2) kJ molÿ1 (2.303
RT)ÿ1. The branching of the alkyl groups at the alcohol side of the ester exerts a significant effect on the rates in the
ordertert-butyl> isopropyl> ethyl. In addition, the presence of different substituents other than carbon at the acid
side of organic ethyl esters gives the best correlation when using the Taft–Topsom equation: logk/kH =
ÿ(0.68� 0.12)�a� (2.57� 0.12)�Fÿ (1.18� 0.27)�R (r = 0.984� 0.119 at 400°C). According to this relation-
ship, the field (inductive) effect of the substituent has the greatest influence on rate enhancement, while the
polarizability (steric) and resonance factors, although small in effect, favour the elimination process. Copyright
 1999 John Wiley & Sons, Ltd.


KEYWORDS: alkylN,N-diethylcarbamates; elimination kinetics; Taft–Topsom correlation


INTRODUCTION


The homogeneous, unimolecular thermal decomposition
of a carbamate in the gas phase was first reported by Daly
and Ziolkowski.1 The substrate ethylN-methyl-N-
phenylcarbamate was found to produceN-methylaniline,
ethylene and carbon dioxide [reaction 1]. The generally


accepted mechanism of this elimination process con-
sisted of a six-membered cyclic transition state (Scheme
1) similar to those described for acetates, carbonates, and
xanthates.1–4


Further examination of carbamate pyrolysis using


methyl N-methylcarbamate5 shows that its decomposi-
tion process differs from that of ethylN-methyl-N-
phenylcarbamate [reaction 2].


CH3NHCOOCH3ÿ!CH3NCO� CH3OH �2�
The presence of a hydrogen at the nitrogen atom was


believed to be responsible for the different mechanistic
pathway, and the elimination reaction was explained in
terms of a four-membered cyclic transition-state mechan-
ism (Scheme 2).


An additional study of the gas-phase pyrolysis of ethyl
N,N-dimethylcarbamate4,6 led to the conclusion that
carbamate decomposition proceeds through an inter-
mediate whose structure lies between a semi-concerted


Scheme 1
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six-centered cyclic transition state and an intimate ion-
pair type of mechanism.


The kinetics of pyrolysis of esters of carboxylic acids
of the type ZCOOR, where R is an alkyl group and Z is an
electron-releasing or -withdrawing aliphatic substituent,
were correlated by plotting the logkrel. vs Taft s*
values.7–9 Each of these correlations gave a small
positiver* value. These results suggested that a negative
charge has developed at theg-carbon, where the Ca—O
bond polarization, in the direction of Ca


� ����O� ÿ is rate-
determining step (Scheme 1).


In view of the few earlier studies on carbamate
pyrolysis, the present work was aimed at examining the
elimination kinetics of primary, secondary and tertiary
alkyl N,N-diethylcarbamates and the possibility of
establishing a structure–reactivity relationship of sub-
stituents Z of different ethyl esters of organic acids of the
type ZCOOCH2CH3.


RESULTS AND DISCUSSION


The products of elimination of ethyl, isopropyl andtert-
butyl esters ofN,N-diethylcarbamic acid are the corre-
sponding olefin, diethylamine and carbon dioxide [reac-
tion 3].


(CH3CH2�2NCOOCRR1CH3ÿ!RR1C CH2


� �CH3CH2�2NH� CO2 �3�


i R � R1 � H


ii R � H, R1 � CH3


iii R � R1 � CH3


The stoichiometry as described in reaction 3 implies
that, for long reaction times,Pf = 3P0, wherePf andP0


are final and initial pressure, respectively (Table 1). The
average experimentalPf/P0 at four different temperatures
and ten half-lives were 2.85 for ethylN,N-diethylcarba-
mate, 2.84 for isopropylN,N-diethylcarbamate and 2.83
for tert-butyl N,N-diethylcarbamate.


The small departure ofPf/P0< 3 was due to the
polymerization of the product diethylamine. Further
examination of the stoichiometry of reaction 3, up to
40–70% reaction, was made by comparing the amount of
decomposition of the substrate calculated from pressure
measurements with that obtained from quantitative gas–
ligun chromatographic (GLC) analyses of the unreacted
carbamate (Table 2).


The decomposition reaction 3 is homogeneous, since
no significant variation of the rates was observed in the
experiments when using both clean Pyrex and seasoned
Pyrex vessels with a surface-to-volume ratio of 6.0
relative to that of the normal vessel. The pyrolyses of
these carbamate substrates were not affected by the
presence of different proportions of a free radical
suppressor such as cyclohexene (Table 3). No induction
period was observed. The rate coefficients are reprodu-
cible with a relative standard deviation not greater than
5% at a given temperature.


The first-order rate coefficients of the carbamates,
calculated from k1 = (2.303/t)log[2P0/(3P0-Pt)], were
found to be independent of the initial pressure. A plot
of log(3P0-Pt) against timet gave a good straight line up
to 40–70% decomposition.


The temperature dependence of the rate coefficient and
the corresponding Arrhenius equations are given in Table
4 (90% confidence coefficient from the least-squares
procedure).


The order of reactivity, tertiary> secondary> prim-
ary alkyl esters ofN,N-diethylcarbamates (Table 5), is
consistent with the results of the comparative rates for the
correspondingN,N-dimethylcarbamates10 (Table 5) and
acetates.17 This sequence is to be expected from electron


Table 1. Ratio of ®nal to initial pressure of the substrate (Pf/P0)


Compound Temperature (°C) P0 (Torr) Pf (Torr) Pf/P0 Average


Ethyl N,N-diethylcarbamate 359.7 48 135 2.81 2.85
379.9 42 122 2.90
389.7 50.5 144 2.85
399.6 66 186 2.82


IsopropylN,N-diethylcarbamate 301.6 56 160 2.86 2.84
311.2 51.5 147 2.88
330.3 58 166 2.76
350.7 59.5 169 2.84


tert-Butyl N,N-diethylcarbamate 241.7 31.5 89 2.83 2.83
249.9 25.5 72 2.82
261.0 47 137 2.91
271.0 41.5 115 2.77


Scheme 2
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Table 2. Stoichiometry of the reaction


Parameter EthylN,N-diethylcarbamate at 380.2°C


Time (min) 1 3 5 8 12
Reaction (%) (pressure) 11.7 29.0 42.2 52.0 71.5
Substrate (%) (GLC) 12.2 28.4 41.5 53.5 67.0


IsopropylN,N-diethylcarbamate at 330.0°C


Time (min) 1 2 3 4 5
Reaction (%) (pressure) 8.6 19.1 26.6 34.9 39.5
Substrate (%) (GLC) 8.5 21.3 28.7 34.5 41.0


tert-Butyl N,N-diethylcarbamate at 250.4°C
Time (min) 1.5 3 6 10 17
Reaction (%) (pressure) 9.6 17.8 26.5 44.8 60.2
Substrate (%) (GLC) 10.0 21.6 29.3 40.4 64.5


Table 3. Effect of the radical inhibitor cyclohexene on rate


Substrate Temperature (°C) Ps (Torr)a Pi (Torr)a PiPs 104 k1 (sÿ1)


Ethyl N,N-diethylcarbamate 375.5 17 — — 10.57
160.5 37 0.2 10.38
82 70 0.9 10.95
49 94 1.9 10.91
26 118 4.5 10.56


IsopropylN,N—diethylcarbamate 329.9 54 — — 17.65
66 58 0.9 17.76
52.5 69 1.3 17.97
31 79 2.6 17.46
21 133 6.3 17.04


tert-Butyl N,N-diethylcarbamate 250.0 25.5 — — 10.43
111 46 0.4 10.16
59.5 65 1.1 10.90
49 97 2.0 10.09
17 161 9.5 10.87


a Ps = pressure of the substrate andPi = pressure of the inhibitor cyclohexene.


Table 4. Variation of the rate coef®cient with temperature


Parameter EthylN, N-diethylcarbamate


Temperature (°C) 340.5 349.5 359.8 369.9 380.4 389.5 399.7
104 k1 (sÿ1) 1.71 2.99 5.06 8.52 15–34 23.14 37.89
log k1 (sÿ1) = 11.47 (0.25)ÿ 178.4 (3.1) kJmolÿ1 (2.303RT)ÿ1; r = 0.99980


IsopropylN,N-diethylcarbamate


Temperature (°C) 291.7 301.2 310.4 320.2 330.5 340.0 350.8
104 k1 (sÿ1) 1.48 3.22 5.51 10.30 18.14 35.57 55.37
log k1 (sÿ1) = 12.83 (0.70)ÿ 179.8 (7.9) kJmolÿ1 (2.303RT)ÿ1; r = 0.99872


tert-Butyl N,N-diethylcarbamate


Temperature (°C) 220.1 228.4 241.7 250.1 260.3 270.1 279.5
104 k1 (sÿ1) 1.07 2.45 6.09 10.41 20.68 43.97 71.57
log k1 (sÿ1) = 12.87 (0.62)ÿ 158.6 (6.2) kJmolÿ1 (2.303RT)ÿ1; r = 0.99900
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release to the reaction center, where the elongation of the
Ca—O bond and polarization in the sense of Ca


������O�ÿ


is the rate-determining step of these reactions. Even
though the rates for theN,N-diethylcarbamates are
similar to therefor the correspondingN,N-dimethylcar-
bamates (Table 5), the (CH3CH2)2N substituent at the
acid side of the ester tends to decrease the rate slightly
compared with the (CH3)2N group. This difference may
be rationalized in terms of the greater electron-releasing
power of the CH3CH2 group to the N atom than CH3. This
reduces the electron-withdrawing effect of the diethyla-
mino group and a slight decrease in the rate of
elimination results.


The observed decrease in entropy of activation from
ethyl to tert-butyl N,N-diethylcarbamates suggests a
change in the polarity of the transition state on increasing
the alkyl branch of the ester. The more negativeDS‡ for
the ethyl ester suggests a more symmetrical arrangement


and possible planarity of the transition state. This
phenomenon seems to be more difficult with increasing
bulkiness of the alkyl group such as isopropyl ortert-
butyl. An alternative argument with regard to the
conformation and entropy of the unactivated precursor
rather than the transition state is that in the isopropyl and
tert-butyl esters, one of the methyl groups is already in
the vicinity of the carbonyl oxygen in a low-energy
conformation, whereas the ethyl group will preferentially
orientanti to the C—O bond, and thus require rotation to
a less favorable orientation to achieve the cyclic
transition state.


In relation to the organic esters investigated by
Taylor,13 the carbamates examined in this work confirm
the proposed order of reactivity, carbonates<
carbamates< benzoates< phenylacetates< acetates.


The kinetic parameters and comparative rates of
different substituents other than carbon at the acid side


Table 5. Comparative rates and kinetic parameters at 320°C


Compound 104 k1 (sÿ1) Ea (kJmol) LogA (sÿ1) DS� (J molÿ1) DH� (kJ molÿ1) Reference


(CH3)2NCOOCH2CH3 0.58 185.5 12.10 ÿ27.2 180.6 10
(CH3CH2)2NCOOCH2CH3 0.56 178.4� 3.1 11.47� 0.25 ÿ39.3 173.5 This work
(CH3)2NCOOCH(CH3)2 12.02 181.2 13.04 ÿ9.2 176.3 10
(CH3CH2)2NCOOCH(CH3)2 9.77 179.8� 7.9 12.83� 0.70 ÿ13.3 174.9 This work
(CH3)2NCOOC(CH3)3 912.00 157.9 12.87 ÿ12.3 153.0 10
(CH3CH2)2NCOOC(CH3)3 794.30 158.6� 6.2 12.87� 0.62 ÿ12.5 153.7 This work


Table 6. Kinetic parameters for the pyrolyses of ZCOOCH2CH3 at 400°C


Z 104k1(s
ÿ1) k/kH Ea (kJmol) LogA(sÿ1) Log k/kH s* Reference


H 5.25 1.0 201.7 12.34 ÿ0.280 0.49 11
CH3 10.00 1.9 200.4 12.55 0.000 0.00 12
C6H5 16.60 3.2 199.5 12.70 0.220 0.60 13
(CH3)2N 50.12 9.6 185.5 12.10 0.700 0.68 14
(CH3CH2)2N 41.69 7.9 178.4 11.47 0.620 0.62 This work
CH3O 44.67 8.5 187.5 12.20 0.650 1.46 15
C6H5O 97.72 18.6 189.5 12.70 0.990 2.24 13
Cl 245.47 46.8 183.6 2.64 1.390 2.94 16


Table 7. Relatives rates and substituent parameters of ZCOOCH2CH3 at 400°C


Z Log k/kH sa sF sRÿ


H 0.000 0.00 0.00 0.00
CH3 0.280 ÿ0.35 0.00 0.03
C6H5 0.500 ÿ0.85 0.10 0.22
(CH3)2N 0.980 ÿ0.44 0.10 ÿ0.26
(CH3CH2)2N 0.900 ÿ0.56 0.10 ÿ0.27
CH3O 0.930 ÿ0.17 0.25 ÿ0.27
C6H5O 1.270 ÿ0.38 0.38 —
Cl 1.670 ÿ0.43 0.45 ÿ0.12


a C. Hansch, A. Leo, and R. W. Taft,Chem. Rev.91, 165 (1991).
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of an organic ethyl ester are shown in Table 6. It is
reasonable to believe that some additional effect other
than just the electronic character of Z in ZCOOCH2CH3


may be operating in the rate of elimination of these
substrates. To rationalize the above argument, on plotting
log krel. against Taft s* values (Table 6), a poor
relationship is obtained (r* = 0.46� 0.16; r = 0.862�
0.295 at 400°C). However, the Taft–Topsom treatment
of log k/kH = �a�a� �F�F� �R�R takes into account
the steric (sa), electronic (sF) and resonance (sR) factors
in the quantitative study of structural and substituent
effects on chemical reactivity. In this respect, a good
correlation is found between the experimental data and
the three substituent parameterssa, sF andsRÿ [Table 7;
Eqn 4; Fig. 1].


logk=kH �ÿ �0:68� 0:12��� � �2:57� 0:12��F


ÿ �1:18� 0:27��Rÿ


�at 400�C; r � 0:984;SD� 0:119�
�4�


The C6H5O substituent is not included in Fig. 1
because the correspondingsRÿ value has not yet been
defined. It is reasonable to assume that the oxygen of
C6H5O, through delocalization to the aromatic nuclei,
must exert a more powerful attraction of electrons than
CH3O. Consequently, thesRÿ be much less negative than
sRÿ of CH3O. If this is so, the position of the data point
for the C6H5O group may well fall close to the line
depicted in Fig. 1.


The small negative value of the coefficientra implies a
modest participation of the polarizability, or steric effect,


of the substituent Z on the rate of ethylene elimination.
The influence of paramount importance in the process of
ZCOOCH2CH3 decomposition is the field or electronic
effect. This is demonstrated by the fact that the
coefficient of greatest absolute value isrF. The fact that
the best correlation may be obtained by includingsRÿ


values confirms the interaction between the substituent
with an incipient negative reaction center. Moreover, the
negative value of the coefficientrRÿ suggests a small
favorable effect for the abstraction of theb-hydrogen of
the ethyl ester by the oxygen of the carbonyl (Scheme 1).


EXPERIMENTAL


General preparations. The alkyl esters ofN,N-diethyl-
carbamic acid were prepared by mixing 0.15 mol of the
corresponding alcohol (Merck) with 0.15 mol ofN,N-
diethylcarbamyl chloride (Aldrich) in 45 ml of anhydrous
pyridine. The reaction mixtures were heated in a 100 ml
sealed glass tube as described.18


Ethyl N,N-diethylcarbamate. This product, obtained as
described above, was distilled several times (b.p. 78–
79°C at 28 Torr; yield 55.1%) and the fraction with
97.8% purity as determined by GLC (Pennwalt 223/
KOH, 80–100 mesh) was used.1H NMR, � 0.99 (t, 6H),
1.13 (t, 3H), 3.1 (q, 4H), 4.0 (q, 2H). MS,m/z145 (M�),
130 (C6H12NO2


�), 116 (M� ÿC2H5), 100 (M� ÿ
OCH2CH3), 86 (C3H4NO2


�), 72 (C2H2NO2
�), 58


Figure 1. Taft±Topsom correlation for the pyrolysis of ZCOOCH2CH3 (r = 0.984� 0.119 at 400°C)
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(CON2
�). The primary product ethylene (Matheson) was


determined using a Porapak Q 80–100 mesh column.


Isopropyl N,N-diethylcarbamate. This carbamate sub-
strate prepared according to the above general method18


(b.p. 58°C at 15 Torr; yield 63%) was distilled to 99.8%
purity as determined by GLC (Pennwalt 223/KOH, 80–
100 mesh).1H NMR, � 0.98 (t, 6H), 1.11 (d, 6H), 3.1 (q,
4H), 4.80 (m, H). MS,m/z159 (M�), 144 (M� ÿ CH3),
116 [M� ÿCH (CH3)2], 102 (C4H8NO2


�), 72
(C2H2NO2


�), 58 (CON2
�), 43 (C3H7


�). Propene (Air
Products) was determined using a Porapak R 80–100
mesh column.


tert-Butyl N,N-diethylcarbamate. This compound was
prepared as described18 (b.p. 38°C at 2 Torr; yield 31%).
Several distillations gave a purity of 98.1% as determined
by GLC (Porapak R, 80–100 mesh).1H NMR, � 0.96 (t,
6H), 1.32 (s, 9H), 3.07 (q, 4H). MS, 173 (M�), 100
[M� ÿOC(CH3)3], 72 (C2H2NO2


�), 57 (C4H9
�). The


olefin product isobutylene (Union Carbide) was deter-
mined using the same Porapak R column.


Kinetics. The kinetic determinations were carried out in a
static system and the rate coefficients were followed by
measuring the pressure increase. The temperature was
controlled by a SHINKO DIC-PS 25 TR resistance
thermometer controller maintaned within�0.2°C and
measured with a calibrated platinum–platinum–13%
rhodium thermocouple. No temperature gradient was
found in the reaction vessel and the carbamate substrates
were injected with a syringe through a silicone-rubber
septum directly into the reaction vessel.
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ABSTRACT: He I and He II photoelectron spectra (UPS) of several lactams were measured and analyzed on the basis
of empirical arguments andab initio calculations. The electronic and molecular structure of the amide group is
discussed on the basis of experimental and theoretical results. Relative basicities of nitrogen centre(s) are also
discussed within the framework of inductive and resonance effects. Copyright 1999 John Wiley & Sons, Ltd.
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INTRODUCTION


The amide group in lactams can assume a variety of
interesting molecular and electronic configurations which
are dependent on prevailing orbital and steric interac-
tions. We have studied a series of lactams that can be
described by the general formula


The amide group is characterized by the principal
geometric parameterΦ, which is the dihedral angle
between the N2p (lone pair) axis and the NCX plane.
Changes in substitution will influenceΦ and thus the
electronic distribution within the amide group. The
electronic structure (distribution) can be studied by a
combination of UV photoelectron spectroscopy (UPS)
and semi-empirical MO calculations. Rademacher and
co-workers1–3 investigated the effects of ring size (n) and
substituents (R') on the structure of the amide group by
this approach. Their main conclusions, which are relevant
to the present work, are summarized as follows:


1. The two orbitals localized on amide group, which have
the lowest ionization energies (IE) are pN (nitrogen
lone pair) and nO (oxygen lone pair) withIE(pN)
< IE(nO).


2. The absolute values of ionization energiesIE1 andIE2


and their differenceDIE can be used to probe the
molecular structure of the amide group.


3. An increase in the ring size leads to broadening of the
first two bands, to an inductive shift of HOMO and
HOMO-1 ionizations towards lowerIE and to a
decrease inDIE.


The analysis of Rademacher and co-workers1–3 was
based on band shapes, MNDO calculations and (some-
times) poorly resolved vibrational fine structure. In the
spectra of many lactams the first two bands overlap
strongly, thus making MNDO results (based on Koop-
mans approximation) unreliable. We have therefore
measured all spectra with different photon energies
(He I/He II) in an attempt to arrive at definitive
assignments. Furthermore, we have studied the range of
lactams whose electronic structures show greater varia-
tions than those investigated by Rademacher and co-
workers.


EXPERIMENTAL AND THEORETICAL
METHODS


The He I and He II spectra were recorded on a Leybold–
Heraeus UPG-200 spectrometer with a spectral resolution
of 20 meV, measured as the FWHM of Ar�2P3/2 and
2P1/2 calibration lines. Elevated sample temperatures
(60–130 °C) were used during measurements of less
volatile compounds in order to obtain sufficiently high
vapor pressures. The compounds were purchased from
Sigma-Aldrich with a purity better than 95%.Ab initio
calculations at the 6–31�G* level were performed
with the Spartan set of programs.4 The aims of the
calculations were to deduce the angleΦ, to assess
whether the measured spectra refer to the mixture of


JOURNAL OF PHYSICAL ORGANIC CHEMISTRY
J. Phys. Org. Chem.12, 388–391 (1999)


Copyright  1999 John Wiley & Sons, Ltd. CCC 0894–3230/99/050388–04 $17.50


*Correspondence to:I. Novak, Department of Chemistry, National
University of Singapore, Singapore 119260, Singapore.
Contract/grant sponsor:National University of Singapore;Contract/
grant number:RP972668.







conformers in the gas phase and to help in the spectral
assignment (using Koopmans approximation). A full
conformational space search was conducted with the
Spartan program. The results showed that at the
temperatures of the experiment (assuming a Boltzmann
distribution), the most stable conformers were present in
excess of 95%. The estimates of the angleΦ hence refer
to the most stable conformers only.


RESULTS AND DISCUSSION


He I and He II photoelectron spectra of the lactams
studied are shown in Figs 1 and 2. In addition, we
measured He I/He II spectra of�-valerolactam, 2-azacy-
clooctanone, 2-azacyclononanone and"-caprolactam.
The additional spectra are in full agreement with He I
spectra published by Rademacher and co-workers1–3 and
are therefore not reproduced here. The purpose of re-
measuring them with different photon energies was to
check the assignments proposed earlier1–3 for pN and nO
ionizations. However, strong band overlap prevented the
observation of significant changes on going from He I to
He II radiation. Only inN-methylcaprolactam (Fig. 1) did
the relative intensities of theX and A bands change,
suggesting thatIE(pN)< IE(nO). This conclusion follows


Figure 1. He I/He II photoelectron spectra of lactams


Figure 2. He I/He II photoelectron spectra of the lactam
shown
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from the consideration of atomic photoionization cross-
sections5 for N2p and O2p orbitals under He I and He II
radiation. The He II/He I O2p cross-section ratio is 0.64
compared with the same ratio for N2p, which is 0.45.
This indicates that ionization from an orbital with higher
O2p character should give rise to an increase in the
relative band intensity, which is exactly what was
observed for the 9.28 eV band. This argument supports
Treschanke and Rademacher’s original assignment1.


The assignments andIE values are summarized in
Table 1. The rationale behind them is interesting and
merits further discussion. ‘Koopmans analysis’ (i.e. fixed
photon energy measurements combined with MO
calculations) is not adequate for assignment purposes if
bands are closer inIE than 0.5 eV.


N-Acetylcaprolactam


The comparison of the spectrum ofN-acetylcaprolactam
with the UPS of acetone6 suggests the presence of three
ionizations in the 9–11 eV region. The He I/He II
intensity changes indicate that the 10.19 eV band belongs
to pN ionization because of the relative intensity
decrease. The 9.64 eV band can then be attributed to
ionizations from oxygen lone pairs (nO) localized on
acetyl and lactam keto groups. We may expectN-
acetylcaprolactam to have a much lower Lewis basicity
than the unsubstituted lactam. The observation that
IE(pN)> IE(nO) is unusual for lactams.1–3


It can be explained by strong conjugation (delocaliza-
tion) taking place withinpCO–pN–pCO moiety. The
delocalization introduces C2p and O2p character into
thepN orbital; the latter contribution will causepN level
stabilization.


Thiocaprolactam


The replacement of oxygen in"-caprolactam with sulfur


causes an inductive shift of the nS level towards lowerIE
and reverses thepN–nS order, makingIE(pN)> IE(nS).
The assignment ofpN and nS ionizations is again made
straightforward by considering the He II/He I intensity
variations. The S3p and N2p cross-section ratios at He II/
He I energies are 0.14 and 0.45, respectively, which
suggests a strong decrease in relative intensity for the nS


band. The contour and vibrational fine structure
(1410 cmÿ1; C-S stretch) of the nS band also indicate
that the sulfur lone pair is more localized and a better
nucleophilic centre than the carbonyl oxygen.


a-Aminocaprolactam


The comparison of the spectrum in Fig. 2 with the spectra
of methylamines6 indicates that the 9.42 eV band
contains three unresolved ionizations. Once again,
‘Koopmans analysis’ is not useful for determining the
relative ordering of levels. The He I/He II measurements
suggest that nO has the highest ionization energy (note the
shoulder appearing in the He II spectrum), while lactam
and amine nitrogens have similar energies. This situation
can be contrasted with thea-dimethylamino derivative,
where the nitrogen lone pair energies for lactam and
amine groups are very different.


a-Dimethylaminocaprolactam


Comparison of the spectra of this derivative with those of
methylamines6 suggests the assignment listed in Table 1.
The pNMe2


band at 8.51 eV is very broad, which is
indicative of hyperconjugative interactions. The possible
interactions could take place either between the nitrogen
lone pair (pN) and methyl groups or betweenpN and the
oxygen lone pair (nO). The former case appears to be
more plausible because of the lack of enhancement in
pNMe2


intensity on going from He I to He II radiation.
Such an enhancement would be expected if the orbital in


Table 1. Vertical ionization energies (IE) and ab initio orbital energies (") for caprolactams


Derivative Band " (eV) IE (eV)a Assignment Φ (°)


N-Methyl X, A 9.85, 10.53 8.76, 9.28 pN, nO 86.8
N-Acetyl X, A, B 10.78 (9.64) nO(lactam) 92.15


11.42 (9.64) nO(acetyl)
11.78 10.19 pN


Thiocaprolactam X, A 8.19, 8.39 7.98, 8.31 nS, pN 88.2
a-Dimethylamino X, A, B 9.43 8.51 pNme2


93
10.35 (9.20) pN
11.03 (9.20) nO


a-Amino X, A, B 10.20 (9.42) pNH2
92.8


10.45 (9.42) pN
11.19 (9.42) nO


a The parentheses designate unresolved bands.
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question were to acquire O2p character via hyperconju-
gation. As mentioned previously, the amine nitrogen
appears to be more basic than the lactam nitrogen.


Substituent effects


R and R' substituents may induce changes in the extent of
pN–pCO conjugation. Our discussion of possible changes
will be based on UPS data rather than MO calculations
and thus be independent of MO algorithms and Koop-
mans approximation. ThepN and nO ionization energies
in —NR2 (R = H, Me) substituted lactams are close to
9.19 and 9.52 eV, respectively, in the parent lactam.1 The
R substitution exerts only a small inductive perturbation
on the amide group. This is in line with stereochemical
considerations which show that the —NR2 nitrogen is not
positioned favourably for N2p–N2p interaction with the
amide group. On the other hand, R' substitution strongly
affects the lactam group as can be seen from the
comparison of the spectra ofN-acetyl andN-methyl
derivatives with that of the unsubstituted lactam. The
relative significance of inductive and conjugative effects
of R' substituents can be discerned fromDIE and the
absoluteIE values. The inductive effect will not influence
DIE value whereas conjugative effects will change both
DIE and IE values. After taking these arguments into
consideration, one may conclude that methyl and acetyl
substituents affect the amide group via both inductive and
conjugative interactions (Fig. 1).


The replacement of the heteroatom in a C=X group
causes inductive (changedIE) and conjugative perturba-
tions (changes in the bandshapes ofpN and nO
ionizations). This can be seen clearly in the spectrum of
thiocaprolactam, where theX and A bands have very
different shapes andIE compared with the parent
lactam.1


The angleΦ was found to deviate only slightly from
90° (Table 1), which is the most favourable configuration
for pN–pCO interaction and delocalization.


CONCLUSION


We have analyzed the electronic structure of lactams
using variable photon energy UPS measurements. One of
the properties which may be predicted from the
measurements are relative gas phase basicities (GB) of
the title compounds. The feasibility of such a prediction
can be tested by correlatingpN ionization energy and pKb


constants. GB values for lactams have not been
determined experimentally so we used the best available


measurements performed in solution.7 The comparison
(Table 2) indicates that an increase in ring size generates
more basic compounds. Furthermore,N-methyl substitu-
tion also leads to an increase in basicity. TheIE–pKb


correlation shows a monotonous variation except for�-
valerolactam, where the measured pKb appears too high.
Table 2 also suggests that theIE–pKb correlation is
applicable only within the same group, i.e. one cannot
compare the basicities of substituted and unsubstituted
lactams directly. This is probably due to thermodynamic
contributions arising from different solvation effects for
substituted and unsubstituted molecules.


On the basis of UPS data we can predict thata-
dimethylaminolactam will be the most basic and theN-
acetyl derivative the least basic amongst the compounds
studied. Also, a thiolactam will be more basic than its
lactam analogue. The predictions refer toGB and are
therefore applicable to substituted and unsubstituted
derivatives.
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ABSTRACT: The gas-phase pyrolysis kinetics of primary, secondary and tertiary 2-phenoxycarboxylic acids were
studied over the temperature range 240.1–409.9°C and pressure range 16.3–67.8 Torr. The elimination reactions,
carried out in seasoned vessels and in the presence of the free radical chain inhibitor cyclohexene, are homogeneous,
unimolecular and follow a first-order rate law. The overall rate coefficients are expressed by the following equations:
for 2-phenoxyacetic acid, logk1(s


ÿ1) = (12.08� 0.54)ÿ(190.3� 6.7)kJ molÿ1(2.303RT)ÿ1; for 2-phenoxypropionic
acid, log k1 (sÿ1) = (12.21� 0.31)ÿ(172.9� 3.6)kJ molÿ1(2.303RT)ÿ1; for 2-phenoxybutyric acid, logk1(s


ÿ1) =
(12.29� 0.38)ÿ(171.7� 4.3)kJ molÿ1(2.303RT)ÿ1; and for 2-phenoxyisobutyric acid, logk1(s


ÿ1) = (12.84� 0.36)
ÿ(155.3� 3.6)kJ molÿ1(2.303RT)ÿ1. The products of the phenoxyacids are phenol, the corresponding carbonyl
compound and CO, except for 2-phenoxyisobutyric acid, which undergoes a parallel elimination into phenol and
methylacrylic acid. The reaction rates increase from primary to tertiary carbon bearing the C6H5O group. The
mechanism of these reactions appears to proceed through a semi-polar five-membered cyclic transition state, where
the acidic H of the COOH group assists the leaving C6H5O substituent for phenol formation, followed by the
participation of the oxygen carbonyl for lactone formation. Then the unstable lactone intermediate decomposes into
the corresponding carbonyl compound and CO gas. Copyright 1999 John Wiley & Sons, Ltd.


KEYWORDS: 2-phenoxycarboxylic acids; pyrolysis kinetics; gas phase


INTRODUCTION


In association with the elimination kinetics of 2-
halocarboxylic acids,1,2 the gas-phase pyrolyses of
2-hydroxycarboxylic acids have been examined.3 A
sequence of rate increase from primary to tertiary 2-
hydroxycarboxylic acid acid was observed. The mechan-
ism of these reactions was thought to proceed as follows:


�1�


The bond polarization of the C— L bond, in the
direction of C��� � �L�ÿ, was believed to be rate
determining. The H of the COOH assisted the leaving


group L for a five-membered cyclic transition state, while
the hydroxy oxygen was assumed to participate in the
stabilization of the positive carbon reaction center for
lactone formation. However, recent quantum mechanical
calculations on 2-chloropropionic acids,4 glycolic, lactic
and 2-hydroxyisobutyric acids5 and mandelic acid,6 using
ab initio techniques at the MP2/6–31G** level, suggested
that mechanism (1) proceeds by the nucleophilic attack of
the carbonyl oxygen instead the hydroxylic oxygen for
the formation of thea-lactone intermediate:


�2�


The OR group of ethers [R = CH3, CH3CH2,
(CH3)2CH] in the gas-phase pyrolyses of 2-alkoxyacetic
acids7 was shown to be faster in the elimination process
than Cl and OH and the mechanism was pictured as in
reaction (1). The alkyl group R in ROCH2COOH had no
significant effect on rates. A recent examination of
ab initio calculations of methoxy-, ethoxy- and isopro-
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poxyaceticacidsmoleculareliminationsat the MP2/6–
31G** level8 implied the mechanismto be asdescribed
as


�3�


To increaseour understandingof the nature of the
transitionstatein thegas-phasepyrolysesof 2-substituted
carboxylic acids, the investigationof a better leaving
group such as phenoxy,C6H5O, was thought to be of
interest. Therefore,the molecular elimination kinetics


of 2-phenoxyaceticacid, 2-phenoxypropionicacid, 2-
phenoxybutyricacid and2-phenoxyisobutyricacid were
examined.


RESULTS AND DISCUSSION


2-Phenoxyacetic acid


The gas-phaseelimination of this substrateproceeds
accordingto the reaction


C6H5OCH2COOH! C6H5OH� CH2O� CO �4�


The stoichiometryof the reaction demandsPf /P0 = 3,
where Pf and P0 are the final and initial pressure,
respectively.The averageexperimentalresultsat four
differenttemperaturesand10half-livesis 2.91(Table1).


Table 1. Ratio of ®nal (Pf) to initial (P0) pressurea,b


Compound Temperature(°C) Pf (Torr) P0 (Torr) Pf/P0 Average


2-Phenoxyaceticacid 369.4 30.5 83.0 2.72 2.91
389.2 29.9 87.4 2.92
400.2 40.0 117.6 2.94
409.9 23.0 70.0 3.04


2-Phenoxypropionicacid 315.8 24.8 70.3 2.83 2.83
329.8 37.6 100.6 2.87
340.2 34.0 91.5 2.80
351.0 30.0 85.5 2.85


2-Phenoxybutyricacid 314.9 36.2 99.7 2.75 2.78
320.1 45.0 125.5 2.79
328.7 51.6 144.0 2.79
338.5 34.6 202.0 2.78


2-Phenoxyisobutyricacid 260.4 15.5 35.5 2.29 2.30
270.1 44.0 97.0 2.20
280.0 22.5 54.0 2.40


a Vesselseasonedwith allyl bromide.
b In thepresenceof the inhibitor cyclohexene.


Table 2. Stoichiometry of the reactionsa


Substrate
Temperature


(°C) Parameter Value


Phenylaceticacid 389 Time (min) 4 6 8 10 13
Reaction(%) (pressure) 20.5 33.5 48.2 56.9 78.2
Phenol(%) (GLC)b 21.1 31.2 45.7 54.1 76.2


2-Phenoxypropionicacid 320.0 Time (min) 3 5 8 12 17
Reaction(%) (pressure) 25.0 39.7 44.8 59.8 72.7
Acetaldehyde(%) (GLC) 28.5 42.2 47.1 61.5 75.0


2-Phenoxybutyricacid 320.1 Time (min) 2.5 4 6 8 10 12
Reaction(%) (pressure) 20.4 30.4 41.8 51.5 58.8 65.3
Propionaldehyde(%) (GLC) 20.9 28.6 41.3 51.0 59.4 64.3


2-Phenoxyisobutyricacid 250 Time (min) 3 6 9 12
Phenol(%) (GLC) 35.5 57.3 72.2 83.8
Acetone(%) (GLC) 19.3 33.1 40.2 46.5
Methylacrylic acid (%) (GLC) 15.5 24.8 31.3 34.5


a Vesselseasonedwith allyl bromide,andin the presenceof cyclohexeneinhibitor.
b GLC = gas-liquidchromatography.
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Furtherverification of the stoichiometryof reaction(4)
wasmadeby comparing,up to 75% decomposition,the
pressuremeasurementswith the resultsof quantitative
gaschromatographicanalysisof phenol(Table2).


The homogeneityof the reaction was examinedby
carrying out severalruns in a vesselwith a surface-to-
volumeratio of 6.0 relativeto that of thenormalvessel,
which is equal to 1.0. A packedand unpackedPyrex
vessel,seasonedwith allyl bromide, had no effect on
rates.However, the packedand unpackedclean Pyrex
vesselhada significantheterogeneouseffect on the rate
coefficient(Table3). Theeffectof a freeradicalinhibitor
is shownin Table4. The kinetic runshad to be carried


with at leasta threefoldexcessof cyclohexenein orderto
suppressany possible free radical processesof the
reactantand/or products.No induction was observed.
The rate coefficientswere reproduciblewith a relative
standarddeviationof �5% at anygiven temperature.


Thefirst-orderratecoefficientsof phenoxyaceticacid,
calculatedfrom k1 = (2.303/t) log[2P0/(3P0ÿ Pt)], were
independentof theinitial pressure(Table5).A plot of log
(3P0ÿ Pt) againsttime t gavea goodstraightline up to
75%decomposition.Thevariationof theratecoefficient,
in a seasonedvesselandin the presenceof the inhibitor
cyclohexene,with temperatureis shownin Table6. The
datawerefitted to theArrheniusequation,wheretherate


Table 3. Homogeneity of the reaction


Substrate Temperature(°C) S/V (cmÿ1)a 104k1 (sÿ1)b 104k1 (sÿ1)c


2-Phenoxyaceticacid 389.2 1 15.94 12.08
6 20.46 11.94


2-Phenoxypropionicacid 320.0 1 11.65 11.13
6 11.70 11.25


2-Phenoxybutyricacid 320.2 1 15.57 15.19
6 15.53 15.24


2-Phenoxyisobutyricacid 250.0 1 9.88d (12.30e� 9.15f) = 21.45
6 4.01d (12.07e� 9.74f) = 21.81


a S= surfacearea(cm2); V = volume(cm3).
b CleanPyrexvessel.
c Vesselseasonedwith allyl bromide.
d Averageoverall k values.
e k Value of acetoneformation.
f k Valueof methylacrylicacid formation.


Table 4. Effect of the free radical inhibitor cyclohexene on ratesa


Substrate
Temperature


(°C) Ps (Torr) Pi (Torr) Pi/Ps 104k1 (sÿ1)


Phenoxyaceticacid 389.9 55.6 — — 18.83
67.8 97.5 1.4 13.08
62.8 108.6 1.7 12.82
53.0 106.0 2.0 12.81
34.0 99.6 2.9 12.91
21.7 67.5 3.1 12.77


2-Phenoxypropionicacid 320.0 38.1 — — 12.05
37.9 58.0 1.5 11.63
43.0 89.5 2.1 10.75
34.3 110.5 3.2 11.17
35.9 146.5 4.1 11.17


2-Phenoxybutyricacid 329.1 20.0 — — 25.20
49.6 32.0 0.7 25.11
51.6 62.0 1.2 25.00
21.7 67.0 2.3 25.08
26.1 117.5 4.5 25.09


2-Phenoxyisobutyricacid 260.0 23.0 — — (24.81b� 18.96c) = 43.77
44.0 44.5 1.0 (24.69b� 18.12c) = 42.81
22.8 29.0 1.3 (24.88b� 18.33c) = 43.21
16.3 70.0 4.3 (24.82b� 18.36c) = 43.18
16.7 84.5 5.1 (24.84b� 18.32c) = 43.16


a Ps = pressureof thesubstrate;Pi = pressureof the inhibitor. Vesselseasonedwith allyl bromide.
b k Value of acetoneformation.
c k Value of methylacrylicacid formation.
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Table 5. Invariability of rate coef®cients with initial pressure


Compound Temperature(°C) Parameter Values


2-Phenoxyaceticacid 389.9 P0 (Torr) 21.7 34.0 53.0 67.8
104 k1 (sÿ1) 12.91 12.81 12.82 12.77


2-Phenoxypropionicacid 320.0 P0 (Torr) 22.0 34.3 43.0 50.7
104 k1 (sÿ1) 11.53 11.17 10.75 11.33


2-Phenoxybutyricacid 320.1 P0 (Torr) 22.1 27.4 34.6 37.6 44.0
104 k1 (sÿ1) 15.06 15.17 15.13 15.22 15.29


2-Phenoxyisobutyricacid 260.4 P0 (Torr) 16.3 23.0 31.0 44.0
104 k1 (sÿ1) (24.82a� 18.36b) (24.81a� 18.96b) (24.90a� 18.83b) (24.69a� 18.12b)


a k Value of acetoneformation.
b k Value of methylacrylicacid formation.


Table 6. Variation of rate coef®cients with temperaturea


Compound Parameter Values


2-Phenoxyaceticacid Temperature(°C) 349.8 359.9 369.4 380.3 389.2 400.5 409.9
104 k1(s


ÿ1) 1.41 2.24 4.21 6.94 12.08 21.20 34.42
Rateequation Log k1 (sÿ1) = (12.04� 0.54)ÿ(190.3� 6.7)kJmolÿ1 (2.303RT)ÿ1; r = 0.9992


2-Phenoxypropionicacid Temperature(°C) 310.0 315.8 320.0 329.8 340.2 351.0
104 k1 (sÿ1) 6.39 8.72 11.13 18.97 37.77 63.93


Rateequation Log k1(s
ÿ1) = (12.28� 0.31)ÿ(172.9� 3.6)kJmolÿ1(2.303RT)ÿ1; r = 0.99915


2-Phenoxybutyric acid Temperature(°C) 300.2 309.3 314.9 320.2 329.1 338.5
104 k1 (sÿ1) 4.34 8.05 11.18 15.19 25.10 42.10


Rateequation Log k1(s
ÿ1) = (12.29� 0.38)ÿ(171.7� 4.3)kJmolÿ1(2.303RT)ÿ1; r = 0.9997


2-Phenoxyisobutyricacid Temperature(°C) 240.1 250.5 260.4 270.1 280.0
104 k1 (sÿ1) 10.48 22.66 43.49 79.23 147.0


Rateequation Log k1(s
ÿ1) = (12.84� 0.36)ÿ(155.3� 3.6)kJmolÿ1(2.303RT)ÿ1; r = 0.9996


a Vesselseasonedwith allyl bromideandin thepresenceof cyclohexeneinhibitor.
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coefficient at the 90% confidencelevel obtainedfrom
least-squaresproceduresaregiven.


2-Phenoxypropionic acid


The experimental stoichiometry for the gas-phase
eliminationof 2-phenoxypropionicacid,asdescribedin
reaction(5), implies Pf = 3P0.


CH3�C6H5O�CHCOOH! C6H5OH� CH3CHO


� CO
�5�


The averagePf/P0 at four different temperaturesand10
half-lives was2.83 (Table1). The small departurefrom
the theoreticalstoichiometrywasdueto a parallelpath,
wherelessthan1%of phenolandacrylicacidareformed.
Verification of the stochiometryof reaction(5), up to
75% reaction, was possible, considering that the
acetaldehydeproduced is equivalent to the pressure
increase(Table2).


The pyrolysis reaction(5) is homogeneous,sinceno
significant variations in rates were obtained in these
experimentswhenusingboth cleanPyrexandseasoned
vesselswith a surface-to-volumeratio of 6.0 relative to
thatof thenormalvessel,which is equalto 1.0(Table3).
Thissubstratewasalwayspyrolyzedin thepresenceof at
leasta twofold excessof the free radicalchaininhibitor
cyclohexene(Table4).No inductionperiodwasobserved
andthe rateswerereproduciblewith a relativestandard
deviationof �5% at anygiven temperature.


Theratecoefficientswerefoundto beinvariantof their
initial pressure(Table5). Thelogarithmicplotsarelinear
up to 75% decomposition.The temperaturedependence
of the first-order rate coefficientsis shownin Table 6,


where rate coefficients at the 90% confidencelevel
obtainedwith a least-squaresmethodaregiven.


2-Phenoxybutyric acid


The stoichiometryfor the gas-phaseelimination of 2-
phenoxybutyric acid as representedin reaction (5)
suggestsPf = 3P0. The averagePf/P0 at four different
temperaturesand10 half-lives was2.78 (Table 1). The


small departurefrom stoichiometryin the reaction


CH3CH2CH�OC6H5�COOH
! C6H5OH� CH3CH2CHO� CO �6�


wasdue to a parallel decompositionto give, after 68%
reaction,small amountsof phenol,vinylacetic acid and
crotonic acid. Additional examinationof the stoichio-
metryof reaction(6),upto 65%reaction,showedthatthe
percentagedecompositionof the phenoxybutyricacid
calculated from pressuremeasurementswas in good
agreementwith that obtainedfrom the chromatographic
analysis of the product propionaldehyde(Table 2).
Reaction(6) was found to be homogeneoussince no
significantvariationsin rateswereobtainedwhenusing
bothcleanPyrexandseasonedvesselswith a surface-to-
volumeratio of 6.0 relativeto that of thenormalvessel,
which is equalto 1.0(Table3). Thefreeradicalinhibitor
cyclohexenehad no effect on the rate of elimination
(Table 4). No induction period was observed.The rate
coefficientswere reproduciblewith a relative standard
deviationof <5% at anygiven temperature.


Theratecoefficientswereshownto beindependentof
the initial pressureof this substrate(Table 5), and the
first-orderplotsaresatisfactorilylinear up to about65%
reaction. The variation of the rate coefficient with
temperatureis describedin Table 6, which gives rate
coefficientsat the90%confidencelimits obtainedfrom a
least-squaresprocedure.


2-Phenoxyisobutyric acid


The pyrolysis products of 2-phenoxyisobutyric acid
accordingto the reaction


makeit difficult to determinethestoichiometryfrom the
pressureincrease.The averageexperimentalPf /P0 at
three different temperaturesand 10 half-lives is 2.30
(Table 1). However, to verify the stoichiometry of
reaction (7), up to 84% decomposition,quantitative
chromatographicanalysesof total phenolformationwere
comparedwith the sumof acetoneandmethacrylicacid
products(Table2).Theeffectof thesurfaceontheratein
a vesselwith a surface-to-volumeratio six timesgreater
than that of the normal vessel showed a significant
heterogeneouseffect in a clean packedand unpacked
Pyrexvessel(Table3). This resultappearsto be dueto


�CH3�2C(C6H5O)COOH
%C6H5OH� CH3COCH3� CO


&
C6H5OH� CH2 � C(CH3�COOH


�7�
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somepolymerizationof methacrylicacid. However,the
rateof eliminationwasunaffectedin a seasonedpacked
and unpacked vessel. 2-Phenoxyisobutyricacid was
alwayspyrolyzedin seasonedvesselsandin thepresence
of at leasta twofold excessof the free radical inhibitor
cyclohexene(Table4).No inductionperiodwasobserved
andthe rateswerereproduciblewith a relativestandard
deviationof �5% at anygiven temperature.


The rate coefficients,in seasonedvesselsand in the
presenceof cyclohexene,werefound to be independent
of the initial pressure,and the first-order plots are
satisfactorilylinear up to about80% reaction(Table5).
Thevariationof theratecoefficientswith temperatureis
describedin Table6 (90%confidencecoefficient).


The partial rates of primary product formation,
describedin reaction(7), were determined,up to 80%
decompositionof thephenoxyisobutyric acid,by quanti-
tative gas chromatographicanalysesof acetoneand
methacrylicacid.Thevariationof theratecoefficientsfor
the formationof theseproductswith temperature(Table
7) gives, by a least-squaresprocedureand with a 90%
confidencecoefficient, the following Arrhenius equa-
tions: for acetoneformation


logk1�sÿ1� � �12:20� 0:52� ÿ �151:3


� 5:2�kJ molÿ1�2:303RT�ÿ1; r
� 0:9996


andfor methacrylicacid:


logk1�sÿ1� � �12:99� 0:38� ÿ �160:5


� 3:9�kJ molÿ1�2:303RT�ÿ1; r
� 0:9998


Accordingto thekineticparametersdescribedin Table
8, the elimination ratesof the phenoxyacids increase
from primary to tertiary carbon bearing the C6H5O
susbtituent.Moreover, with the support of theoretical
studieson thereactionpathwaysof 2-substitutedchloro4


andhydroxy5,6 carboxylicacids,the mechanismmay be
rationalized in terms of a moderately polar bicyclic
(3,1,0) transition structure, where an a-lactone inter-
mediateis achievedby theassistanceof acidichydrogen
of the COOH, followed by nucleophilic attack of the
carbonyl oxygen. The unstable lactone proceedsto
decomposeinto the correspondingcarbonyl compound
andcarbonmonoxide:


With respectto the parallel elimination pathwayof 2-
phenoxyisobutyricacid in the formation of phenoland
methacrylicacid,themechanismmaybeassociatedwith
the gas-phasepyrolysis of tert-butyl phenyl ether,9,10


wheretheunimoleculareliminationof phenolinvolvesa
polar four-centeredcyclic transition-statereaction.Con-
sequently, reaction of this phenoxy acid appearsto
proceed through a semi-polar four-membered cyclic
transitionstate:


EXPERIMENTAL


2-Phenoxyacetic acid. 2-Phenoxyaceticacid was pre-
pared by treating bromoacetic acid with phenol as
reported.11 The productwasrecrystallizedseveraltimes
from water, m.p. 97°C. The primary product phenol
(Aldrich) was analyzedusing GLC: 10% SP-1200–1%
H3PO4 on ChromosorbW AW DMCS, 80–100mesh.


Table 7. Variation of rate coef®cient with temperature for
formation of acetone and methylacryclic acid


104 k1 (sÿ1)


Temperature(°C) Acetone Methacrylicacid


240.1 6.12 4.36
250.5 13.03 9.63
260.4 24.94 18.55
270.1 43.03 36.20
280.0 81.17 65.87


Table 8. Kinetic parameters for the assumed a-lactone formation at 300.0°C


Substrate 104 k1 (sÿ1) Relativerate Ea (kJmolÿ1) LogA (sÿ1)
DS‡


(Jmolÿ1 Kÿ1)
DH‡


(kJmolÿ1)


2-Phenoxyaceticacid 0.054 1.0 190.3� 6.7 12.08� 0.54 ÿ6.55 195.1
2-Phenoxypropionicacid 3.31 61.3 172.9� 3.6 12.28� 0.31 ÿ5.64 177.7
2-Phenoxybutyricacid 4.37 80.9 171.7� 4.3 12.29� 0.38 ÿ5.59 176.5
2-Phenoxyisobutyricacid 257.04 4760.0 151.3� 5.3 12.20� 0.52 ÿ6.01 156.1
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2-Phenoxypropionic acid. This substrate(Aldrich) was
foundto beof >98.8%purity (GLC: PorapakR, 80–100
mesh). The pyrolysis productsacetaldehyde(Aldrich)
andphenol(Aldrich) werequantitativelyanalyzedin the
samecolumn.


2-Phenoxybutyric acid. Phenoxybutyricacid(Aldrich) of
99.9% purity determinedby GLC (10% SP-1200–1%
H3PO4 on ChromosorbW AW DMCS, 80–100mesh)
was used.The product propionaldehyde(Aldrich) was
quantitativelyanalyzedin acolumnof PorapakQ, 60–80
mesh.


2-Phenoxyisobutyric acid. Thesynthesisof thissubstrate
was carried out by mixing phenol (Aldrich), 1,1,1-
trichloro-2-methyl-2-propanol (Aldrich) in NaOH and
acetone(Merck) asdescribed12 (m.p.99–100°C). NMR:
� 2.55 (s, 6H), 7.1 (m, 5H), 9.4 (s, 1H). MS: m/z 180
(M�), 135[M� ÿC6H5OC(CH3)2], 94(M� ÿC6H5O),77
(M� ÿC6H5). The pyrolysis product acetone(Merck)
was quantitativelyanalyzedin a column of diisodecyl
phthalate5%–ChromosorbG AW DMCS, 60–80mesh,
and the methacrylicacid (Aldrich) in a columnof 10%
SP-1200–1%H3PO4 onChromosorbW AW DMCS,80–
100mesh.


The identities of the substratesand products were
furtherverifiedby massandNMR spectrometry.


Kinetic experiments. Thephenoxyacidswerepyrolyzed
in a staticreactionsystem,seasonedwith allyl bromide,
andin thepresenceof cyclohexeneasafree-radicalchain
suppressor.The rate coefficients were determinedby
pressureincreaseand by quantitativeGLC analysesof
theproducts.Thetemperaturewascontrolledby aShinko
DIC-PS resistancethermometercontroller maintained
within�0.2°C andmeasuredwith acalibratedplatinum–


platinum13% rhodiumthermocouple.The substrates2-
phenoxyaceticacid, 2-phenoxypropionicacid and 2-
phenoxybutyricaciddissolvedin dioxane(Merck)and2-
phenoxyisobutyric acid dissolved in chlorobenzene
(Aldrich) were injecteddirectly into the reactionvessel
througha silicone-rubberseptum.


Acknowledgements


We are grateful for financial support to the Consejo
Nacionalde InvestigacionesCientificasy Tecnológicas
(CONICIT) of Venezuela,ProjectNo. S1-97000005,and
to ArmandoHerizefor technicalassistance.


REFERENCES


1. G. ChuchaniandA. Rotinov, Int. J. Chem.Kinet. 21, 367(1989).
2. G. Chuchani,R. M. Domı́nguezand A. Rotinov, Int. J. Chem.


Kinet. 23, 849 (1991).
3. G.Chuchani,I. Martin andA. Rotinov,Int. J.Chem.Kinet.27, 849


(1995).
4. V. S. Safont,V. Moliner, J. AndresandL. R. Domı́ngo,J. Phys.


Chem.101, 1859(1997).
5. L. R. Domingo,J. Andres,V. Moliner and V. S. Safont,J. Am.


Chem.Soc.119, 6415(1997).
6. L. R. Domingo, M. T. Pitcher,J. Andres,V. R. Safont and G.


Chuchani,Chem.Phys.Lett. 274, 422 (1997).
7. G. Chuchani,A. Rotinov and R. M. Domı́nguez,J. Phys.Org.


Chem.9, 787 (1996).
8. L. R. Domingo, M. T. Pitcher,V. S. Safont,J. Andres and G.


Chuchani,J. Phys.Chem.in press.
9. N. J.Daly,S.A. RobertsonandL. P.Steele,Aust.J. Chem.34, 341


(1981).
10. G. Martı́n, H. Martı́nez and J. Ascanio,Int. J. Chem.Kinet. 22,


1127(1990);21, 193 (1989).
11. J. vanAlpen, Recl.Trav. Chim.Pays-Bas46, 144 (1927).
12. E. J. Corey,S. Barczaand G. Klotmann,J. Am. Chem.Soc.91,


4782(1969).


Copyright  1999JohnWiley & Sons,Ltd. J. Phys.Org. Chem.12, 612–618(1999)


618 G. CHUCHANI ET AL.








Characterization of solvent mixtures. Part 8 Ð Preferential
solvation of chemical probes in binary solvent systems of a
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ABSTRACT: The use of chemical probes for the characterization of chemical properties was explored for completely
non-aqueous aprotic binary solvent mixtures. The Dimroth–ReichardtET(30) betaine dye, 4-nitrophenol, 4-
nitroanisole, 4-nitroaniline andN,N-diethyl-4-nitroaniline were used to study preferential solvation in binary mixtures
of a polar aprotic hydrogen bond-acceptor solvent (DMSO, DMF, acetone, butanone and ethyl acetate) with
acetonitrile or nitromethane at 25°C over the whole range of solvent composition. The indicators were employed to
determineET(30), p*, a and b solvatochromic parameters of the mixtures. Each solvent system was analysed
according to its deviation from ideal behaviour due to the preferential solvation of the indicators and also from the
complicated intermolecular interactions of the mixed solvent. The validity of the concept of an intrinsic, absolute
property of a solvent mixture and whether such a property can be defined by means of chemical probes is discussed.
These results were related to the solvent effects on some aromatic nucleophilic substitution reactions. The kinetics of
the reactions between 1-fluoro-2,4-dinitrobenzene and primary or secondary amines were studied in ethyl acetate–
acetonitrile andN,N-dimethylformamide–acetonitrile mixtures, respectively, taken as representatives of two clearly
different solvation models. Copyright 1999 John Wiley & Sons, Ltd.


KEYWORDS: binary solvents; solvation; aromatic nucleophilic substitution reactions


INTRODUCTION


Solvents play a major role in many chemical processes.
Organic liquids are characterized by several properties
that make them suitable for dissolving and for providing
reaction media for various types of solutes.1 These
properties include physical and chemical quantities.


Solvent effects are closely related to the nature and
extent of solute–solvent interactions locally developed in
the immediate vicinity of the solutes. Chemists have
usually attempted to understand this in terms ofpolarity,
defined as the overall solvation capabilities that depend
on all possible (specific and non-specific) intermolecular
interactions. In this connection, numerous reports on
solvent polarity scales have been published in the last few


decades.2–5 More recently, Abraham6 has proposed
scales of solute hydrogen-bond acidity and solute hydro-
gen-bond basicity and has devised a general solvation
equation.


Negatively and positively solvatochromic dyes are
particularly suitable as standard substances for studying
solute–solvent interactions, since the transition energy of
the indicator depends on the solvation’s sphere composi-
tion and properties. This method also provides informa-
tion on some solvent properties such as polarity and
hydrogen-bonding capability.


The chemical characteristics of solvent mixtures are
customarily determined in the same manner as those of
neat solvents by means of solvatochromic indicators.
However, solute–solvent interactions are much more
complex in mixed solvents than in pure solvents owing to
the possibility of preferential solvation by any of the
solvents present in the mixture. Moreover, the solvent–
solvent interactions produced in solvent mixtures can
affect solute–solvent interactions and therefore prefer-
ential solvation. The validity of the concept of an
intrinsic, absolute property of a solvent mixture and


JOURNAL OF PHYSICAL ORGANIC CHEMISTRY
J. Phys. Org. Chem.12, 207–220 (1999)


Copyright  1999 John Wiley & Sons, Ltd. CCC 0894–3230/99/030207–14 $17.50


*Correspondence to:P. M. E. Mancini, Departmento de Quı´mica
Orgánica, Facultad de Ingenierı´a Quı́mica, Universidad Nacional del
Litoral, Santiago del Estero 2829, (3000) Santa Fe, Repu´blica
Argentina.
E-mail: pmancini@fiqus.unl.edu.ar
Contract/grant sponsor:Science and Technology Secretariat, UNL,
CAI�D Program;Contract/grant number:94-0858-007-054.







whether such a property can be defined by means of
chemical probes has been discussed recently.7


We have previously studied the preferential solvation
of ET(30) dye for several completely non-aqueous binary
solvent mixtures of the type polar aprotic hydrogen-bond
acceptor (PAHBA) solvent–chloroform or dichloro-
methane, both taken as hydrogen-bond donor solvents.8


Most of these mixtures presented synergetic effects for
the ET(30) polarity parameter, which is revealed in the
PAHBA solvent zone. We have also discussed the
influence on the kinetics of some aromatic nucleophilic
substitution reactions (ANS) of those solvent mixtures in
which the two solvents interact to form a hydrogen-
bonded complex withET(30) polarity higher than those
of the two pure solvents. This ‘improved polarity’ was
not ‘reflected’ by the critical states of the ANS reaction
analysed. Among the PAHBA solvents, acetonitrile
(AcN) and nitromethane (NM) exhibit a lower HBA
ability and also exhibit a potential ability to donate a
hydrogen atom towards the formation of a hydrogen
bond. In order to contribute to a more comprehensive
analysis of the microscopic properties of binary aprotic
solvent mixtures, it was of interest to discuss the
behaviour of solvent mixtures of the type PAHBA
solventÿ AcN or NM.


In the present study, the solvatochromic parameters
[ET(30),p*, b, anda] of completely non-aqueous binary
mixtures of several dipolar aprotic hydrogen-bond
acceptor solvents with acetonitrile and nitromethane
were determined and interpreted. Additionally, it was of
interest to evaluate the influence of these solvent
mixtures on the kinetics of some aromatic nucleophilic
substitution reactions.


This work was aimed at (i) studying the preferential
solvation of different chemical probes in binary solvent
mixtures, analysing the solute–solvent and solvent–
solvent interactions; (ii) exploring whether different
indicators produce convergent values for a property in a
given solvent mixture; (iii) measuring the microscopic
properties of binary solvent mixtures with the purpose of
obtaining numerical values for solvent properties for their


use as a ‘predictor’ or ‘descriptor’ of the solvent effect on
the behaviour of diverse kinds of solutes and transition
states; and (iv) relating the extent of the preferential
solvation of different chemical probes to the kinetic
properties of ANS reactions development in the same
binary solvent systems.


RESULTS AND DISCUSSION


Microscopic properties of binary solvent mixtures


Different single and multiparametric empirical scales of
molecular microscopic properties of solvents have been
developed from reference solutes that behave as a probe
reflecting changes in the solvation shell through varia-
tions in their UV–visible absorption spectra.


The ET(30) scale of Dimroth and Reichardt9 and the
p*, b anda scales constructed by Kamlet and co-workers
by the solvatochromic comparison method10 are the
parameters most used in the uniparametric and multi-
parametric approaches, respectively. TheET(30) ‘polar-
ity’ reflects a combination of polarity and hydrogen-bond
donor capability of solvents and is defined as the molar
transition energy (in kcal molÿ1) of a betaine dye
dissolved in the solvent under study. Thep*, b and a
parameters (resorting to more specific probes) reflect the
dipolarity/polarizability, the hydrogen-bond acceptor
(HBA) basicity and the hydrogen-bond donor (HBD)
acidity of the solvents, respectively. Different procedures
for the calculation ofp*, b and a values have been
collected by Marcus.11 Recently, new probe molecules
(structurally different) have been proposed.12


ET(30) values are available for several binary solvent
mixtures, but data forp*, b and a parameters are still
scarce.


Bosch and co-workers13 proposed different theoretical
equations which take into account the solute–solvent and
solvent–solvent interactions in binary mixtures and relate
the ET(30), p*, b anda solvatochromic parameters with
the solvent composition.


Table 1. Solvatochromic parameters of pure solvents at 25°C


Parameter EAc BUT AC DMF DMSO NM AcN


ET(30) 38.1 41.3 42.2 43.8 45.1 46.3 45.6
p* 0.55a 0.67a 0.71a 0.88a 1.00b 0.85a 0.75a


0.45c 0.60c 0.62c 0.88c 0.75c 0.66c


0.49d 0.66d 0.87d 0.71d


(0.56) (0.66) (0.70) (0.89) (0.88) (0.76)
a 0.00a 0.06a 0.08a 0.00a 0.00a 0.22a 0.19a


(0.00) (0.09) (0.13) (0.04)IV (0.00)IV (0.29) (0.32)
(0.05)V (0.06)V


b 0.45a 0.48a 0.48b 0.69a 0.76a 0.06a 0.31b


(0.45) (0.58) 0.43a (0.71)IV (0.77)IV 0.37e 0.40a


(0.53) (0.67)V (0.43)V (0.20) (0.44)


Data froma Ref. 11,b Ref. 14,c Ref. 15,d Ref. 16 ande Ref. 17. Values in parentheses were determined in this work.
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The two selected co-solvents (NM and AcN) have
analogous general properties. Taking into account that
for NM the HBA capability values are controversial in
the literature, and considering the possibility of experi-
mental difficulties in the determination of the solvato-
chromic shifts due to overlapping absorptions, theET(30)
parameter was determined for PAHBA solvent–AcN or
NM) andp*, b anda only for PAHBA solvent–AcN. The
PAHBA selected were ethyl acetate (EAc), acetone (AC),
butanone (BUT),N,N-dimethylformamide (DMF) and
dimethyl sulphoxide (DMSO). The properties of the pure
solvents used to prepare the binary solvent mixtures
studied are given in Table 1.


For each system explored, the solvatochromic para-
meters were systematically determined over the full
solvent composition range (at nine molar fractions of co-
solvent) at 25°C.


Determination of ET(30) values


The ET(30) solvatochromic parameter is defined as the
molar transition energy derived from the longest
wavelength solvatochromic UV–visible absorption band
of 2,6-diphenyl-4-(2,4,6-triphenyl-1-pyridinio)-1-pheno-
late (I ), proposed by Dimroth and Reichardt for
empirically measuring the ‘polarity’ of solvents, and is
calculated according to the equation


ET�30��kcal molÿ1� � hc��N
� 2:859� 10ÿ3���cmÿ1� �1�


The calculatedET(30) values for the PAHBA solvent–
AcN or NM systems are presented in Table 2 (the binary
system DMSO–AcN has been reported previously). The
corresponding plots ofET(30)vs XCoSare shown in Figs 1
and 2, including the pure solvents.


In order to analyse the data obtained, the binary
mixtures were divided into two general groups according
to the solvation models reflected in the plots: (a) mixtures
that exhibit positive deviations from linearity in the
relationship between the solvatochromic parameter
values and the solvent composition; and (b) mixtures
with negative deviations from linearity.


The different solvation models of indicatorI can be
interpreted from its solute properties. The Dimroth–
Reichardt betaine dye exhibits a significant permanent
dipole moment (suitable for dipole–dipole and dipole–
induced dipole interactions), a large polarizablep-
electron system (suitable for dispersion interactions), a
substantial negative charge on the phenoxide oxygen
[highly basic electron-pair donor centre suitable for
interactions with weak Brønsted acids (H-bonding) and
Lewis acids (EPD/EPA bonding)] and a positive charge
on the pyridinium nitrogen (sterically shielded). There-
fore, indicator I is sensitive to the dipolarity/polariz-
ability and hydrogen-bond donor capability of the
solvents.


Figure 1 presents the plots for mixtures of EAc, BUT


Table 2. ET(30) values (kcal molÿ1) for PAHBA solvent±co-solvent systems at 25°C


PAHBA Co-solvent mole fraction


solvent Co-solvent 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90


EAc NM 40.8 41.6 42.6 43.2 44.2 44.7 45.2 45.8 46.4
AcN 40.8 41.6 42.6 43.3 44.0 44.5 44.8 45.2 45.5


BUT NM 42.1 42.8 43.5 44.1 44.4 45.0 45.5 46.0 46.3
AcN 42.4 43.0 43.5 44.0 44.5 45.0 45.2 45.5 45.6


AC NM 42.8 43.6 44.0 44.5 44.8 45.4 45.7 46.0 46.3
AcN 42.7 43.3 43.7 44.2 44.6 45.1 45.2 45.4 45.5


DMF NM 43.8 43.9 44.3 44.6 44.7 45.2 45.3 45.8 46.1
AcN 43.9 44.3 44.5 44.6 45.0 45.2 45.4 45.5 45.6


DMSO NM 45.0 45.1 45.2 45.3 45.4 45.6 45.6 45.8 46.0
AcNa 45.0 45.0 45.1 45.1 45.2 45.3 45.3 45.4 45.6


a From Ref. 18.


Figure 1. Plot of ET(30) vs co-solvent mole fraction for
PAHBA solvent (EAc, BUT, AC) ±NM or AcN solvent systems
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and AC with both co-solvents, showing a striking
behaviour with positive deviations from linear relation-
ships between theET(30) values and the solvent
composition. It should be pointed out that the difference
between the property values of the co-solvents and the
pure solvents is 3.5� DET(30)� 8.2 kcal molÿ1 (1 kcal =
4.184 kJ). The binary systems with EAc as one com-
ponent of the mixtures exhibit a large increases in the
ET(30) value with small increases in co-solvent concen-
tration and large deviations from linearity, particularly in
the EAc-rich region. It can be observed that the EAc–NM
system presents a negligible synergistic effect for the


solvent property atXNM = 0.9. The binary mixtures with
BUT and AC exhibit continuous non-linear increases in
theET(30) value, showing that the curvature in the region
rich in these PAHBA solvents is less defined, and the
deviations from linearity are smaller than those for
mixtures with EAc. All these results indicate that the
betaine dye tends to be preferentially solvated by the co-
solvent. The shape of the curves denotes enrichment of
the solvation shell of the chemical probe in the polar
solvent with a potential capability to establish solute–
solvent interactions by hydrogen bonding, leading to an
additional stabilization of the strong negative charge on
the phenoxide oxygen in the electronic ground state ofI ,
resulting in increasedET(30) values.


Figure 2 shows the plots for binary mixtures of DMF
and DMSO with both co-solvents. The difference
between theET(30) values of the co-solvents and the
pure solvents is 0.6� DET(30)� 2.5, lower than those
for the mixtures previously analysed. All systems exhibit
a similar behaviour, showing nearly linear curves with
small negative deviations from linearity. TheET(30)
value increases smoothly in the co-solvent-rich region
and flattens out atXCoS< 0.5. In these binary mixtures,
the solvent–solvent interactions can notably affect the
solute–solvent interactions, and therefore preferential
solvation. The highly dipolar solvents with strong
hydrogen-bond acceptor capability (DMF and DMSO)
can interact with AcN and NM (highly dipolar solvents
with potential hydrogen-bonding ability) forming associ-
ates by means of hydrogen bonds and dipole–dipole
interactions. In the solvation shell, DMF and DMSO can
compete with indicatorI to establish interactions by
hydrogen bonding with the co-solvent. Some mixtures
with DMSO show anET(30) value slightly lower than
those for the pure solvents.


The results obtained indicate that a similar behaviour is


Figure 2. Plot of ET(30) vs co-solvent mole fraction for
PAHBA solvent (DMF, DMSO)±NM or AcN solvent systems


Table 3. p* Values for PAHBA solvent±acetonitrile systems at 25°C


PAHBA Acetonitrile mole fraction


solvent 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90


EAc p* (II) 0.59 0.63 0.64 0.65 0.66 0.69 0.71 0.74 0.75
p* (III) 0.57 0.59 0.61 0.61 0.66 0.66 0.66 0.71 0.73
p* (avg) 0.58 0.61 0.625 0.63 0.66 0.675 0.685 0.725 0.74


BUT p* (II) 0.69 0.69 0.71 0.72 0.74 0.74 0.74 0.74 0.75
p* (III) a 0.66 0.66 0.68 0.69 0.71 0.71 0.71 0.71 0.72
p* (avg) 0.675 0.675 0.695 0.705 0.725 0.725 0.725 0.725 0.735


AC p* (II) 0.71 0.71 0.71 0.73 0.75 0.75 0.75 0.75 0.75
p* (III) a 0.68 0.68 0.68 0.70 0.72 0.72 0.72 0.72 0.72
p* (avg) 0.695 0.695 0.695 0.715 0.735 0.735 0.735 0.735 0.735


DMF p* (II) 0.88 0.88 0.87 0.87 0.87 0.87 0.86 0.85 0.83
p* (III) 0.88 0.84 0.82 0.80 0.79 0.77 0.77 0.75 0.75
p* (avg) 0.88 0.86 0.845 0.835 0.825 0.82 0.815 0.80 0.79


DMSO p* (II) 0.98 0.97 0.96 0.94 0.92 0.89 0.87 0.86 0.83
p* (III) 1.00 1.00 0.97 0.93 0.88 0.86 0.84 0.79 0.79
p* (avg) 0.99 0.985 0.965 0.935 0.90 0.875 0.855 0.825 0.81


a Values estimated from Eqn (4).
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exhibited when the co-solvent is NM or AcN. For
mixtures with EAc, BUT and AC (solvents that do not
interact appreciably with NM and AcN), the co-solvent
manifests its properties even at low concentrations. For
mixtures with DMF and DMSO, the association inter-
feres with the property.


Determination of p* values


The solvatochromic dipolarity/polarizability parameter
p* was determined employing the solvatochromic
indicatorsN,N-diethyl-4-nitroaniline (II ) and 4-nitroani-
sole (III ), which belong to the selected probe solutes set
proposed by Kamlet and co-workers.10


These probes are aromatic molecules of the A–C6H4–
D type where A and D are electron-acceptor (NO2) and
electron-donor (N,N-Et2 and OMe) groups, respectively.
The structures of the aromatic nitro compounds used as
indicators are basically similar, although the diethyl-
amine and methoxy groups appear to be different. The
electronic transition is connected with an intramolecular
charge transfer from the electron donor part to the
acceptor part through the aromatic system. These
indicators present positive solvatochromism owing to
their more dipolar first excited state relative to their less
dipolar ground state. According to the chemical structure
of the probes, they are supposed to be insensitive to
specific HBD and HBA interactions with solvents.


The p* solvatochromic parameter measures the
exoergic effects of solute–solvent, dipole–dipole and
dipole–induced dipole interactions. That is, it measures


the ability of solvents to stabilize a neighbouring charge
or dipole by virtue of non-specific dielectric interactions.
Therefore,p* values represent a blend of dipolarity and
polarizability of the solvents.


Thep* solvatochromic parameter was calculated from
the wavenumbers of the UV–visible absorption maxima
of indicatorsII [�� (II )] and III [�� (III )] according to the
conversion expressions reported by Marcus:11


�� � 0:314�27:52ÿ �� �II �� �2�
�� � 0:427�34:12ÿ �� �III �� �3�


For all the binary systems explored, the values of�� (II )
were obtained experimentally and thep* calculated
parameters are presented in Table 3. However, the values
of �� (III ) could not be obtained directly in all cases
because of overlapping absorptions. The values of�� (III )
were determined experimentally for the EAc–AcN,
DMF–AcN and DMSO–AcN systems. For BUT–AcN
and AC–AcN binary mixtures the�� (III ) value was
estimated from the correspondent experimental�� (II )
values and the correlation between the wavenumber of
the absorption maxima of both indicators in the EAc–
AcN, DMF–AcN and DMSO–AcN systems, in agree-
ment with the equation�� (III ) = 14.26� 0.72, �� (II )
(n = 31, r = 0.9594, SD = 0.085). The standard deviation
of this regression equation compares well with the 0.100
kK (1 kK = 1000 cmÿ1) precision limit of the solvato-
chromic comparison method. The calculatedp* ( III )
values are presented in Table 3 and also given are the
averagedp* (avg) values.


The dipolarity/polarizability determined withII is, in
general, slightly higher than those calculated withIII.
The Dp* difference between the experimentally deter-
mined values from the indicatorsII and III for the pure
solventes isDp* (AcN) = 0.06, Dp* (EAc) = 0.02,Dp*
(DMF) = 0.01 andDp* (DMSO) = 0.00 units. The same
difference for the solvent mixtures explored is
Dp* � 0.05 for the EAc–AcN system,Dp* � 0.10 for
the DMF–AcN system andDp* � 0.07 for the DMSO–
AcN system. Therefore, for these solvent systems, the
average values should give an acceptable estimation of
the microscopic property under study.


The plots ofp* (avg) vs XAcN, corresponding to the
data shown in Table 3, including the values ofp* (avg)
for the pure solvents measured for this work, are
presented in Fig. 3.


According to the shape of the curves, two patterns of
behaviour are seen for the solvent systems under study.
For the EAc–AcN, BUT–AcN and AC–AcN solvent
systems, in general, the values of the property are very
close to the average of the properties of the pure solvents
(nearly ideal behaviour), indicating additivity of the
properties. In these mixtures the solute–solvent interac-
tions do not affect the auto- and mutual solvent–solvent
interactions. For the DMF–AcN and DMSO–AcN


Figure 3. Plot of p* vs co-solvent mole fraction for PAHBA
solvent±AcN solvent systems
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systems, the components of the mixtures with the highest
value of the dipolarity/polarizability manifest their
properties (already in dilute solutions in the case of
DMSO), indicating moderate preferential solvation of the
indicator by the component of the mixture with the
highest value ofp*.


Determination of b values


The solvatochromic HBA ability parameterb was
determined from the magnitudes of the enhanced
solvatochromic shifts for 4-nitroaniline (IV ) relative to
N,N-diethyl-4-nitroaniline (II ) and for 4-nitrophenol (V)
relative to 4-nitroanisole (III ), according to the conver-
sion expression proposed by Marcus:11


� � 0:358�31:10ÿ �� �IV �� ÿ 1:125�� �II � �5�
� � 0:346�35:045ÿ �� �V�� ÿ 0:57�� �III � ÿ 0:12� �6�


The parameter� is a ‘polarizability correction term,’
equal to 0.00 for all non-chlorinated aliphatic and dipolar
aprotic solvents, 0.5 for polychlorinated aliphatic,
solvents and 1.00 for aromatic solvents.


In this case, Eqn 6 reduces to a


� � 0:346�35:045ÿ ���V�� ÿ 0:57���III � �6a�


The shifts in the binary mixtures with EAc, DMF and
DMSO were determined for indicatorsIV andV and the
calculatedb (IV ), b (V) andb (avg) values are presented
in Table 4. For the binary mixtures with AC and BUT, the
b parameter was obtained from just one probe,IV ,
because of overlapping absorptions. These results are
also presented in Table 4.


In order to make a comparison with indicatorsII and
III , it is of interest to point out that the correlation
between the wavenumber of the maximum absorption of
indicators IV and V is poor (n = 31, r = 0.840, SD =
0.249).


TheDb difference between the experimentally deter-
mined b values with indicatorsIV and V for the pure
solvents are Db (AcN) = 0.065, Db(EAc) = 0.07,
Db(DMF) = 0.04 andDb(DMSO) = 0.13 units. For the
mixtures with EAc, the valueDb� 0.05 units suggests
that the averaged values give an appropriate estimate of
the properties of the mixtures. These values are presented
in Fig. 4, showing that the HBA ability of the mixtures is
slightly higher than that of the pure solvents. On the other
hand, the corresponding differences areDb� 0.22 and
Db� 0.21 units for the DMF–AcN and DMSO–AcN
systems, respectively, notably higher than those observed
for the EAc–AcN system. It is also remarkable that theb
(IV ) parameters from DMSO–AcN are in agreement with
the values reported by Marcus7 with the same indicator.
The disparity of the values for theb parameter fromIV
and V reflects the different sensitivities (different
responses) of the probes, indicating different solute–
solvent interactions, that also depend on the solvent–


Table 4. b Values for PAHBA solvent±acetonitrile systems at 25°C


PAHBA Acetonitrile mole fraction


solvent b 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90


EAc b (IV ) 0.51 0.51 0.50 0.51 0.53 0.50 0.47 0.44 0.45
b (V) 0.49 0.52 0.51 0.51 0.48 0.48 0.51 0.49 0.48
b (avg) 0.50 0.515 0.505 0.51 0.50 0.49 0.49 0.46 0.465


BUT b (IV ) 0.58 0.58 0.57 0.57 0.52 0.51 0.49 0.48 0.47
AC b (IV ) 0.54 0.54 0.53 0.52 0.48 0.48 0.48 0.48 0.46
DMF b (IV ) 0.75 0.74 0.71 0.72 0.62 0.61 0.55 0.53 0.47


b (V) 0.67 0.70 0.71 0.74 0.71 0.74 0.77 0.71 0.66
DMSO b (IV ) 0.78 0.77 0.76 0.78 0.77 0.72 0.69 0.62 0.55


b (V) 0.61 0.57 0.55 0.70 0.71 0.74 0.68 0.73 0.73


Figure 4. Plot of b vs co-solvent mole fraction for EAc±AcN
solvent system
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solvent interactions. Theb (IV ) and b (V) values are
presented in Figs 5 and 6 as a function of solvent
composition for the DMF–AcN and DMSO–AcN
systems, respectively.


The convergent values of the HBA property for the
mixtures with EAc (moderate HBA solvent) from
indicatorsIV and V should reflect that the interactions
between the probe solutes with the components of the
solvent mixtures are less strong than the auto-and mutual
interactions of the solvents. Therefore, for these solvent
systems, the average values should give an acceptable
estimate of the property under study.


On the other hand, the disparity in theb values
produced by the same indicators for the mixtures with
DMF and DMSO (strong HBA solvents) indicate that
the interactions between the solutes and DMF and
DMSO interfere with the auto- and mutual interactions.
Therefore, in these cases, the values are not averaged.


Calculation of a values


For each binary systems analysed, thea parameter was
calculated fromET(30), p*, and b according to the
conversion expression proposed by Marcus:11,19


� � 0:0692ET�30� ÿ 2:090ÿ 0:900�� ÿ 0:147�
� 0:190� �7�


Since none of the solvents used in this work is aromatic
or polychlorinated, Eqn 7 reduces to.


� � 0:0692ET�30� ÿ 2:090ÿ 0:900�� ÿ 0:147� �7a�


The calculateda values are presented in Table 5. These
values (and those for the net solvents determined for this
work) are plotted in Fig. 7 [taking into account that the
effect of the estimated value ofb on the accuracy of the


Figure 5. Plot of b vs co-solvent mole fraction for DMF±AcN
solvent system


Figure 6. Plot of b vs co-solvent mole fraction for DMSO±
AcN solvent system


Table 5. a Values for PAHBA solvent±acetonitrile systems at 25°C


PAHBA Acetonitrile mole fraction


solvent a 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90


EAc a 0.14 0.16 0.22 0.26 0.29 0.31 0.32 0.32 0.33
BUT a (IV ) 0.16 0.19 0.21 0.24 0.26 0.30 0.31 0.34 0.34
AC a (IV ) 0.16 0.22 0.23 0.25 0.26 0.30 0.31 0.32 0.33
DMF a (IV ) 0.05 0.09 0.12 0.14 0.19 0.21 0.24 0.26 0.29


a (V) 0.06 0.10 0.12 0.14 0.18 0.19 0.20 0.23 0.26
DMSO a (IV ) 0.02 0.02 0.05 0.07 0.12 0.15 0.17 0.22 0.26


a (V) 0.04 0.05 0.08 0.09 0.12 0.15 0.18 0.20 0.23
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resultinga values is much lower than other terms in Eqn
7a, thea averaged values are plotted for DMF and DMSO
mixtures].


As can be observed from the shapes of the curves ofa
vs XCoS, all the solvent systems analysed seem to present
similar models to those reflected in theET(30) vs XCoS


curves. In fact, this behaviour may be expected, taking
into account thatET(30) is a combined measure of
solvent dipolarity/polarizability and hydrogen-bond do-
nor ability.


The binary mixtures with EAc, BUT and AC have a
higher ability to donate a hydrogen atom towards the
formation of a hydrogen bond than the expected ability
derived from the weighted mean of the quantities
characterizing the two neat solvents mixed. The calcu-
lateda values for some binary mixtures in the co-solvent-
rich region are higher than those for the pure solvents.


The binary mixtures with DMF and DMSO have
reduced hydrogen-bond donor ability with respect to
ideal behaviours. This could be explained by the strong


solvent–solvent interactions via hydrogen bonding
(mainly in the DMF rich-region). It should be pointed
out that almost ideal behaviour is observed for the DMF–
AcN solvent system.


Solvent effects on aromatic nucleophilic substitu-
tion


The rate of aromatic nucleophilic substitution (ANS)
reactions is notably affected by the solvent properties.
Since the first pioneering studies,20 different contribu-
tions have reported the influence of solvent effects on
ANS reactions which showed how extensive and
complex the interactions of the substrate and/or the
intermediates with the solvent molecules can be.21


Nevertheless, few systematic studies have been reported
about the effects of the solvents, particularly mixed
solvents.22


The gross mechanism of ANS reactions when primary
or secondary amines are the nucleophiles is now well
established21,23(Scheme 1).


Application of the steady-state approximation derives
in Eqn 8, wherekA is the observed second-order rate
constant and B can be either a second molecule of the
nucleophile or an added base.


kA � k1�k2� kB
3 �B��


kÿ1� k2� kB
3 �B�


�8�


The main situations of interest with respect to the
reaction shown in Scheme 1 are as follows with respect to
Eqn 8:


(a)k2� k3
B [B] � kÿ1. In this case, no base catalysis is


possible: Eqn 8 simplifies tokA = k1 and the formation of
the intermediate is rate-limiting.


(b) k2� k3
B [B] � kÿ1. This situation corresponds to


the rapid formation of the intermediate (ZH), followed by
its rate-determining decomposition. In this case, Eqn 8
reduces to Equation 9, which predicts base catalysis with
a linear dependence ofkA on [B]:


Figure 7. Plot of a vs co-solvent mole fraction for PAHBA
solvent±AcN solvent systems


Scheme 1
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kA � k1k2


kÿ1
� k1kB


3


kÿ1
�B� �9�


(c) k2� k3
B [B] � kÿ1. In this intermediate situation, Eqn


8 indicates that base catalysis should be observed with a
curvilinear dependence ofkA on [B]. At low [B], the plot
of kA vs [B] should be a straight line which will change to
a plateau at high [B], where the formation of the
intermediate becomes rate-limiting. Numerous kinetic
studies devoted to the reactions shown in Eqn 8 have
demonstrated the validity of Eqns 8 and 9.


A new situation has recently been discovered for
several systems for which an upward curvature has been
found in the plot ofkA vs [B], which corresponds to a
parabolic dependence ofkA vs [B] and a fourth-order
kinetic law. Several alternative mechanisms have been
proposed to account for this new kinetic finding.


Several kinetic studies devoted to ANS reactions with
amines indicate that the occurrence and efficiency of base
catalysis depend on the identities of the amine, the
nucleofuge, the base and the solvent. In general, base


catalysis is more often observed with secondary than with
primary amines, with poor leaving groups, and in less
polar solvents; one of the three described kinetic
situations is observed.


The ANS reactions were extensively investigated in
both polar and apolar solvents with different structural
characteristics. In aprotic polar solvents, the ANS
reactions followed second-order kinetics (first order in
both reagents), whereas in apolar solvents the order in
amine was in the 1–3 range, depending on the nature of
the solvent and the nature of the amine.24 The evidence
for mechanisms proposed for ANS reactions by primary
or secondary amines in aprotic solvents of low relative
permittivity has recently been reviewed.25


In previous studies,26 we have shown that solvent
effects on the second-order rate coefficients,kA, for the
reactions of 1-chloro-2,4-dinitrobenzene (CDNB) with
piperidine (PIP) in several aprotic solvents are well
correlated by the Dimroth–Reichardt solvent polarity
scaleET(30). The correlation is remarkably good if HBD
solvents are excluded. However, the studies of the
reaction in methanol and in other alkanols are not well


Table 6. Second-order rate coef®cients, kA (1 molÿ1 sÿ1), for the reaction of 5� 10ÿ5
M FDNB with primary and secondary


amines


[Amine] (M)


Solvent XAcN Amine 0.002 0.004 0.008 0.010 0.016 0.020 0.040 0.080


EAc–AcN 0 n-Butylamine 4.49 4.82 4.66 4.74 5.32 5.76
0.10 4.19 5.13 5.22 5.88 5.75 5.78 5.45
0.30 4.77 5.89 6.04 6.18 6.60 6.71 6.99
0.50 5.86 6.44 6.04 6.39 6.93 7.05 7.10
0.70 6.66 7.20 6.61 5.84 6.09 7.01 7.35
0.90 5.96 7.03 7.40 7.43 7.41 7.49 7.53
1.00 7.54 7.79 7.87 7.72 7.48 6.95 7.86


DMF–AcN 0 35.7 37.3 39.1 41.0 41.4
0.10 37.0 37.4 40.0 38.8 39.4 37.3 38.5
0.30 32.0 33.3 33.0 33.7 33.4 34.4 35.8 33.0
0.50 18.7 23.0 20.7 25.2 18.9 23.2 23.5 22.7
0.70 18.4 19.3 17.0 17.8 16.3 15.9 16.4 16.0
0.90 9.80 10.0 10.4 10.6 10.5 10.3 10.6 10.8


EAc–AcN 0 Morpholine 0.11 0.20 0.33 0.39 0.47 0.63 1.33 2.52
0.10 0.18 0.29 0.46 0.56 0.64 1.17 1.82 3.59
0.30 0.33 0.43 0.67 0.75 1.14 1.35 2.3 3.45
0.50 0.37 0.53 0.93 1.08 1.34 1.64 2.74 4.61
0.70 0.55 0.68 0.98 1.19 1.37 1.42 3.09 4.69
0.90 0.63 0.67 0.89 1.32 1.89 2.19 3.05 5.60
1.00 0.80 1.11 1.40 1.74 2.10 2.72 4.05 5.53


DMF–AcN 0 3.70 4.98 5.47 5.94 7.57 8.55 12.6
0.10 2.91 3.49 4.55 5.07 5.95 6.76 11.7 19.8
0.30 2.59 2.90 4.02 4.38 6.00 6.83 10.1 15.8
0.50 2.54 3.00 3.59 4.58 5.13 6.17 8.44 11.8
0.70 1.54 1.74 2.75 3.23 3.98 4.45 5.95 9.72
0.90 1.27 1.37 1.86 1.95 2.61 2.99 4.86 7.56


EAc–AcN 0 Piperidine 10.0 16.8 27.0 31.4 35.0 47.5
0.10 16.5 23.5 34.5 40.7 53.2 63.7
0.30 41.1 52.4 75.1 77.8 120 143
0.50 56.5 67.2 90.4 91.8 135 158
0.70 65.5 77.1 96.5 105 135 162
0.90 87.3 101 131 140 165
1.00 135 155 169 174
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correlated byET(30) parameters and the reactivity in
hydroxylic solvents is inversely proportional to the HBD
ability of the solvents.


More recently,27 we have studied the CDNB� PIP
reaction in two different systems of completely non-
aqueous binary mixtures in which preferential solvation
is the rule, but without synergetic effects for theET(30)
parameter.


Kinetic determinations


In the first part of this work, we characterized several
completely non-aqueous binary solvent mixtures of the
PAHBA solvent–AcN or NM type. In this connection, the
kinetics of FDNB–n-butylamine and FDNB–morpholine
reactions were studied at 25°C in two of those mixtures:
EAc–AcN and DMF–AcN. These mixtures presented
different microscopic properties, the former providing
convergent results for a given property if different probes
are used for its determination, whereas in the latter this
convergence is not observed. We also determined the
kinetics of the FDNB–piperidine reaction in EAc–AcN at
25°C.


The reactions were explored at different solvent
compositions and in each case the influence of amine
concentration was studied. The reactions were carried out
under pseudo-first-order conditions. They yielded the
expected product in quantitative yield [N-(2,4-dinitro-
phenyl)butylamine, N-(2,4-dinitrophenyl)morpholine
and N-(2,4-dinitrophenyl)piperidine, respectively], and


proved to be first order in the corresponding substrate.
The second-order rate coefficients,kA, calculated from
the experimental pseudo-first-order rate coefficients,kr,
are listed in Table 6. ThekA values for the development
of the reactions in the corresponding pure solvents are
additionally presented.


The variation of the rate constant with the change in
amine in all solvent systems follows the usual pattern
found in ANS reactions. The rate constants decrease from
PIP through BU to Mo. It should be pointed out that the
rate values decrease with decrease in the basicity of the
amine and, when comparing amines of approximately the
same basicity, PIP is more nucleophilic than BU.


For the three kinds of ANS reactions explored, the
kinetic data show a general tendency in agreement with
the overall solvation capability of the solvent mixtures.
The rate constant values decrease from DMF–AcN to
EAc–AcN binary mixtures. On the other hand, for the
EAc–AcN system thekA values increase with increase in
co-solvent concentration, whereas in the DMF–AcN
system the opposite behaviour was observed.


Figure 8 presents the plots of logkA as a function of co-
solvent mole fraction for the reaction analysed in the
EAc–AcN system at [amine] = 0.008M. For the second-
ary amines, the shapes of the curves are similar,
exhibiting continuous increases in logkA with increase
in co-solvent concentration and an inflection point in the
AcN-rich zone (clearly marked for Mo). For the primary
amine, a linear increase can be observed with increase in
co-solvent concentration.


Figure 9 presents the plots of logkA as a function of co-
solvent mole fraction for the reaction in the DMF–AcN


Figure 8. Plot of log kA vs co-solvent mole fraction for the
reaction of FDNB with primary or secondary amines in EAc±
AcN solvent system at 25°C


Figure 9. Plot of log kA vs co-solvent mole fraction for the
reaction of FDNB with primary or secondary amines in DMF±
AcN solvent system at 25°C
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system at [amine] = 0.008M. For both primary and
secondary amines, the shapes of the curves show a
general tendency for curvilinear decreases inkA values
with increase in co-solvent concentration.


As can be observed, no acceleration in rate is produced
for an increasing amount of amine for the FDNB –BU
reaction in the two solvent systems.


On the other hand, an acceleration in rate is produced
for the reaction with Mo and PIP in EAc–AcN. Table 7
presents the partial rate coefficients. For both amines, the
k3/k2� 100 ratio in the co-solvent-poor zone increases
with increase in PAHBA solvent, indicating base
catalysis. At high co-solvent concentration,k3/k2� 50–
100, which can be considered a border condition in the
evaluation of base catalysis. For the reaction with the
nucleophile Mo, the plot ofkA vs amine concentration
exhibits a curvilinear tendency. In this case, the amine
concentration range was extended and the standard
methods of analysis were applied to the results in AcN,
giving values ofk1 = 16.14 lmolÿ1 sÿ1, k2/kÿ1 = 0.056,
k3/kÿ1 = 6.04 lmolÿ1 and k3/k2 = 108 lmolÿ1. For this
situation k2� k3


B [B] � kÿ1, and the formation of the


intermediate becomes rate-limiting. Presumably the same
behaviour would occur with PIP.


For the DMF –AcN system, an intermediate situation
between the conditionsk2� k3


B [B] � kÿ1 andk2� k3
B


[B]� kÿ1 can be seen, the rate-limiting step correspond-
ing to the formation and the decomposition of the
intermediate, respectively. The valuek3/k2� 50 and a
curvilinear tendency are observed in the plots ofkA vs[B]
at high co-solvent concentration.


A useful alternative criterion for base catalysis can be
applied when the nucleofuges are halogens. If the rate-
constant sequenceF� other halogens is observed, then
cleavage of the carbon–fluorine bond is not involved in
the rate-determining step. In this direction, the values of
the second-order rate constant were determined for the
reaction of 1-chloro-2,4-dinitrobenzene (CDNB) with
Mo in EAc–AcN and DMF–AcN solvent systems at
25°C (no significant acceleration in rate occurs with
increasing amount of amine). The experimental data are
reported in Table 8. Additionally, the calculation ofkA


F/
kA


Cl coefficient ratios is presented.
For the solvent systems explored, the valueskA


F/kA
Cl


� 50–100 for the title reaction are considered as indirect
evidence confirming a situation of a border condition in
the evaluation of base catalysis.


Correlation analysis


The often linear correlation between empirical solvent
parameters and other solvent-dependent properties (e.g.
logarithms of rate and equilibrium constants, absorption
energies) can be considered as manifestations of general
free-energy relationships (LFERs).9,28 It is possible to
interpret the solvent effects with the aid of model
processes that yield the same or similar effects. Although
polarity parameters for many pure solvents have been
thoroughly correlated with each other and with other
solvent-dependent properties, the extent to which such
parameters for binary solvent mixtures are likewise
correlated is still not significant.


Table 7. Partial rate coef®cients for the reaction of FDNB with secondary amines in EAc±AcN


XAcN Amine k1 k2/kÿ1 k1 k3/kÿ1 k3/k2 n r SD


0.0 Mo 0.053 30.87 582 8 0.999 0.043
PIP 8.625 2045 237 6 0.989 2.299


0.1 Mo 0.110 43.67 397 7 0.996 0.112
PIP 13.09 2559 195 6 0.997 1.494


0.3 Mo 0.391 40.51 103 8 0.988 0.177
PIP 28.37 5652 199 6 0.996 3.891


0.5 Mo 0.454 53.4 117 7 0.996 0.137
PIP 47.5 5418 114 6 0.996 3.891


0.7 Mo 0.533 53.93 101 8 0.991 0.203
PIP 54.75 5210 95 6 0.998 2.489


0.9 Mo 0.715 54.44 101 8 0.994 0.282
PIP 81.19 5506 69 5 0.989 5.149


Table 8. Values of kA
Cl and kA


F/kA
Cl for the reactions of


FDNB and CDNB with Mo


Solvent XAcN kA
Cl kA


F/kA
Cl


EAc–AcN 0 0.0355 37
0.1 0.036 50
0.3 0.0390 59
0.5 0.381 72
0.7 0.381 81
0.9 0.335 91
1 0.04 101


DMF–AcN 0 0.164 77
0.1 0.145 81
0.3 0.121 83
0.5 0.0851 99
0.7 0.0750 79
0.9 0.0489 99
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In earlier papers,8,26,27 we described the correlation
analysis betweenET(30) and another solvent-dependent
model process,i.e. the ANS reaction of halonitroben-
zenes with primary and secondary amines in pure
solvents and in several completely non-aqueous binary
solvent mixtures with different microscopic character-
istics.


We have now extended the preceding correlation
analysis to the kinetic data for the proposed ANS model
reaction in PAHBA–AcN systems (kA values are at
[amine] = 0.008M). The results are summarized in Table
9. The regression equations were assessed by the
evaluation of the correlation coefficients (r) and the
standard deviations (SD). The correlations are relatively
good (r � 0.94, SD� 0.08) for the reactions in EAc–AcN
solvent systems but are poor in DMF–AcN systems
(r � 0.94, SD� 0.10). The slopes have opposite signs for
mixtures with EAc and mixtures with DMF, indicating
different solvation models.


Table 10 presents the correlation analysis for the
logarithm of the kinetic data (at [amine] = 0.008M) with
p*, a andb solvatochromic parameters as measures of the
solvent properties, according to the Kamlet–Taft model,
log kA = Y� sp* � aa� bb, which is excellent for
FDNB–BU in EAc–AcN.


CONCLUSIONS


From the analysis of the solvation models of the different
chemical probes using several PAHBA solvent–aceto-
nitrile or nitromethane solvent systems, and from the
kinetic determinations in these binary solvent systems,
the following conclusions can be drawn.


Preferential solvation phenomena are not operative
and ideal behaviour is observed only for soluteII in
mixtures in which the PAHBA solvents are EAc, AC and
BUT, and for soluteIII in mixtures with EAc (data for
probe III in mixtures with AC and BUT were
interpolated). For the rest of the cases explored,
preferential solvation takes place. All the indicators
interact to different extents with the components of the
solvent mixtures. The difference in the interactions is
reflected in the composition of the microsphere of
solvation: each solute has in its environment more of
one solvent than the other if compared with the bulk
solvent, and this local concentration may vary from one
probe to another.


When a particular parameter that measures a micro-
scopic property for a given binary mixture is obtained
from different probes, the following behaviour is
observed: for the explored cases in which the preferential


Table 9. Correlation coef®cient (r), standard deviation (SD), slope (B) and intercept (A) [and their standard errors (sB, sA)] and the
number of data points (n) for the linear regression log kA = A� B [ET(30)] in PAHBA solvent±AcN systems (including pure
solvents)


Amine
PAHBA
solvent r SD B sB A sA n


BU EAc 0.944 0.028 0.026 0.004 ÿ0.329 0.175 7
DMF 0.939 0.105 0.341 0.056 16.609 2.504 7


Mo EAc 0.962 0.064 0.074 0.009 ÿ3.328 0.408 7
DMF 0.907 0.099 ÿ0.253 0.052 11.842 2.350 7


PIP EAc 0.969 0.079 0.102 0.011 ÿ0.516 0.500 7


Table 10. Correlation coef®cients (r and r2), standard deviation (SD), intercept (Y) and parameters s, a and b (and their standard
errors) and the number of data points (n) for log kA = Y� sp*� aa� bb in PAHBA solvent±AcN systems (including pure
solvents)


Amine
PAHBA
solvent r (r2) SD Y (sY) s (ss) a (sa) b (sb) n


BU EAc 0.995 0.011 ÿ1.567 2.424 ÿ0.799 1.985 7
(0.990) (0.969) (0.848) (0.483) (1.098)


DMF(IV ) 0.997 0.029 ÿ1.109 1.843 ÿ0.030 1.489 7
(0.995) (1.369) (1.537) (0.691) (0.359)


DMF(V) 0.997 0.030 10.81 ÿ10.24 ÿ7.420 0.345 7
(0.995) (3.357) (3.736) (1.718) (0.159)


Mo EAc 0.993 0.043 0.000 ÿ1.184 ÿ0.792 3.034 7
(0.986) (0.031) (0.275) (0.216) (0.309)


DMF(IV ) 0.981 0.058 ÿ3.559 4.020 0.839 0.938 7
(0.963) (2.798) (3.141) (1.413) (0.734)


DMF(V) 0.983 0.056 2.115 ÿ1.722 ÿ2.750 0.393 7
(0.966) (6.373) (7.094) (3.264) (0.302)


PIP EAc 0.999 0.058 0.000 2.434 0.897 0.138 7
(0.997) (0.041) (0.370) (0.291) (0.417)
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solvation is not operative, the different indicators
produce convergent values of the property at a given
composition of the mixture; and for the explored cases in
which preferential solvation phenomena are the rule, two
different situations can be pointed out:


(a) Convergence of the values of the measured micro-
scopic properties is observed in the cases of indicators
II andIII in mixtures with DMF and DMSO, and in
the cases of indicatorsIV and V in mixtures with
EAc. Consequently, the average of the obtained
values for the same parameter by the different
indicators should give an acceptable estimate of the
microscopic property of the mixture.


(b) Disparity in the values for the same parameter
obtained from different indicators is observed for
IV and V in mixtures of DMF and DMSO. This
behaviour reflects the different sensitivities of the
indicators to solute–solvent interactions, which is not
only solute dependent but also solvent dependent. In
these cases, the strong interactions of the solute with
one component of the mixture interfere with the self-
and mutual interactions of the solvents.


Apparently, the low HBD character of these mixtures
precludes synergistic effects on the explored solvato-
chromic indicators (in only a few cases can we observe
negligible synergistic effects on the chemical probes)
and, consequently, the correspondence parametersvs
kinetics is better than in the case of PAHBA solvent–
chloroform or dichloromethane mixtures, in which the
synergistic effects on the indicators are relevant. On the
other hand, the preferential solvation model, and
necessarily the solvent effects produced by these kinds
of binary mixtures of solvent on the ANS reactions
studied, seem to be dependent on the type of amine.


As observed, the preferential solvation of the probes
explored should not obviate their use as ‘stand-ins’ for
the general solutes. Therefore, probes which interact with
the components of the binary mixed solvent less strongly
than with these self- or mutual interactions would have
similar environments and provide convergent values of
the properties with the expressions employed for neat
solvents.


EXPERIMENTAL


Reagents and solvents. 1-Chloro-2,4-dinitrobenzene, 1-
fluoro-2,4-dinitrobenzene, piperidine, andn-butylamine
were purified as described previously.8 Morpholine
(Aldrich, 99%) was distilled under reduced pressure over
sodium and was kept under nitrogen.N-(2,4-Dinitrophe-
nyl)piperidine, N-(2,4-dinitrophenyl)butylamine andN-
(2,4-dinitrophenyl)morpholine were prepared and puri-
fied by methods reported previously.8 2,6-Diphenyl-4-
(2,4,6-triphenyl-1-pyridinio)phenolate (Reichardt’s dye;
Aldrich, 95%), 4-nitroanisole (Aldrich, 97%) and 4-


nitroaniline (Aldrich, 99%) were used without further
purification.N,N-Diethyl-4-nitroaniline was prepared by
nitration ofN,N-diethylaniline (Carlo Erba, 99.5%).29a4-
Nitrophenol was prepared by nitration of phenol (Mal-
linckrodt, Ca 99.5%).29b The solvents were purified as
previously reported8 and all of them were kept over 4 A˚


molecular sieves and stored in special vessels that allow
delivery without air contamination. All binary solvent
mixtures were prepared prior to use and stored under
anhydrous conditions.


Solvatochromic parameters measurements. The pure
solvents were mixed in appropriate proportions by weight
to give binary solvent mixtures of various compositions.
Indicators solutions were prepared just prior to use.
Visible spectra of sample solutions in 10 mm cells were
recorded at 25°C by using a Perkin-Elmer Model 124
UV–visible spectrophotometer and a Zeiss PMQ 3 UV–
visible spectrophotometer equipped with a data-acquisi-
tion system [the accuracy of the measured wavenumbers
of the absortion peaks is�0.1 kK (1 nm in�); this, of the
order of the precision limit of the solvatochromic
comparison method, justifies in all cases the statements
about deviations from linearity of the solvatochromic
parameters of the mixtures] and a thermostated cell
holder. Temperatures were measured in the cell and were
accurate to within�0.1°C.


Kinetic procedures. The kinetics of the reactions were
studied spectrophotometrically.26aA Perkin-Elmer Mod-
el 124 spectrophotometer was used, with a data-
acquisition system based on a microprocessor. This set-
up has a 12-bit analogue-to-digital converter which
allows absorbance measurements with an error of
<0.1% at a maximum of 12 readings sÿ1. The micro-
processor controls data acquisition and also measures
time through a quartz crystal-controller oscillator. Once
data acquisition is completed, data can be read in the
system display and/or transferred to a computer through
an interface. In all cases, pseudo-first-order kinetics were
observed.


Standard solutions of 1-halo-2,4-dinitrobenzene and
the corresponding primary or secondary amine were
prepared in the desired binary solvent mixture at room
temperature. The reactions were run by mixing known
amounts of each solution in the thermostated cells of the
spectrophotometer, recording the absorbances atca
400 nm. The pseudo-first-order (kr), and second-order
(kA), rate coefficients were obtained as described
previously. In all cases, the ‘infinity’ value,A?, was
experimentally determined for each run at the working
temperature. Within the experimental error, this value
agreed with the ‘theoretical’ value calculated from
application of Beer’s law to a corresponding solution of
N-(2,4-dinitrophenyl)amine in the working binary sol-
vent mixture. All the kinetic runs were carried out at least
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in duplicate; the error inkA was�2–3% for all the solvent
mixtures examined.
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ABSTRACT: Equilibrium constants of dimerization of the tetraanion of coproporphyrin-I free base were determined
spectrophotometrically in aqueous solution at pH 9.0 in the presence of nine electrolytes, including salts of alkali
metal, tetraalkylammonium and Ca(II) cations. Additions of all electrolytes promoted dimerization and the effect
increased in the order tetraalkylammonium� alkali metals� Ca(II) salts. The Effects of alkali metal salts at
concentrations below 0.1M were quantitatively described in terms of Debye–Hu¨ckel model assuming an effective
charge of the porphyrin monomer ofÿ3. At higher salt concentrations salting-out/in effects must be taken into
account. Addition of tetraalkylammonim salts to solutions containing 0.1M NaCl produced the monomerization
effect attributed to strong salting-in behavior of these salts. The effect of Ca(II) was described by complexation-
induced dimerization of the porphyrin. Addition of organic co-solvents (methanol, ethanol, acetone, dioxane) to
aqueous electrolyte solutions of the porphyrin produced a strong monomerization effect. Logarithms of dimerization
constants extrapolated to the zero ionic strength in each mixed solvent roughly correlated with inverse dielectric
constant with a negative slope considerably exceeding, however, that expected on the basis of a purely electrostatic
model. Correlations with empirical solvent parameters (�H, ET


N, SP) were less satisfactory than the correlation with
1/". A satisfactory description of solvent effects on dimerization constants was found in terms of a specific solvation
model, which takes into account association of porphyrin monomer and dimer with several co-solvent molecules.
Logarithms of the association constants were linear functions of the partial molar volume of the hydrocarbon portion
of co-solvent molecules. Copyright 1999 John Wiley & Sons, Ltd.


KEYWORDS: coproporphyrin-I free base; dimerization; medium effects


INTRODUCTION


Hetero- and self-association reactions of porphyrins and
structually related phthalocyanines have attracted con-
siderable attention in connection with the significant role
they play in biochemistry,1,2 photochemistry,3 catalysis4


and, more recently, in the study of structural and
thermodynamic aspects of different types of intermol-
ecular interactions (electrostatic,p–p, hydrophobic, etc.)
in solution.5–9 An important and thoroughly explored
porphyrin association reaction is the dimerization of
water-soluble peripherally charged porphyrins.10–22


Although the main factors which control the degree of
porphyrin dimerization are well established by now, their
interpretation remains largely at a qualitative level.


It is known that increased concentrations of inorganic
salts promote porphyrin dimerization in water10,13a,16and
methanol.6 For salts of alkali metal cations from Li� to
K� this effect is nonspecific and is attributed to a
reduction of mutual repulsion of charged porphyrin


monomers upon dimerization. A quantitative model of
the salt (NaCl, LiCl) effect on dimerization of uropor-
phyrin-I and its metal derivatives was proposed.13a The
model assumes a complexation of porphyrin monomer
with one or more cations followed by dimerization of this
complex. Another version of the cation complexation
model, which assumed a one-step association equilibrium
between two porphyrins andn salt cations, was proposed
for the interpretation of porphyrin dimerization reactions
induced by alkali metal salts in the presence of crown
ethers.16 In both cases the models were applied for the
fitting of absorbance vs salt concentration profiles which
were of a more or less pronounced sigmoid shape, in
apparent agreement with a cooperative porphyrin–cation
association. On the other hand, salt effects on the kinetics
of metal incorporation reactions between various divalent
metal cations and charged porphyrins were interpreted in
terms of classical Debye–Hu¨ckel model.23 Although the
Debye–Hückel model is not appropriate for large non-
spherical ions such as peripherally charged porphyrins, it
often gives satisfactory results beyond the limits of its
applicability24,25 and therefore should not be ignored in
the analysis of salt effects on porphyrin reactions.
Porphyrins employed for aggregation studies in aqueous


JOURNAL OF PHYSICAL ORGANIC CHEMISTRY
J. Phys. Org. Chem.12, 377–387 (1999)


Copyright  1999 John Wiley & Sons, Ltd. CCC 0894–3230/99/050377–11 $17.50


*Correspondence to:A. K. Yatsimirsky, Facultad de Quı´mica,
Universidad Nacional Auto´noma de Me´xico, 04510 México D.F.,
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solutions are highly charged species bearing 4–8
ionogenic groups. Evidently, their activity must be
strongly dependent on the ionic strength and the
respective activity correction must be introduced before
any association or other model can be considered.


Porphyrin dimerization is suppressed in organic
solvents.6,10 For charged porphyrins this effect can be
due, at least partly, to increased repulsion of monomers in
media of lower dielectric constant. However, uncharged
porphyrins possess very small dimerization constants in
organic solvents,7,8 which is indicative of the importance
of other factors, e.g. the hydrophobic effect. The
available data on solvent effects are only qualitative,
however, and it is not clear which solvent characteristics
are important. A more systematic and quantitative study
of solvent effects on porphyrin dimerization would help
to identify the factors involved.


The purpose of this work was to perform a systematic
study of salt and solvent effects on the dimerization of a
single water-soluble porphyrin in order to develop a
quantitative model of medium effects on thermody-
namics of porphyrin self-association. We chose for this
study coproporphyrin-I (CP-I), first because surprisingly
little is known about dimerization of natural porphyrins
and CP-I is a naturally occurring porphyrin withoutmeso-
substituents and second because its dimerization con-
stants in aqueous electrolyte solutions appeared to be
inside the interval 104–106 dm3 molÿ1 suitable for
spectrophotometric measurements.


EXPERIMENTAL


Coproporphyrin-I chlorohydrate (Aldrich), organic sol-
vents (Mallinckrodt), tetraalkylammonium and inorganic
salts of reagent purity (Merck or Mallinckrodt), were
used as supplied. All solutions were prepared in purified
water (Milli-Q Reagent Water System) and contained


0.1 mM EDTA to prevent complexation of the porphyrin
with traces of transition metals.


Spectrophotometric measurements were performed by
using a Hewlett-Packard Model 8452A diode-array
spectrophotometer and fluorescence spectra were re-
corded on a SPEX FluoroMax spectrofluorimeter
equipped with thermostated cell holders. The pH was
measured by using an Orion 710-A pH-meter. All
measurements were made at 25° C.


Mathematical treatment of experimental data and the
regression analysis were performed using the Origin
(version 3.15) program. The porphyrin pKa value,
dimerization constants and formation constants of Ca(II)
complexes were calculated from experimental results by
non-linear least-squares fitting to the respective theore-
tical equations. Fitting of absorbance (A) vs porphyrin
concentration profiles to Eqn (2) with three adjustable
parameters,"M, "D and KD, did not give convergent
results and therefore the monomer molar absorptivity
("M) was determined by extrapolation ofA/[porphyrin] vs
[porphyrin] plots to [porphyrin] = 0. Fitting with only two
adjustable parameters,"D and KD, gave satisfactory
results.


RESULTS AND DISCUSSION


Protonation of CP-I anion


Protonation reduces the charge and promotes the
association of porphyrins in solution13 and therefore
must be taken into account in any study of porphyrin
dimerization equilibria. Figure 1 shows UV–visible
absorption spectra of CP-I in the Soret region at different
pH values in 0.1M NaCl. The isosbestic points at 378 and


Figure 1. UV±visible absorption spectra in the Soret region
of 4.2 mM CP-I in 0.1 M NaCl at pH 5.8, 6.4, 6.9, 7.4, 8.2 and
9.0. Arrows show the order of spectra recorded with
increasing pH value
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420 nm indicate the presence of only two absorbing
species in the pH range 5.8–9.0. Plots of absorbances (A)
at fixed wavelengths (taken both above and below the
isosbestic point at 378 nm) vs pH were of typical sigmoid
shape and fitted perfectly Eqn (1) for a monoprotonation
equilibrium:26


A� �APH� APKa=�H���=�1� Ka=�H��� �1�


whereAP and APH are the absorbances of deprotonated
and protonated forms of CP-I andKa is the acid
dissociation constant of the protonated form. Under the
conditions of Fig. 1 we found pKa = 6.95� 0.05.


Protonation of CP-I caused considerable quenching of
its fluorescence (CP-I possesses two emission maxima,
one at 670 and a more intense one at 612 nm)27 and we
also calculated pKa from the plot of fluorescence intensity
(exemplified in Fig. 2) vs pH, which obeyed an equation
similar to Eqn (1) with fluorescence intensities instead of
absorbances. The value of pKa calculated from these
results was, however, considerably lower: pKa =
6.00� 0.05. An important difference in reaction con-
ditions for spectrophotometric and fluorimetric titration
experiments was that the former employed a considerably
higher CP-I concentration (4.2mM) than the latter
(0.055mM). Since CP-I undergoes dimerization (see
below), the observed difference in pKa values may be
attributed to a different degree of dimerization under
conditions of the titration experiments. To test this
possibility we determined pKa values of CP-I by
spectrophotometric titration at different concentrations
(Fig. 3). Extrapolation of this plot to zero gives pKa = 6.0,
which can be attributed to monomeric CP-I, and the
extrapolation to high concentrations where pKa tends to
‘saturate’ givespKa = 7.15, which can be attributed to the


dimer. A higher basicity of the dimer probably results
from its higher negative charge.


Possible protonation sites of CP-I are pyrrole nitrogens
and carboxylate groups. Considerable protonation-in-
duced spectral changes are indicative of the protonation
of pyrrole nitrogens. To prove this we performed
spectrophotometric and fluorimetric titrations of the
Zn(II) complex of CP-I in which pyrrole nitrogens were
protected from protonation by coordination to the metal
ion and, as expected, did not observe any spectral
changes in the pH range 5–9. The basicity of the
monomer is close to that of CP-I tetramethyl ester in
sodium dodecyl sulfate solution (pKa = 5.5)28 and in both
cases is considerably higher than is typical for porphyrin
pyrroles. The most probable explanation of these
increased pKa values is the effect of the large negative
charge from four carboxylates in the case of CP-I or from
the surface of micelles of the anionic surfactant in sodium
dodecyl sulfate solution.


Salt effects on dimerization of CP-I


The study of salt effects on the dimerization of CP-I was
carried out at pH 9.0, where it is deprotonated in both the
monomeric and dimeric forms and, consequently its
dominant forms are the tetraanion for the monomer and
the octaanion for the dimer. Figure 4(a) shows the
absorption spectra of CP-I in the Soret region at
increasing concentrations in the presence of 0.1M NaCl.
The gradual decrease in the molar absorptivity at 392 nm
on going from low to high CP-I concentrations is
indicative of an auto-association process. There is also
a broadening of the Soret band as the concentration of
CP-I increases: the calculated bandwidth at half-height
changes from 36 nm for 1.5mM to 46 nm for 10mM


Figure 2. Plot of ¯uorescence intensity I (counts sÿ1) vs pH.
Experimental conditions: 0.055 mM CP-I, excitation wave-
length 492 nm, emission wavelength 612 nm


Figure 3. pKa values of CP-I in 0.1 M NaCl at different
concentrations of CP-I
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porphyrin concentration. Figure 4(b) shows the spectra of
CP-I at fixed concentration in the presence of different
NaCl concentrations. All spectra except that at
[NaCl] = 0.5M pass through an isosbestic point at
374 nm, indicating the presence of only two absorbing
species at lower NaCl concentrations. In the presence of
0.5M NaCl higher oligomers are probably also formed,
although even at this ionic strength the absorbance vs CP-
I concentration profile fitted the dimerization model well
(see below). Similar concentration and salt-induced
changes were observed for the visible bands in the range
450–650 nm.


Plots of the absorbance at 392 nm vs CP-I concentra-


tion obtained at increasing concentrations of NaCl are
shown in Fig. 5. At the lowest ionic strength (I) in 5 mM


borate buffer without added NaCl the plot is nearly linear,
but becomes progressively more curved on going to
higher NaCl concentrations. All curves obeyed Eqn (2)
derived for the dependence of the observed absorbance
(A) at fixed wavelength on the porphyrin concentration
assuming a single dimerization equilibrium:10


A� 0:5"D�CP-I�t � �2"M ÿ "D�
���1� 8KD�CP-I�t�1=2ÿ 1�=8KD �2�


where"M and"D are the molar absorptivities of monomer
and dimer, respectively, [CP-I]t is the total concentration
of CP-I and KD is the dimerization constant. The
constants calculated by nonlinear least-squares fitting of
results in Figure 5 to Eqn (2) (see Experimental for
details) are collected in Table 1. Plots similar to those in
Figure 5 were obtained also at four maxima of CP-I in the
visible region (500, 536, 556 and 608 nm) in 0.1M NaCl.
All of them followed Eqn (2) and the fitting of the results
produced theKD values coinciding with that from the
concentration dependence in the Soret band within
experimental error.


Dimerization constants in the presence of other salts
were found by using a simplified approach based on
calculation of the ratios of monomer and dimer
concentrations, [M]/[D], directly from the absorption
spectra. Evidently, with known [M]/[D] and total
concentration of CP-I one can easily calculate the
dimerization constant. As is seen from Fig. 4, the
monomer and dimer possess different absorption maxima
and the ratio of absorbances at 392 and 372 nm can serve


Figure 4. (a) Absorption spectra of CP-I in the Soret region
with increasing concentrations in the presence of 0.1 M NaCl
at pH 9.0 (borate buffer solution). Concentrations of CP-I
(from bottom to top): 10, 8.6, 7.2, 5.7, 4.3, 2.6 and 1.5 mM.


(b) Absorption spectra of 4.4 mM CP-I at pH 9.0 (borate buffer
solution) in the presence of different concentrations of NaCl.
The arrow shows the order of spectra recorded at increasing
NaCl concentrations: 0, 0.01, 0.05, 0.1, 0.3 and 0.5 M


Figure 5. Plots of the absorbance at 392 nm vs CP-I
concentration obtained with increasing concentrations of
NaCl at pH 9.0. Solid lines are theoretical ®ts to Eqn (2)
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as a sensitive measure of the degree of dimerization.
Indeed, this ratio is given by the equation


A392=A372��"M
392�M� � "D


392�D��=
�"M


372�M� � "D
372�D��


��"M
392�M�=�D� � "D


392�=
�"M


372�M�=�D� � "D
372�


��a�M�=�D� � b�=�c� �M�=�D��


�3�


wherea, b and c are the ratios of molar absorptivities


"M
392, "D


392and"M
372to "D


372. In order to obtain the best
evaluations of the parameters of Eqn (3), we used all
spectra obtained in the presence of NaCl. From each of
them the ratioA392/A372was taken and plotted vs the ratio
[M]/[D] calculated for the given conditions from total
concentration of CP-I and the respective dimerization
constant (Fig. 6). This plot was fitted to Eqn (3) and the
resulting equation took the form


A392=A372� f�1:926� 0:013��M�=�D� � �1:984
� 0:255�g=f�3:382� 0:261�
� �M�=�D�g �4�


Equation (4) allows one to determine the ratios [M]/[D]
in the interval 0–40 with a relative error�� 10%. At
higher ratios the slope of the plot becomes very small and
the use of Eqn (4) gives large errors. This equation was
used to calculate the dimerization constants of CP-I in the
presence of eight additional salts (Table 1).


The results in Table 1 show that, as expected, additions
of electrolytes increase the dimerization constant of CP-I.
The effects of 1:1 salts of alkali metal cations are similar
at concentrations below 0.1M, but in more concentrated
solutions salts with larger anions (NO3


ÿ, Iÿ and SCNÿ)
are noticeably less effective as promoters of dimeriza-
tion. We assume that the non-specific salt effect in diluted
(�0.1M) solutions can be treated in terms of classical
Debye–Hückel model (see below), whereas in more
concentrated solutions more specific interactions of CP-I
with electrolyte ions must be taken into account. In
particular, the difference between chlorides and salts of
other anions may be due to different ‘salting-out/in’


Table 1. Salt effects on the dimerization constant of CP-I at
25°C and pH 9.0a


Added salt Concentration (M) Log KD
b


None 3.62
NaCl 0.005 3.79


0.01 3.93
0.05 4.60
0.1 4.92
0.3 5.34
0.5 5.82


KCl 0.01 3.95
0.05 4.49
0.1 4.81
0.3 5.46
0.5 5.68


NaNO3 0.01 3.97
0.05 4.45
0.1 4.78
0.3 5.23
0.5 5.56


KI 0.01 3.86
0.05 4.43
0.1 4.88
0.3 5.20
0.5 5.46


KSCN 0.01 3.91
0.05 4.46
0.1 4.76
0.3 5.04
0.5 5.42


NEt4Br 0.005 3.96
0.01 4.04
0.05 4.11
0.1 4.18


NBu4Cl 0.005 3.89
0.01 3.98
0.05 4.15
0.1 4.18


Ca(NO3)2 0.002 4.63
0.005 5.02
0.01 5.30
0.05 5.76
0.1 5.91
0.2 5.99


a Borate buffer solution, ionic strength 0.005M.
b Relative error inKD (dm3 molÿ1) �� 10%.


Figure 6. Ratio of absorbances of CP-I at 392 and 372 nm
(A392/A372) plotted vs the ratio of monomer and dimer
concentrations calculated at different NaCl and total
porphyrin concentrations from the respective values of
dimerization constants. The solid line is the theoretical ®t
to Eqn (4)
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effects since small anions usually cause salting-out, but
larger anions often cause the salting-in effect.29 The
salting-out/in coefficients are usually small and this
effect is noticeable only at sufficiently high electrolyte
concentrations. It is expected that for chlorides the
salting-out effect should promote the dimerization but
the salting-in effect possible with other salts will
probably oppose the dimerization owing to stabilizing
interactions of large anions with the surface of porphyrin
monomers.


Repulsion of anions by the negative charge of the CP-I
tetraanion should considerably weaken their salting-in
effect. In contrast, a similar salting-in effect typical of
cations of tetraalkylammonium salts29 can be enforced by
electrostatic attraction. Indeed, alkylammonium salts
cause a very small increase in the dimerization constant
(Table 1). Moreover, addition of these salts to CP-I
solution in 0.1M NaCl causes its monomerization (Table
2). In the last experiment a weak effect of alkylammo-
nium salts as promoters of dimerization becomes
undetectable with the background of a much stronger
effect of NaCl and one can see the manifestation of only
their ‘salting-in’ effect.


Addition of Ca(NO3)2 caused a much stronger increase
in the dimerization constant than all 1:1 electrolytes
studied (Table 1). This effect cannot be attributed to an
increased ionic strength of solution since already at
I = 0.02M with calcium nitrate KD is larger than at
I = 0.105M with salts of alkali metal cations. As will be
shown later, the effect of the calcium salt can be
quantitatively described by the complexation-induced
dimerization model.


Let us consider now the non-specific salt effect of
dilute electrolytes. New equations for electrolyte activity
coefficients developed in recent decades30a,b were
focused principally on extension of the classical
Debye–Hu¨ckel model to high electrolyte concentrations.
In the range of ionic strengths below 0.1 mol dmÿ3, a


simple Debye–Hu¨ckel-type equation [Eqn (5)] usually
gives a satisfactory approximation:30c


log � ÿ0:51z2I 1=2=�1� BI1=2� �5�


The parameterB is usually set equal to 1.5.30c,dApplying
this equation to the CP-I dimerization equilibrium and
assuming that the charge of the dimer equals twice the
charge of the monomer, one obtains the following
expression for the dimerization constant:


logKD � logKD
0� 1:02zM


2I 1=2=�1� 1:5I 1=2� �6�


whereKD
0 is the dimerization constant atI = 0 andzM is


the monomer charge.
Figure 7 shows the plot of logKD vs I in the range of


I � 0.1M. Fitting of these data to Eqn (6) gives
zM


2 = 8.85� 0.30 and logKD
0 = 3.05� 0.04. Therefore,


CP-I behaves in solution as an anion of effective charge
ÿ3, not much smaller than its total charge ofÿ4.
Although Eqn (5) and consequently Eqn (6) are generally
not valid for higher ionic strengths, the results for NaCl,
KCl and to a lesser extent NaNO3 obtained atI values of
0.305 and 0.505M agree well with Eqn (6), which
predicts for these ionic strengths logKD = 5.36 and 5.64
dm3 molÿ1, respectively, with the abovezM


2 and KD
0


values. The dimerization constants for KI and KSCN at
these high ionic strengths are considerably lower.


The results for Ca(NO3)2 not only disagreed with those
for alkali metal salts at the same ionic strength but even
did not follow Eqn (6) qualitatively. These results agreed
well, however, with the model involving complex


Table 2. Effects of tetraalkylammonium salts on the
dimerization constant of CP-I at 25°C and pH 9.0 in the
presence of 0.1 M NaCl


Added salt Concentration (M) LogKD
a


None 4.92
NEt4Br 0.0012 4.86


0.0025 4.86
0.01 4.74
0.02 4.62
0.05 4.44


NBu4Cl 0.0012 4.63
0.0025 4.49
0.01 3.98
0.02 3.92
0.05 3.95


a Relative error inKD (dm3 molÿ1)�� 10%.


Figure 7. Dependence of the logarithm of the dimerization
constant (KD) on the ionic strength (I ) in the range of
I �0.1 M. Data from Table 1. (*) NaCl; (&) KCl; (*) KI; (!)
NaNO3; (~) KSCN. The solid line is the theoretical ®t to Eqn
(6)
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formation of the monomer and dimer of CP-I with Ca2�


in addition to the dimerization process. Carboxylate
complexes of Ca2� possess noticeable stability. Thus, the
formation constant of the monoacetate complex is 15 dm3


molÿ1 at zero ionic strength.31 The carboxylate groups of
CP-I seem to be too distant from each other to allow the
simultaneous coordination of Ca2� to two such groups.
Therefore, one may expect a stepwise coordination of up
to four calcium cations to CP-I monomer. In the dimer,
bis-coordination may be possible with the carboxylate
groups of two different porphyrin units in addition to
mono-coordination similar to that with the monomer.
Owing to the large distances between carboxylate groups,
we considered binding of at least the two first Ca2�


cations to be independent of each other (that is, the single
formation constantK1 was used for the complexation of
the first and second Ca2� cations to the monomer and the
single constantK2 for the first and second complexation
of Ca2� to the dimer of CP-I). In order to find an adequate
model, we fitted the experimental data first to the simplest
scheme which involved only one 1:1 complex of Ca2�


with the monomer and one 1:1 complex with the dimer.
Then we added another complexation step and repeated
the fitting until the addition of a new step did not improve
the fitting quality further. Such a minimum scheme
involved the following set of equilibria:


2P� P2 �KD� �7�
P� Ca2� � P�Ca2�� �K1� �8�
P�Ca2�� � Ca2� � P�Ca2��2 �K1� �9�
P2� Ca2� � P2�Ca2�� �K2� �10�
P2�Ca2�� � Ca2� � P2�Ca2��2 �K2� �11�


where P is the monomer of CP-I, P2 is the dimer andK D


is the dimerization constant without added calcium salt
under the given conditions. The expression for the
observed dimerization constantKD


obsin accordance with
Eqns (7)–(11) takes the form


KD
obs� KD�1� K2�Ca2�� � K2


2�Ca2��2�=
��1� K1�Ca2�� � K1


2�Ca2��2�2 �12�


Since variation of the Ca(NO3)2 concentration changes
the ionic strength and the dimerization was shown to be
sensitive to it, each equilibrium constant in Eqn (12) was
corrected for the ionic strength effect by introducing the
factors which follow from Debye–Hu¨ckel treatment
{ K = 2.3 K0 exp [1.02zAzBI1/2/(1� 1.5I1/2)], whereK0 is
the respective equilibrium constant at zero ionic
strength} with charges�2, ÿ3 and ÿ6 for calcium
cation, CP-I monomer and CP-I dimer, respectively.
Figure 8 shows the fitting of the results in Table 1 for


Ca(NO3)2 to Eqn (12) with values of the association
constants at zero ionic strength ofK1 = 11.0� 0.5 dm3


molÿ1 and K2 = (6.56� 0.05)� 103 dm3 molÿ1. The
value ofK1 is close to the stability constant of the acetate
complex of Ca2� (see above) and therefore can be
attributed to the mono-coordination of Ca2� to one of the
carboxylate groups of CP-I, whereasK2 is considerably
higher and can be attributed to a chelate complex.


Temperature effects on dimerization of CP-I


Dimerization constants of CP-I in the presence of 0.1M


NaCl at pH 9.0 were determined in the temperature range
15–60°C. A good linear plot in the van’t Hoff coordinates
was observed from which the values of�H° =
ÿ41.0� 0.8 kJ molÿ1 and �° =ÿ45.6� 0.8 J molÿ1


Kÿ1 were calculated. Thus CP-I shows, typical for
many porphyrins,18 exothermic dimerization due to van
der Waals interactions between extendedp-electronic
systems of monomers.


Solvent effects on dimerization of CP-I


Additions of organic co-solvents (methanol, ethanol,
acetone and dioxane) strongly decreased the dimeriza-
tion. Already in the presence ofca 5% (v/v) of any of
these co-solvents at low ionic strength created by buffer
solution (0.005M) the dimerization constant was too
small for spectrophotometric determination. In view of
this, we measuredKD in the presence of 0.1 or 0.5M
NaCl. In preliminary experiments we found that the
spectra of monomeric and dimeric forms did not change
in the presence of 0–10% (v/v) of acetone and dioxane or
0–20% (v/v) of methanol and ethanol. This allowed us to


Figure 8. Fitting of the results of Table 1 for Ca(NO3)2 to
Eqn (12)
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calculateKD by using a simplified procedure based on
Eqn (4). In several casesKD was determined also from
the absorbance vs CP-I concentration plots by using Eqn
(2) and the results of the two methods agreed very well.
All results obtained are given in Table 3.


Addition of organic co-solvents to solutions containing
electrolytes changes both solute–solvent and solute–ionic
atmosphere interactions. In order to correct for the latter
effect we applied Eqn (6) with the above parameters
corrected for each mixed solvent from the theoretical
Debye–Hu¨ckel expressions32 which predict that numera-
tor in Eqn (5) is proportional to"ÿ3/2 and B is
proportional to"ÿ1/2, where" is the solvent dielectric
constant (these corrections were, in fact, small and did
not exceed 15%). The appropriate form of Eqn (6) for
each mixed solvent was used to calculate the values of
dimerization constants atI = 0 and the respective logKD


0


values are given in Table 3.
Inspection of the results in Table 3 shows that


additions of organic co-solvents in the concentration
range 0–20% (v/v) lead to aca 100-fold decrease inKD


0.
This effect can result partially or even completely from
the increased repulsion of tetraanionic monomers in
media of lower dielectric constants. To test the
significance of this contribution we plotted logKD


0


values vs 1/" (Fig. 9) and found surprisingly good linear
correlations within each solvent mixture and a satisfac-
tory common correlation (r = 0.95552, SD = 0.194) for
all co-solvents employed. However, the slope of common
regression line,ÿ(1420� 90), is much larger than one
would expect for a purely electrostatic contribution. For


example, in terms of the Born equation for the transfer
free energy such a slope for an ion of chargeÿ3 (an
effective value which fits the salt effect) would be
observed if the ion radius were 0.9 A˚ , which coincides
with the crystal radius of Li� and is hardly acceptable for
the large CP-I anion. Of course, the Born equation is a
very rough approximation to solvation free energies. In


Table 3. Effects of organic co-solvents on the dimerization constant of CP-I at 25°C and pH 9.0 in the presence of 0.1 or 0.5 M


NaCl


Co-solvent Concentration (%, v/v) [NaCl] (M) LogKD
a LogKD


0


None 0.1 4.92 3.05
0.5 5.82


Acetone 2 0.1 4.47 2.72
2 0.5 5.30 2.66
5 0.1 4.10 2.30
5 0.5 4.73 2.00


10 0.5 4.10 1.26
Ethanol 2 0.1 4.59 2.84


2 0.5 5.39 2.75
5 0.1 4.35 2.54
5 0.5 5.09 2.37


10 0.5 4.62 1.76
15 0.5 4.21 1.21


Dioxane 2 0.5 5.13 2.50
5 0.5 4.60 1.84


10 0.5 4.01 1.09
Methanol 2 0.5 5.43 2.8


5 0.5 5.24 2.56
10 0.5 4.90 2.12
15 0.5 4.59 1.71
20 0.5 4.29 1.31


a Relative error inKD (dm3 molÿ1)�� 10%.


Figure 9. Plot of the logarithm of dimerization constant at
zero ionic strength (KD


0) vs the inverse dielectric constant (").
Data from Table 3. (*) Pure wate; other points, water±co-
solvent mixtures with co-solvents (&) acetone, (&) ethanol,
(!) methanol and (~) dioxane
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view of known difficulties in the theoretical treatment of
solvation, solvent effects are often treated in terms of
correlations with various empirical solvent parameters.33


Therefore, we attempted to correlate logKD
0 with several


such parameters available for aqueous–organic solvent
mixtures.


The ‘driving force’ of porphyrin dimerization in
aqueous solutions is a combination of polar (so-called
pÿp) and hydrophobic interactions.8 Therefore, we
considered first possible correlations with polarity
(ET


N,32a,b and Y32a,c values are available for aqueous–
organic mixtures, but only theET


N scale was used since
the parameters are interrelated33e) and solvophobicity
(SP)33d parameters. Correlations with parameters of both
types were less satisfactory than with 1/": r = 0.90178,
SD = 0.272 for correlation withET


N and r = 0.8202,
SD = 0.36 for correlation withSP. An attempt to improve
the description of the solvent effect by using a two-
parameter correlation with bothEN


T andSP did not give a
better result. Moreover, we found unexpectedly that an
interrelation between these different by their physical
meaning parameters exists for the solvent mixtures
employed:


SP � ÿ�0:072� 0:107� � �1:08� 0:11�ET
N �13�


with r = 0.915, SD = 0.0159. A similar interrelation
between these two parameters was reported previously
for binary methanol–water mixtures.9 Evidently, one
cannot discriminate the polar and solvophobic contribu-
tions to the dimerization free energy with the given set of
co-solvents, but what seems to be important is that the
empirical parameters do not give better correlation than
1/".


We also attempted to correlate logKD
0 with the


Hildebrand solubility parameter�H
34 and to use linear


combinations of�H with EN
T or SP. The correlation with


�H was of a lower quality (r = 0.711, SD = 0.442) than
with EN


T or SP and two-parameter correlations did not
give better results than the single-parameter correlations
considered above.


It should be noted that the analysis of solvent effects in
mixed solvents is especially difficult owing to often
observed preferable solvation of the solute by one of the
solvent components. To take this phenomenon into
account it was suggested to analyze the results in terms
of a model which considers solvation of a solute X as an
exchange equilibrium between bound and free molecules
of two (or more) solvent components S1 and S2 with an
equilibrium constantb:35


X�S1�i�S2�j � pS2� X�S1�iÿq�S2�j�p� qS1


At low concentrations of added organic co-sovents used
in this study one can consider the concentration of water
to be practically constant and substitute simple solute–co-


solvent association equilibria for the exact exchange
equilibria. Since CP-I is a large symmetrical species, its
association equilibria with several first co-solvent mol-
ecules can be considered independent and characterized
by the same association constantb. In addition, the dimer
and monomer of CP-I are chemically similar species and
their affinity to co-solvent molecules should be the same.
With this assumption the expression forKD


0 takes the
form


KD
0 � KD


0
W�1� ��S� � �2�S�2 . . .� �n�S�n�=


��1� ��S� � �2�S�2 . . .� �m�S�m�2 �14�


whereKD
0
W is the dimerization constant in pure water, S


is a co-solvent molecule,n andm are solvation numbers
of CP-I dimer and monomer, respectively, andb is the
association constant which refers to the consecutive
additions of cosolvent molecules to the monomer (P) and
the dimer (P2):


P + S� P(S)���;P(S)� S� P(S)2 ���; etc:


P2� S� P2(S)���;P2(S)� S� P2(S)2 ���; etc:


The values ofKD
0 in each water–solvent mixture were


fitted to Eqn (14) with increasingn andm starting from
n = m= 1 and in all mixtures no further improvement of
the fitting was observed aftern = m= 3. The procedure is
illustrated in Fig. 10 for methanol. The solvation number
3 most probably is a mean value which gives the best fit
with the fixed binding constant. One may expect a larger
total solvation number with decreasing values of the
binding constants, but with the available data the fitting to
the respective more general model does not give reliable
results.


Figure 10. Fitting of the log KD
0 vs methanol concentration


pro®le to Eqn (14) at different values of n and m
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This model thus explains the monomerization effect of
co-solvents by a higher solvation of two monomers,
which possess the same affinity (probably of hydrophobic
nature, see below) to organic co-solvent molecules as the
dimer, but can bind larger number of these molecules: six
instead of three. The fact that the total solvation numbers
of one monomer and one dimer species are the same
agrees well with a twofold reduction in the porphyrin
surface available for interaction with co-solvent mol-
ecules upon dimerization.


The values ofb for the co-solvents employed are given
in Table 4. Searching for an interrelation ofb with
structure of co-solvent molecules we found a good
correlation between logb and the partial molar volume of
the hydrocarbon portion (VH) of the co-solvent molecule
calculated from the increments given in Ref. 36:


log� � ÿ0:56� 0:01� �0:0200� 0:0003�VH �15�


with r = 0.9998 and SD = 0.007. It follows from Eqn. (14)
that


� � 0:275 exp�0:046VH� �16�


for all co-solvents. Figure 11 illustrates the applicability
of Eqn. (14) withn = m= 3 andb calculated from Eqn
(16) for correlation ofKD


0 values: the plot of calculated
log KD


0 vs the experimental values is linear with a slope
of 0.98� 0.03, r = 0.98909 and SD = 0.09.


It should be noted that the molar volume is now
considered to be an important correlation parameter often
giving a dominant contribution to linear free energy
relationships with transfer free energies, e.g. from water
to octanol37 or from water to surfactant micelles.38 The
correlation in Eqn (15) agrees with the assumption that
porphyrin–co-solvent interactions are of hydrophobic (or
lipophilic) nature. We suppose that for the given series of
co-solvents each carbon atom, methyl or methylene
group of a co-solvent molecule is in contact with the
plane of the porphyrin anion while co-solvent oxygen
atoms remain in contact with surrounding water mol-
ecules.


It follows from Eqn. (15) that each additional methylene
group (VH = 15.8 cm3 molÿ1 for acyclic and 14.09 cm3


molÿ1 for cyclic structures)36 in a co-solvent molecule
contributes by approximatelyÿ1.7 kJ molÿ1 to the free
energy of association with CP-I. Weak hydrophobic
interactions of water-soluble porphyrins with side-chains
of aliphatic amino acids have been reported.39 In
accordance with these data, the increment to the binding
free energy per methylene group iscaÿ3 kJ molÿ1. On
the other hand, Schneider and Wang9b concluded on the
basis of their study of the association of cationicmeso-
substituted porphyrins with anionic species of different
structures that hydrophobic interactions do not contribute
noticeably to porphyrin–ligand association free energy
(DGASS) because saturated ligands lackingp-electrons
showed very weak binding, completely explicable by
only electrostatic attraction of anionic ligands to cationic
porphyrins. However, their data also demonstrate that
incorporation of additional aliphatic carbons to anionic
ligands always leads to improved binding. Thus,DGASS


for 3,5-dimethylbenzoate is by 0.4–1.3 kJ molÿ1 lower
than that for unsubstituted benzoate; also,DGASS for
cyclohexanedicarboxylate is 2.3 kJ molÿ1 lower than that
for adipate, which possesses two methylene groups
fewer. These results indicate a weak hydrophobic
contribution of ca ÿ1 kJ molÿ1 per methylene group,
which is not far from the increment found for the co-
solvents in the present study.


CONCLUSIONS


The applicability of a Debye–Hu¨ckel-type equation to the
quantitative evaluation of activity coefficients of large


Table 4. Association constants (b) of organic co-solvents
with CP-I calculated from the ®tting of KD


0 vs co-solvent
concentration pro®les (data from Table 3) to Eqn (16) with
n = m = 3 (see Fig. 10 for an example of the ®tting) and
partial molar volumes (VH) of the hydrocarbon portion of the
co-solvent molecules calculated from the increments given in
Ref. 35


Co-solvent b (dm3 molÿ1) VH (cm3 molÿ1)


Methanol 0.66� 0.02 19.06
Ethanol 1.31� 0.06 34.86
Acetone 2.36� 0.15 47.66
Dioxane 3.56� 0.08 56.36


Figure 11. Calculated from Eqn (14) vs experimental log KD
0


values [n = m = 3, b values for each co-solvent from Eqn
(16)]. Points for different co-solvents are shown with the
same symbols as in Fig. 9
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non-spherical ions, provided a reduced effective charge is
attributed to such ions, seems to be a general rule. In
addition to the present study, the salt effects on stability
constants of inclusion complexes of tetracationic and
tetraanionic cyclophanes were successfully described in
this way assuming the effective charges of the macro-
cycles to be only slightly lower than their total values.24


Also, salt effects on the kinetics of metallation of charged
porphyrins were described in terms of this model with
effective charges of porphyrins ranging between 10 and
80% of their total charges.23 For salts composed of large
anions or large (tetraalkylammonium) cations the salting-
in effect must be taken into account. Also, deviations
from a simple Debye–Hu¨ckel model should be expected
with highly charged cations such as Ca(II). The effect if
this cation was described in terms of a model which
involved a set of complexation equilibria of Ca(II) cation
with carboxylate groups of monomeric and dimeric CP-I.
Such a model may be generally applicable for salts of
cations which form complexes of noticeable stability
with peripheral polar groups of porphyrins.


Addition of organic co-solvents causes a considerably
larger monomerization effect than one would expect on
the basis of a purely electrostatic model which attributes
the effect to increased repulsion of CP-I tetraanions in
media with decreased dielectric constants. Attempts to
correlate the effect with various empirical solvent
parameters were unsuccessful. A specific solvation
model which assumes stepwise association of monomer
and dimer species with co-solvent molecules describes
satisfactorily the solvent effect as a result of higher
solvation of two porphyrin monomers than the dimer.
Logarithms of porphyrin–co-solvent association con-
stants show a linear correlation with the partial molar
volume of the hydrocarbon portion of co-solvent mol-
ecules, indicating a predominantly hydrophobic type of
association.
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Kinetics of electroinitiated polymerization of acrylonitrile
mediated by titanium (III)±dimethylglyoxime redox system
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ABSTRACT: Acrylonitrile was polymerized in an aqueous sulphuric acid–methanol medium by an electrolytically
generated mediator species, titanium(III). Titanium(III)–dimethylglyoxime was used as the initiator redox system.
The reaction was confined to the cathode compartment and was found to proceed via a free radical mechanism. The
kinetics of polymerization were investigated for different initial monomer concentrations, acid concentrations,
electric currents, dielectric constants of the solvent and electrode materials. A suitable mechanism for titanium(III)–
dimethylglyoxime-mediated indirect electropolymerization of acrylonitrile is proposed. Copyright 1999 John
Wiley & Sons, Ltd.


KEYWORDS: acrylonitrile polymerization; electroinitiated polymerization; titanium(III)–dimethylglyoxime redox
system; kinetics


INTRODUCTION


The kinetics of electrochemical polymerization have
received great attention by various researchers,1–4as they
play a unique role in predicting the mechanism of
polymerization. Previous studies have established that
Ti(III)–NH 2OH is a potential initiator for the polymer-
ization of vinyl monomers.5 As a part of our mechanistic
studies on redox polymerization,6–8 we present here the
results of a kinetic study of titanium(III)–dimethylglyox-
ime-mediated electropolymerization of acrylonitrile in
aqueous sulphuric acid–methanol medium.


EXPERIMENTAL


All chemicals were of analytical grade unless indicated
otherwise and doubly distilled water was used through-
out. A stock solution of titanium(IV) was prepared by the
gradual addition of TiO2 (Glaxo, special quality) to hot
concentrated sulphuric acid. The yellowish green solid of
titanium(IV) sulphate thus produced was dissolved in
distilled water, boiled well and filtered to give a clear
solution.9 The titanium(IV) concentration was deter-
mined by spectrophotometry.


Acrylonitrile (SRL) was washed with 5% sodium
hydroxide followed by dilute orthophosphoric acid and
finally with distilled water. It was dried over anhydrous
calcium chloride and again distilled under reduced
pressure in a nitrogen atmosphere. The middle fraction
was collected and stored at 5°C. A standard solution of
0.1 mol dmÿ3 dimethylglyoxime was prepared in metha-
nol.


Polymerization method. Polymerization was carried out
in a simple H-shaped cell consisting of two cylindrical
glass tubes fused to two halves of square-shaped steel
frames, having a circular opening at the centre. These
steel frames were tightened together with the help of
screws provided for this purpose by placing a cation-
exchange membrane in between to act as a diaphragm.
One glass tube was used as the anodic compartment and
the other as the cathodic compartment.


The catholyte was an electrolytic solution containing
titanium(IV) sulphate (3.0 cm3 of 0.25 mol dmÿ3), di-
methylglyoxime (2.5 cm3 of 0.1 mol dmÿ3), sulphuric
acid (to maintain a constant acid concentration of
0.5 mol dmÿ3), methanol (to keep the organic substrate
in a homogeneous phase), 1.21 mol dmÿ3 acrylonitrile
and water (to keep the overall volume to 25.0 cm3). The
anolyte was 25.0 cmÿ3 of 0.5 mol dmÿ3 sulphuric acid. A
thin, bright platinum foil was used as the anode and a
rectangular copper plate (1.0� 9.0 cm) as the cathode. A
stream of pure nitrogen was slowly bubbled over the
catholyte. The electrolytic cell was mounted on a
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magneticstirrerandthemediumwasadequatelystirred.
A constantcurrentwas obtainedfrom a stabilizedd.c.
powersupplyof 0–150V, whichgavecurrentsof 0–1000
mA.


Initially conditions were establishedto obtain a
maximumyield of polymers.This wasdoneby carrying
out theelectrolysisat a specifiedcurrentfor 60min. The
polymer yield was determined gravimetrically. The
resultsaregiven in Tables1 and2.


Kinetic procedure. The kinetic measurementswere
performedunderaninert atmosphere.In a typical kinetic
run, a mixture of solutions containing the requisite
amountsof the acrylonitrile monomer(M), dimethyl-
glyoxime (DMG), titanium(IV) ions, sulphuric acid,
methanol and water was thermally equilibrated in a
water-bathat the desired temperature.A wash-bottle
containing an aqueoussolution of acrylonitrile and
methanolof thesameconcentrationasin theelectrolytic
cell was interposedbetweenthe nitrogen train and the
electrolytic cell to avoid any loss due to deaeration.
Electrolysis was carried out for a desired time. The
percentageyield of polymerisation was determined
gravimetricallyat 300K. The initial rateof polymeriza-
tion (Rp) was determined from the initial slope of
percentageconversionversus time plot by the plane


mirror method,reproducibleto� 6%. The order of the
reactionwasfoundfrom log (rate)versuslog (concentra-
tion) plots.


The effect of variation of the concentration of
monomer, cathode current, solvent, sulphuric acid,
dimethylglyoxime, titanium(IV) and cathodematerials
was studied.The effect of temperatureon the polymer
yield was also examined (Table 3) and activation
parameterswerecalculatedusingArrheniusandEyring
plots. The gravimetric determinationof the polymer
producedis one of the most direct ways of obtaining
conversiondata for polymerization.Always a constant
volumeof the reactionmixture wastakenin the cell. In
order to determinethe amountof polymer formed in a
known interval of time, the electrolysiswasterminedat
the desiredtime and the polymer obtainedwas filtered
througha previouslyweighedsinteredglasscrucible of
the requiredspecification,washedproperlywith metha-
nol and dried in a vacuumoven at 343K to a constant
weight.


The intrinsic viscosity was measuredin N, N-di-
methylformamideat 300K with an Ubbelhodevisc-
ometer.Thelimiting viscosityvalueswereconvertedinto
average molecular weights by the Mark–Houwink
equation,[�] = KM/, whereM is the molecularweight
of the polymerandK and/ areconstants,their values
beingK = 2.303� 10ÿ4 and/ = 0.75.


RESULTS AND DISCUSSION


Blank experiments


Electrochemicalpolymerization did not occur when
acrylonitrile was added separately to either of the
reagents,titanium(IV) or dimethylglyoxime,in aqueous
sulphuricacid–methanolmedium.However,theaddition
of acrylonitrile wasfound to initiate the polymerization
in the presenceof a mixture of titanium(IV) and
dimethylglyoxime in aqueoussulphuric acid–methanol
mediumonly whensubjectedto electrolysis.


Table 1. Effect of titanium (IV) and dimethylglyoxime
concentration on polymer yield for the cathodic polymeriza-
tion of acrylonitrilea


[Ti(IV)] � 102


(mol dmÿ3)
Polymeryield


(%)
[DMG] � 102


(mol dmÿ3)
Polymeryield


(%)


1.5 60.38 0.6 86.26
3.0 78.95 0.8 83.52
4.0 90.09 1.0 78.95
5.0 88.38 1.4 65.24
6.0 83.20 1.8 44.63


a Conditions: temperature, 300K; current, 200 mA; [AN],
1.21mol dmÿ3; [H2SO4], 0.5mol dmÿ3; [methanol], 18% (v/v);
electrolysistime, 60 min.


Table 2. Effect of sulphuric acid concentration and solvent
composition on polymer yield for the cathodic polymeriza-
tion of acrylonitrilea


[H2SO4] � 10
(mol dmÿ3)


Polymeryield
(%)


[Methanol]
(mol dmÿ3)


Polymeryield
(%)


3.0 56.23 15.00 82.90
4.0 67.37 18.00 78.95
5.0 78.95 25.00 73.64
6.0 86.40 30.00 65.87
7.0 79.53 35.00 59.60


a Conditions: temperature, 300K; current, 200 mA; [AN],
1.214mol dmÿ3; [DMG], 0.01mol dmÿ3; [Ti(IV)], 0.03mol dmÿ3;
electrolysistime, 60 min.


Table 3. Effect of temperature on polymer yield and average
molecular weight for the cathodic polymerization of
acrylonitrilea


Temperature
(K)


Polymeryield
(%)


Averagemolecular
weight


293 33.00 4.0� 104


298 64.54 4.0� 104


300 78.95 4.0� 104


305 92.48 3.6� 104


a Conditions: current, 200 mA; [AN], 1.21mol dmÿ3; [H2SO4],
0.5mol dmÿ3; [DMG], 0.01mol dmÿ3; [methanol]18%(v/v); electro-
lysis time, 60 min.
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Kinetics of polymerization


Thepolymerizationkinetic studieswerecarriedout with
different currents,monomerconcentrationsandsolvents
at 300K and the resultsare presentedin Figs 1–3 and
Tables4–6.


Figure 1. Time±conversion curves for the cathodic polymer-
ization of acrylonitrile (1.21 mol dmÿ3) at different current
levels in aqueous sulphuric acid±methanol medium at 300 K


Figure 2. Time±conversion curves for the cathodic polymer-
ization of acrylonitrile at a ®xed current of 200 mA in
aqueous sulphuric acid±methanol medium at 300 K. Acrylo-
nitrile concentration: (I) 1.82; (II) 1.52; (III) 1.21; (IV) 2.12; (V)
2.42; (VI) 0.91 mol dmÿ3


Figure 3. Effect of various solvents on the yield of the
cathodic polymerization of acrylonitrile at a ®xed current of
200 mA and 300 K: (I) in aqueous sulphuric acid±dimethyl-
formamide medium; (II) in aqueous sulphuric acid±methanol
medium; (III) in aqueous sulphuric acid±dimethyl sulphoxide
medium; (IV) in aqueous sulphuric acid±methanol±carbon
tetrachloride medium


Table 4. Effect of current on polymer yield and average
molecular weight for the cathodic polymerization of
acrylonitrilea


Current
(mA)


Polymeryield
(%)


Averagemolecular
weight


150 61.95 4.0� 104


200 78.95 4.0� 104


250 91.86 3.8� 104


300 71.46 3.2� 104


400 63.95 2.5� 104


a Conditions: temperature,300K; [AN], 1.21mol dmÿ3; [H2SO4],
0.5mol dmÿ3; [DMG], 0.01mol dmÿ3; [Ti(IV)], 0.03mol dmÿ3;
[methanol],18%(v/v); electrolysistime, 60 min.


Table 5. Effect of acrylonitrile concentration on polymer
yield and average molecular weight for the cathodic
polymerization of acrylonitrilea


[AN]
(mol dmÿ3)


Polymeryield
(%)


Averagemolecular
weight


0.91 43.46 4.0� 104


1.21 78.95 4.0� 104


1.52 89.05 4.0� 104


1.82 92.28 4.0� 104


2.12 74.82 3.8� 104


2.42 59.89 3.7� 104


a Conditions: temperature, 300K; current, 200 mA; [H2SO4],
0.5mol dmÿ3; [DMG], 0.01mol dmÿ3; [Ti(IV)], 0.03mol dmÿ3;
[methanol],18%(v/v); electrolysistime, 60 min.
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Factors in¯uencing polymer yield


Effect of cathode current. The effect of variationsin
titanium(IV) sulphate concentration,electric current,
temperatureand sulphuric acid concentrationon the
currentefficiencyfor thegenerationof titanium(III) was
studiedby Narasimhanetal.10 Thecurrentefficiencywas
found to decreasewith increasein currentor concentra-
tion of titanium(IV) sulphate.Also, thecurrentefficiency
was found to increasewith increasein sulphuric acid
concentrationor temperature.


It was found that the polymer yield increaseswith
increasein cathodecurrent in the range150–250mA.
However,whenthecathodecurrentexceeds250mA, the
polymeryield decreases(Fig.1).Thiscanbeexplainedas
follows. As alreadystated,the currentefficiencyfor the
generationof titanium(III) decreaseswith increasein
current.Consequently,the reductionof dimethylglyox-
ime becomesslowerandtherewill bea slow andsteady
generationof free radicals. Hence the polymer yield
increases.


However,at highercurrentlevels (250–400mA), the
apparentdecreasein currentefficiencycanbedueto the
depletion of the monomer at the cathode–catholyte
interface,andalsodueto hydrogenproduction,asshown
in someearly studies.11,12


Effect of monomer concentration. Thepolymeryield
increaseswith increasein monomerconcentrationin the
range0.91–1.82mol dmÿ3. However,it decreaseswhen
themonomerconcentrationexceeds1.82mol dmÿ3. This
deviationmaybedueto anincreasein theviscosityof the
mediumanda consequentdecreasein themobility of the
propagatingspecies.


Effect of dimethylglyoxime concentration. The
polymer yield decreaseswith an increase in the
concentrationof dimethylglyoxime.This is becausean
increasein dimethylglyoximeconcentrationresultsin an
increasein the rateof its reduction13 andtherewill be a
local over-concentrationof the free radicals in the
vicinity of the eletrodesurface.This situation favours


chaininitiation andchaintermination.Consequently,the
polymeryield decreases.


Effect of titanium(IV) sulphate concentration. The
polymer yield increaseswith increasein titanium(IV)
sulphate concentration in the range 0.015–
0.04mol dmÿ3. However, the yield decreasesif the
titanium(IV)sulphate concentration exceeds 0.04mol
dmÿ3. This may be dueto the steadygenerationof free
radicalsin therange0.015–0.04mol dmÿ3. Thissituation
favourschain propagationand hencethe polymer yield
graduallyincreases.However,beyonda certainoptimum
concentration of titanium(IV) sulphate (>0.04mol
dmÿ3) the titanium(III) generated will be of low
concentrationand the free radicals generatedby the
reduction of dimethylglyoxime will also be of lower
concentration.Consequently,thepolymeryield gradually
decreases.


Effect of temperature. The currentefficiency for the
generationof titanium(III) increaseswith increasein
temperature.Also, the reaction rate of titanium(III)
reduction of dimethylglyoxime has been shown to be
temperaturedependent.13 Therewill be slow andsteady
generationof free radicals, hence the polymer yield
graduallyincreasesin thetemperaturerange293–305K.
However,above305K, the reductionreactionbecomes
very fast, resultingin a local over-concentrationof free
radicalsneartheelectrodesurface.Thissituationfavours
chain initiation andchain terminationat the expenseof
chainpropagation,hencethepolymeryield decreases.


The activation energy (Ea) calculated from the
Arrhenius plot of log(rate) vs 1/T in the temperature
range 293–305K was 36.35� 2 kJ molÿ1. The other
activationparameterscalculatedfrom theEyringplot are
DH‡ = 33.86� 2 kJ molÿ1, DG‡ = 71.31� 0.6kJ molÿ1


andDS‡ =ÿ125.18� 6 J Kÿ1 molÿ1. Therelatively low
energyof activationor enthalpyof activationand high
negativeentropyof activationobservedarecharacteristic
of a free radicalpolymerizationprocess.


Effect of sulphuric acid concentration. The current
efficiencyfor thegenerationof titanium(III) sulphateand
alsotherateof titanium(III) reductionof dimethylglyox-
ime increasewith increasein sulphuricacid concentra-
tion.13 This situationfavourschain propagation.Hence
the polymer yield increases in the range 0.3–
0.6mol dmÿ3 sulphuric acid. However, when the sul-
phuric acid concentrationexceeds0.6mol dmÿ3, the
reduction reaction becomesso fast as to increasethe
productionof free radicalsto favourchaininitiation and
chain terminationagainstchain propagation.Hencethe
polymeryield decreasesat higheracidconcentrations.


Effect of solvent composition. It was found that the
polymer yield decreaseswhen the percentage of
methanol increases.This is due to retardationof the


Table 6. Effect of solvent on polymer yield and average
molecular weight for the cathodic polymerization of
acrylonitrilea


Solvent
Polymer
yield (%)


Average
molecularweight


Methanol 78.95 4.0� 104


Dimethyl sulphoxide 68.30 3.6� 104


Dimethyl formamide 83.21 4.7� 104


Mixture of methanol
andcarbontetrachloride


30.30 2.0� 104


a Conditions: temperature, 300K; current, 200mA; [H2SO4],
0.5mol dmÿ3; [Ti(IV)], 0.03mol dmÿ3; [DMG], 0.01mol dmÿ3;
[methanol],18%(v/v); electrolysistime, 60 min.
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titanium(III) reduction reaction of dimethylglyoxime
with decreasein dielectric constant of the medium
brought about by the increasein methanolconcentra-
tion.13


Polymer characterization


Molecular weight. The viscosity-averagemolecular
weight of the polymerproductin a typical standardrun
wasfound to be4.00� 104.


Spectral analysis. The IR spectrumof the polymer
product revealedabsorptionfrequenciesat 3468cmÿ1


(N7H andO7H stretching),2939cmÿ1 (C7H stretch-
ing), 2250cmÿ1 (C�N stretching) and 1650cmÿ1


(N7H bending and C=N stretching), indicating that
the dimethylglyoxime moiety is an end group of the
polyacrylonitrilemacromolecule.


In¯uence of electrode material. Apart from copper,
severalotherelectrodematerials,suchasplatinum,lead
and graphite, were also tried for the polymerization
process.Although the yields weredifferent for different
electrodematerials,themolecularweightsof thepolymer
productswerenearlythesame(Table7).Work relatingto
the kinetic behaviour pattern with different cathode
materials(platinum,leadandgraphite)is in progress.


Polymerization in a different solvent medium. The
percentageyields weredifferent in dimethylformamide,
dimethylsulphoxideandmethanol.This is in accordance
with thefindingsof previousworkers.14,15However,the
molecularweightsof theproductsweremoreor lessthe
same.The kinetic behaviouris expectedto besimilar.


We wanted to know whether the chain transfer
mechanismoperatesin the termination step. Carbon
tetrachlorideis known to be the most efficient chain
transferagent.The kinetic studywith a solventmixture
containing 18% methanol� 3% carbon tetrachloride
resultedin a 50% decreasein polymer yield (Fig. 3)
and a consequentlowering of molecular weight from


4.0� 104 to 2.0� 104. This is due to the enhanced
termination by the chain transfer mode. It can be
concluded that chain transfer to initiator molecules,
monomer moleculesor solvent moleculesis not sig-
nificant in the absenceof chain transferagentssuchas
carbontetrachloride.Therefore,in all probability under
the conditionsemployedfor the polymerizationin this
investigation,theterminationoccursmostlyby coupling.


Kinetic scheme


The kinetics of the reductionof dimethylglyoximeby
titanium(III) in aqueoussulphuric acid medium has
recently been studied.13 The stoichiometry of the
reduction of dimethylglyoxime by titanium(III) was
found to be1:8 accordingto


C4H8N2O2� 8Ti3� � 8H�ÿ!
C4H12N2� 8Ti4� � 2H2O �1�
�butaneÿ 2;3ÿ diamine�


Thekineticordersof thereactantswerefoundfrom log
(rate) versuslog (concentration)plots. The order was
found by varying the concentrationsof dimethylglyox-
ime, titanium(III), sulphuricacid in turn while keeping
the othersconstant.The kinetic orderswith respectto
dimethylglyoximeandtitanium(III) wasnearlyunity and
theorderwith respectto sulphuricacid wasabout0.5.


In theabsenceof afreeradicalscavengerin thesystem,
thetitanium(III) reductionof dimethylglyoximehasbeen
shownto follow Scheme1.


The protonatedsubstrateSH� reactswith Ti3� in the
slow step to give a free radical, R.. This free radical
further reactswith additionalTi3� ions in a fast stepto
give the product.By applying the steady-stateapprox-
imation to the intermediateSH�, the rate law was
derived:


rate� Kk�S�0�Ti3���H��
1� K�H�� �2�


Table 7. Effect of electrode material on polymer yield and
average molecular weight for the cathodic polymerization of
acrylonitrilea


Electrode
Polymeryield


(%)
Averagemolecular


weight


Copper 78.95 4.0� 104


Lead 70.38 3.8� 104


Graphite 62.06 3.6� 104


Platinum 59.29 3.3� 104


a Conditions: temperature, 300K; current, 200 mA; [H2SO4],
0.5mol dmÿ3; [Ti(IV)], 0.03mol dmÿ3; [DMG], 0.01mol dmÿ3;
[methanol],18%(v/v); electrolysistime, 60 min.


Scheme 1


Copyright  1999JohnWiley & Sons,Ltd. J. Phys.Org. Chem.12, 605–611(1999)


KINETICS OF ELECTROINITIATED POLYMERIZATION OF ACRYLONITRILE 609







where the resultantsubstrateconcentration,[S], is the
difference between the initial, [S]0, and protonated,
[SH�], substrateconcentrationvalues,K is the equili-
brium constantfor the protonationstepandk is the rate
constantfor the rate-determiningstep.


The kinetic schemewhich accountsfor the results
obtained in the electroinitiatedpolymerizationsystem
canbedescribedby Scheme2.


In Scheme2,M is themonomer,acrylonitrile,ke, kd, ki,


Ti4� � Hÿÿÿÿ!ke Ti3�H�


(at the cathode)


Ti3� � SH� ÿÿÿÿ!kd Ti4�R�


R� �Mÿÿÿÿ!ki RM�


RM��mÿ1� �Mÿÿÿÿ!kp
RM�m


RM�m � RM�nÿÿÿÿ!
kt RMm�nR


RM�m � Hÿÿÿÿ!ktr RMmH


RM�m � XHÿÿÿÿ!ktr RMmH� X�


Scheme 2


kp, kt, ktr are the rate constantsfor the electrolysis,
decomposition,initiation, propagation,terminationand
chain transfersteps,respectively,and XH is the chain-
transferagent.


The rateof initiation is


Ri � fkd�Ti3���SH�� �3�


Substitutingfor [Ti 3�] with theproduct,ke [I], leadsto


Ri � fkdke�I��SH�� �4�


where[I] is thecurrentin faradyperunit volumeandf is
the factor representingthe fraction of the currentwhich
initiate chains.


Understeady-stateconditions,


Ri � Rt �5�


If terminationtakesplaceby coupling,


fkdke�I��SH�� � kt�M��2 �6�


Rearrangementof Eqn.(6) gives


�M�� � �fkdke�I��SH���1=2
kt


�7�


The rateof polymerizationis givenby


Rp � kp�M���M� �8�


Substitutingfor [M.] in Eqn.(8) gives


Rp � kp�fkdke=kt�1=2�I�1=2�SH��1=2�M� �9�


Replacing[SH�] by K[S] [H�] leadsto


Rp � K1=2kp�fkdke=kt�1=2�I�1=2�S�1=2�H��1=2�M� �10�


The dependenceof the initial rateof polymerizationRp


on [I] 1/2, [S]1/2, [H�]1/2 and[M], which wasexperimen-
tally observed,is consistentwith Scheme2.


The kinetic chain length, �, has the following
dependenceon thecurrentandmonomerconcentration:


� � Rp=Rt � kp�M���M�=kt�M��2 �11�


Substitutingfor Rp and Rt and on simplification, Eqn.
(11) gives


� � kp�M�kt=�fkdke�1=2�I�1=2�SH��1=2 �12�


CONCLUSIONS


This is a clear caseof indirect electrochemicalpoly-
merization.It involves the electrolytic generationof a
reactive species,Ti3�, which in turn reacts with a
chemicalinitiator, dimethylglyoxime,presentin thebulk
of thesolutionto producefreeradicals.Chaintermination
of the polymer is essentiallyby coupling.This provides
an excellent means for the controlled initiation of
polymerizationreactions.
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ABSTRACT: The hydroxyl radical (�OH)-mediated oxidation of two simple textile azo dyes, methyl orange and
calmagite, was studied by the pulse radiolysis technique. The oxidation of methyl orange and calmagite by hydroxyl
radicals was extremely fast, with second-order rate constants of (2.0� 0.3)� 1010 and (1.1� 0.2)� 1010 l molÿ1


sÿ1, respectively, at 25°C and pH 9.2. The transient intermediates formed by the interaction of hydroxyl radical with
the dyes displayed absorption bands at 300, 480 and 720 nm for calmagite and 360 and 580 nm for methyl orange.
These transients decompose by first-order kinetics with half-lives of 150–200ms. In the case of methyl orange,
hydroxyl radical reacts by one-electron oxidation at the nitrogen center, forming the anilino cation radical. This was
confirmed by comparing the absorption spectrum of the intermediate formed by the interaction of�OH with methyl
orange and that obtained by the reaction between a one-electron oxidant such as carbonate radical (CO3


ÿ�) and methyl
orange. Hydroxyl radicals react with calmagite by addition to the benzene ring, producing hydroxycyclohexadienyl
radicals, which rapidly decompose to phenoxyl-type radicals by water elimination. Copyright 1999 John Wiley &
Sons, Ltd.


KEYWORDS: azo dyes; oxidation; hydroxyl radical; pulse radiolysis


INTRODUCTION


Azo dyes are synthetic organic dyes that are used in the
textile, cosmetic, paper, drug and food processing
industries. They are designed to be adherent, long lasting
and resistant to chemical processes. However, it is
essential that these dyes be removed from industrial
effluents and several methods such as degradation by
treating with one-electron oxidants1–3 and photocatalytic
processes4–6 have been employed. Hydroxyl radicals
were extensively used as primary oxidants in advanced
oxidation processes for the degradation of organic
pollutants2,3 and textile dyes7,8 from industrial wastes
owing to their high reactivity. On the other hand, in the
case of dyed fabrics it is required that the dyes should not
fade through oxidation in the normal washing pro-
cesses.9,10 In any case, a detailed understanding on the
kinetics and mechanism of the oxidation of textile dyes
by one-electron oxidants is important. The reaction of
hydroxyl radical with azobenzene,11 the simplest of azo
dyes, is reported to be a diffusion-controlled reaction
with a rate constant of 2� 1010 l molÿ1 sÿ1. There are no
reports in the literature on the reaction of methyl orange
and calmagite with hydroxyl radicals. In order to
understand the mechanism of oxidation of textile azo


dyes by hydroxyl radical, we selected methyl orange and
calmagite as model compounds for the present investiga-
tion. With the pulse radiolysis technique, one can
selectively generate oxidizing or reducing species from
radiolysis of water.12–15 Thus in neutral or alkaline
solutions, the interaction of high-energy electrons with
water molecules leads to the production of hydroxyl
radicals and hydrated electrons in equal yields. By
scavenging aqueous electrons with suitable scavengers
such as N2O, one can produce the hydroxyl radical as the
ultimate reacting species. Hydroxyl radical in water
exhibits a very weak optical absorption at 230 nm (�230=
665 l molÿ1 cmÿ1), with the result that its reactivity
cannot be determined by direct observation.16 In the
presence of added substrates, the reaction of hydroxyl
radicals with the substrate can be studied by optical
absorption spectroscopy either by competition kinetics17


or by following the product build-up.18 Here we report
the results of our investigation on the oxidation of two
model azo dyes by pulse radiolytically generated
hydroxyl radicals. The kinetics, nature of the transients
formed and the mode of reaction of hydroxyl radical with
methyl orange and calmagite are discussed.


EXPERIMENTAL


Materials and methods. Methyl orange and calmagite
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were purchased from Aldrich Chemical (Milwaukee, WI,
USA). Buffer solutions were prepared by literature
methods and Milli-Q water was used for preparing all
solutions. Solutions were prepared freshly and saturated
with N2O before irradiation. The solutions were allowed
to flow through an irradiation cell with a 2 cm optical
pathlength perpendicular to the electron beam. The flow-
rate was sufficient to replenish the solution in the cell
between pulses. All experiments were performed at room
temperature. Absorption spectra were recorded using a
Hewlett-Packard Model 8645 diode-array spectro-
photometer.


Pulse Radiolysis. Pulse radiolysis experiments were
conducted at the National Institute of Standards and
Technology (Gaithersburg, MD, USA). We used a
Febetron 705 accelerator supplying 50 ns pulses of 2
MeV electrons as the source for water radiolysis. The
dose per pulse was usually 5 Gy, determined using KSCN
dosimetry. For optical detection we used a Varian 300 W
xenon lamp separated from the cell by a shutter, and a
monochromator and photomultiplier located in a separate
room from the irradiation region. Reactions were
followed by monitoring the build-up of the product
absorption. For kinetic studies, reactions were carried out
under pseudo-first-order conditions with respect to the
substrate. The kinetic traces were digitized by using a
Tektronix Model 7612 transient recorder and processed
by a computer. Second-order rate constants were deter-
mined from the slope of the plots of pseudo-first-order
rate constantsvs concentration of the substrate. Time-
dependent absorption spectra were measured by monitor-
ing the absorbances of the transients at different
wavelengths.


RESULTS


Reaction of hydroxyl radical with calmagite


Hydroxyl radicals were generated by the pulse radiolysis
of an N2O-saturated aqueous solution:


H2O! :
OH;eÿaq;


:
H;H2O2;H2;H3O


� �1�


eÿaq� N2O� H2O! N2� :
OH�OHÿ �2�


The rate constant for reaction (2) is diffusion con-
trolled (k2 = 9.8� 109 l molÿ1 sÿ1)19 such that in N2O-
saturated solutions all hydrated electrons (eÿ


aq) formed
will be quantitatively converted to hydroxyl radicals. The
electronic absorption spectrum and the molecular struc-
ture of an aqueous solution of calmagite at pH 9.5 are
shown in Fig. 1. The chromophoric absorption for
calmagite has a maximum at 605 nm with a molar


absorptivity of � = 20,300 l molÿ1 cmÿ1.20 Pulse radi-
olysis of an N2O-saturated aqueous solution containing
20mM calmagite at pH 9.5 resulted in the rapid formation
of a transient with the absorption spectrum shown in Fig.
2. It exhibits absorption bands at 300 and 720 nm with a
shoulder at 480 nm. The strong negative absorption at
600 nm is due to the bleaching of the dye. The bleaching
maximum corresponds to the ground-state absorption
maximum of the dye (Fig. 1). The absorptions at both 300
and 720 nm decay by first-order kinetics with an overall
lifetime of 150ms. The second-order rate constant for the
reaction between calmagite and hydroxyl radical was
determined from the build-up of the transient absorption
at 300 nm to be (1.1� 0.2)� 1010 l molÿ1 sÿ1.


Figure 1. Molecular structure and electronic absorption
spectrum of an aqueous solution containing 100 mM


calmagite at pH 9.5


Figure 2. Time-resolved absorption spectrum of the
transient obtained on the pulse radiolysis of an aqueous
N2O saturated solution of calmagite (20 mM) at pH 9.5. The
pH of the solutions was maintained using 10 mM borate
buffer. The solid line represents the spectrum at 2 ms after
the pulse and the dotted line at 20 ms after the pulse
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Reaction of hydroxyl radical with methyl orange


Figure 3 shows the molecular structure and electronic
absorption spectrum of methyl orange at pH 9.5. The
transient absorption spectrum of the intermediate pro-
duced in the pulse radiolysis of an N2O-saturated aqueous
solution of methyl orange (20mM) at pH 9.2 is shown in
Fig. 4. The absorption spectrum shows maxima at 360
and 580 nm with bleaching at 500 nm corresponding to
the ground-state absorption of methyl orange. At longer
times, the transient absorptions at both 360 and 580 nm
decayed by first-order kinetics to stable products with a
rate constant of 5.6� 103 sÿ1.


The kinetics of the reaction between�OH and methyl
orange were monitored by following the build-up of the
transient absorption at 580 nm. The reaction was found to


have a second-order rate constant of (2.0� 0.3)�
1010 l molÿ1 sÿ1 at 25°C, approximately twice that
obtained for calmagite. These pulse radiolysis studies
characterize the initial reaction steps between�OH
radical and methyl orange.


The hydroxyl radical is an unselective radical and
reacts with substrates by multiple mechanisms such as
electron transfer, addition and hydrogen abstraction.21–23


Therefore, it is possible that the transient intermediates
observed in the case of calmagite and methyl orange
could be an OH adduct or a one-electron oxidation
product of the dye, or both. In order to understand the
nature of the transient intermediate from�OH with
methyl orange, we decided to compare the reactivities of
a known one-electron oxidant and hydroxyl radical
towards this dye. For this purpose, we selected carbonate
radical, which is known to react with aromatic com-
pounds by one-electron transfer.24 Further, carbonate is a
major contaminant in wastewaters,25and in any advanced
oxidation processes the primarily formed hydroxyl
radical could react with natural source of carbonate in
water to form the carbonate radical anion. For textile
dyeing effluents where the pH is much greater than
neutral, scavenging of�OH radicals by carbonate ion will
be a major pathway. Hence the carbonate radical could
contribute significantly to the degradation of organic
pollutants, including azo dyes. Therefore, understanding
the reactivity of carbonate radical towards dyes and other
organic pollutants could provide new insights into the
development of efficient advanced oxidation processes
for wastewater treatment.


Carbonate radicals


Carbonate radicals were generated by the pulse radiolysis
of an aqueous solution of 0.1M sodium carbonate26 at pH
11.0 according to Eqn. 3. Carbonate radical has a reduc-
tion potential of 1.6 V27 and can be detected by its well
resolved absorption spectrum with�max at 600 nm.28


:
OH� CO2ÿ


3 ! ÿOH� COÿ:3 �k3


� 3:9� 108l molÿ1sÿ1�17 �3�


The formation of the carbonate radical anion was
confirmed by a transient, with an absorption maximum at
600 nm, very similar to the absorption spectrum of
carbonate radical reported in the literature.28 The study
was carried out at pH 11.0 since the reaction of�OH with
carbonate ion is much faster than that with hydrogencar-
bonate ion (8.5� 106 l molÿ1 sÿ1).17 The carbonate
radical exists in equilibrium with the less reactive
hydrogencarbonate radical, HCO3


�, [Eqn. 4] with a pKa


of 9.6.29 Therefore, at pH 11.0 the reactive species in
solution is predominantly the carbonate radical anion.
Thus formed, the carbonate radical decayed by second-


Figure 3. Molecular structure and electronic absorption
spectrum of an aqueous solution containing 40 mM methyl
orange at pH 9.5


Figure 4. Time-resolved absorption spectrum of the
transient obtained on the pulse radiolysis of an N2O
saturated aqueous solution of 20 mM methyl orange at pH
9.2. The pH of the solutions was maintained using 10 mM


borate buffer. The solid line represents the spectrum at 4 ms
after the pulse and the dotted line at 30 ms after the pulse
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order kinetics with a rate constant of 1.2� 107 l molÿ1


sÿ1 at 25°C.


HCO:
3� COÿ:3 � H��pKa � 9:6� �4�


Reactions of CO3
ÿ. with methyl orange


The reaction of carbonate radical with methyl orange was
studied at pH 11.0 and 25°C. The kinetics were followed
by monitoring the decay of carbonate radical at 600 nm.
In the presence of methyl orange, the apparent carbonate
radical decay at 600 nm did not go to zero absorption
owing to its reaction with the dye and subsequent
formation of a transient having absorption in the same
range where CO3


ÿ. absorbs. The initial decay of
carbonate radical at 600 nm was analyzed to extract the
pseudo-first-order rate constants at different initial
concentrations of methyl orange. The second-order rate
constant for the reaction between carbonate radical and
methyl orange at pH 11.0 was determined to be
(2.1� 0.3)� 108 l molÿ1 sÿ1, which is two orders of
magnitude lower than that of the reaction of hydroxyl
radicals with methyl orange (2.0� 1010 l molÿ1 sÿ1).


The transient absorption spectrum of the intermediate
formed in the reaction between carbonate radicals and
methyl orange was determined by measuring the
absorbance over the wavelength range 300–800 nm.
Since the rate constant for the reaction between methyl
orange and carbonate radicals is low, a high concentra-
tion of the dye (0.2 mM) was used to obtain a measurable
concentration of the transient intermediate. Owing to this
high dye concentration, the analyzing light intensity was
close to zero in the wavelength region from 380 to
500 nm, making it impossible to measure the transient
absorption in this region. Figure 5 shows the transient
absorption spectrum obtained in the pulse radiolysis of an
aqueous solution of 0.1M carbonate in the presence of 0.2
mM methyl orange at pH 11.0. This absorption spectrum
exhibits maxima at 360 and 580 nm with an absorbance
ratio (A360/A580) of 1.2. The carbonate radical is a one-
electron oxidant and therefore the absorption spectrum
shown in Fig. 5 should be that of the one-electron
oxidation product of methyl orange, the anilino cation
radical. If one compares Fig. 5 with Fig. 4 (spectrum of
the transient from �OH with methyl orange), the
absorption spectrum shows the same maxima in either
case and also the ratio of the absorbance between 360 and
580 (A360/A580= 1.2) is identical. This suggests that the
same intermediate is formed in the reactions of�OH and
CO3


ÿ. radicals with methyl orange.


DISCUSSION


The hydroxyl radical-induced oxidation of two model


textile azo dyes, calmagite and methyl orange, was
studied by the pulse radiolysis technique. The reactions
of hydroxyl radicals with these azo dyes are diffusion
controlled with rate constants of 1.1� 1010 and
2.0� 1010 l molÿ1 sÿ1, respectively, at 25°C. These rate
constants are in good agreement with that of 2.0� 1010 l
molÿ1 sÿ1 reported11 for the reaction of �OH with
azobenzene, the simplest model for an azo dye. In the
reaction of hydroxyl radicals with methyl orange, a
transient intermediate is observed immediately after the
reaction which decomposes to stable products at longer
times. The rate (rate constant� concentration) of�OH
radicals reacting with methyl orange is 4.0� 105 sÿ1


under the experimental conditions used in Fig. 2. This
value is much higher than the rate of self decay of�OH
radicals (4.2� 104 sÿ1), suggesting that all the�OH
radicals have reacted with methyl orange. Hydroxyl
radicals are known to add to the benzene ring to form
hydroxycyclohexadienyl radicals absorbing in the region
300–320 nm.30,31 Since methyl orange has a dimethyla-
mino group, this will be the most likely site of oxidation
by the hydroxyl radical. Hydroxyl radicals could attack
the dimethylamino group of methyl orange by abstracting
a methyl hydrogen, formingN-methylanilinomethyl
radical. The hydrogen abstraction reactions of�OH from
substituents are usually one to two orders of magnitude
slower than that of addition and electron transfer
reactions.17 The high rate constant for the reaction of�OH with methyl orange (2.0� 1010 l molÿ1 sÿ1)
observed in the present case strongly argues against the
possibility of hydrogen atom abstraction. However, such
hydrogen atom abstraction reactions leading to the
formation of anilinomethyl radical (30% yield) is
observed in the reaction of�OH with N,N-dimethylaniline
with the other 70% resulting in the one-electron oxidation
product.21 Given this possibility, reaction of�OH with
methyl orange can also be expected to occur by a mixed


Figure 5. Transient optical absorption spectrum obtained on
pulse radiolysis of an N2O-saturated aqueous solution
containing 0.1 M carbonate and 0.2 mM methyl orange at
pH 11.0. The absorbances were measured at 30 ms after the
pulse
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transient formation. If the absorption spectrum shown in
Fig. 4 is due to a mixture of transients, the rate at which
the absorptions at 360 and 580 nm decay would be
different. However, the transient absorptions at 360 and
580 nm decayed with the same rate constant and
additionally the ratio of the absorbances at 360 to
580 nm at different times was found to be the same.
Therefore, this suggests that in the reaction of�OH with
methyl orange only one transient is formed. The nitrogen
of the dimethylamino group of methyl orange is highly
electron rich, making it more susceptible to attack by the
radical through one-electron transfer [Eqn. 5]. Hence the
absorption espectrum shown in Fig. 2 should be that of
the anilino cation radical (1).


In order to confirm this, we studied the reaction of
methyl orange with a known one-electron oxidant such as
carbonate radical. The reaction between methyl orange
and carbonate radical produced a transient with an
absorption spectrum (Fig. 5) similar to that obtained from
the reaction of�OH with methyl orange (Fig. 4). Further,
the ratio of the absorbances at 360 to 580 nm is 1.2,
suggesting that in either case these are the same transient
intermediates. Therefore, the results strongly suggest that
hydroxyl radical reacts with methyl orange by one-
electron transfer to produce the cation radical as the
immediate product of the reaction. The cation radical
thus formed has a lifetime of 180ms and decomposes to
stable products at longer times.


Calmagite is ano,o'-dihydroxy azo dye which can exist
in either one of two tautomeric forms,32 an azo form or a
hydrazone form, or an equilibrium mixture of both,
depending on the pH. The pKa values of the naphtholic
and phenolic OH groups of calmagite are 8.14 and 12.35,
respectively.33 In the present study, since the reactions
were carried out at pH 9.5, it is possible that calmagite
exists predominantly in the azo form. Hydroxyl radicals
can react with calmagite through multiple pathways
owing to the presence of different reactive sites. One-
electron oxidation of the phenolic and naphtholic OH
groups gives the phenoxyl and naphthoxyl radicals,
respectively, which typically absorb near 400 nm.34


Addition to the benzene ring produces hydroxycyclo-
hexadienyl radicals with absorption in the range 300–
320 nm. The reaction of hydroxyl radical with phenol
leading to the formation of phenoxyl radical has been
reported by Land and Ebert.34 They proposed a mechan-
ism involving the formation of an�OH adduct of phenol
as the initial step, followed by rapid water elimination
generating the phenoxyl radical. However, Fieldet al.35


reported that in the reaction of�OH with phenol a
substantial amount of direct hydrogen abstraction from
the phenolic OH group also occurs, leading to the
formation of phenoxyl radical. The rate constant for the
reactions of �OH with phenol and 2-naphthol are
1.4� 1010 and 1.2� 1010 l molÿ1 sÿ1, respectively,17,36


close to that obtained for the reaction of�OH with
calmagite. Since calmagite has both naphtholic and
phenolic OH groups, the interaction with hydroxyl
radical could produce a mixture of phenoxyl- and
naphthoxyl-type radicals or possibly the naphthoxyl in
preference to the phenoxyl (the reduction potential of
naphthol is lower than that of phenol). It is also known
that the decomposition of the initial OH adducts of
phenol to form phenoxyl radical is catalyzed by both
bases and buffers.34 In our studies, the reaction of�OH
with calmagite was carried out at pH 9.5 in the presence
of borate buffer. Therefore, it is possible that the initial
OH adduct of calmagite decomposes rapidly to the
phenoxyl-type radical on the time-scale during which we
monitored the reaction. Thus, the absorption spectrum
shown in Fig. 2 could be due to a mixture of phenoxyl and
naphthoxyl radicals. Scheme 1 shows the possible
intermediates that could be formed in the reaction of
hydroxyl radicals with calmagite.


Further mechanistic understanding of these reactions
will come from identifying the end products of the
reactions of hydroxyl radicals with methyl orange and
calmagite. These experiments are currently under way.
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ABSTRACT: The long-standing issue of the conformational change of myo-inositol hexakisphosphoric acid
(H12inhp), commonly called phytic acid, was resolved by low-temperature pH* studies and NMR spectroscopy. Low-
temperature experiments on phytic acid, in a suitable mixed solvent and in the appropriate pH* range (10.0< pH*
< 11.3), allowed the detection of separate NMR lines corresponding to two conformers. Chemical shift variations as a
function of pH* reveal that at pH*>10.2, the mono-, di- and triprotonated species, and also the entirely deprotonated
species, are stabilized in the axial form (five C—O in the axial position and one C—O in the equatorial position) and
at pH*<11.3, in the equatorial form for other protonated species of phytic acid (one C—O in the axial position and
five C—O in the equatorial position). From the NMR spectra, we conclude that the structural change is triggered by
the ninth acid dissociation of phytic acid. We suggest that the stabilization of the axial and equatorial conformations is
due partly to the presence of C—H� � �O—P through space interactions, and partly to trans-annular hydrogen bonding
between all the phosphate groups. Copyright 1999 John Wiley & Sons, Ltd.


KEYWORDS: myo-inositol hexakisphosphoric acid; conformation; intramolecular interactions;1H NMR; 31P NMR


INTRODUCTION


Phytic acid is an interesting physiologically active
compound.1 It constitutes 1–3% of most plant seeds2


and usually occurs as a mixed calcium–magnesium–
potassium salt (phytin) in discrete regions of the seeds.3


Its tremendous chelating potential and its effects on the
bioavailability of metallic cations have been the subject
of several papers.4–6 Numerous other studies have also
shown its usefulness as an antioxidant and scanning
agent.7,8


In order to understand its biochemical roles, we have to
determine the protonation equilibrium constants and the
conformational changes with pH. It has been postulated
that the preference of various phytate anions for the axial
conformations is due to decreased electrostatic repulsion
between negatively charged vicinal equatorial phos-
phates in the equatorial conformations, and also to
stabilization of the sterically hindered axial conforma-
tions by hydrogen bonding between thesyn-oriented
phosphates.9,10


In this paper, we describe low-temperature investiga-
tions of conformational dynamics and proton transfer
phenomena. Our strategy was based on the use of
tetrabutylammonium ions as counterions to obtain the
dissolution of the phytate anions at low temperature. The
31P NMR titration curves indicate that the deprotonation
processes of phytic acid are complex. These processes are
such that they change markedly the electron density on
several phosphate groups, leading to ‘anomalous’ NMR
curves. The number of inflections for the phosphates
supports the contention that extensive proton sharing
occurs in the axial and equatorial conformations.


We report NMR spectroscopic evidence for intramol-
ecular C— H� � � O through-space interactions for phytic
acid in solution; evidence provided by the electrostatic
perturbation observed on the chemical shifts of some
C—H methine protons during the deprotonation pro-
cesses.


EXPERIMENTAL


Hydrated myo-inositol hexakisphosphoric acid sodium
salt (Na12Inhp), purchased from Sigma Chemical, was
converted into phytic acid (H12Inhp) as described
previously.11 For low-temperature (256 K) NMR experi-
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ments, lyophilized phytic acid (3� 10ÿ2 mol lÿ1) was
used in CD3OD–D2O mixed solvent, for a methanol–
water composition of 30:70 (v/v). Self-association of


phytic acid was checked with dilution experiments and
was found to be negligible in the concentration range
0.5� 10ÿ2ÿ 4� 10ÿ2 mol lÿ1 from 1H NMR chemical
shift measurements.


The 1H and 31P NMR spectra were recorded on a
Bruker ARX200 Fourier transform spectrometer operat-
ing at 200 MHz on1H and 80.0 MHz on31P. 31P and1H
chemical shifts were measured relatively to trimethyl-
phosphate and methanol, respectively, as internal refer-
ences. NMR experiments at 256 K were conducted under
instrument control and the temperature was controlled
within �1°C.


A Metrohm E605 pH-meter coupled with a combined
glass electrode was used for pH* adjustments under an
argon atmosphere. The electrode was calibrated at 256 K
by means of standard base and acid (NaOH and HCl) in


Figure 1. Equatorial (e) and axial (a) conformations of phytic
acid. P = ÐPO3H2, ÐPO3Hÿ or ÐPO3


2ÿ depending on pH


Figure 2. 1H selected NMR spectra at different pH* and T = 256 K
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CH3OH–H2O mixed solvent (30:70, v/v).12 The pKs


( = 15.5) of the mixed solvent was determined graphi-
cally by plotting, at 256 K, pH* and p(OH*) vs the mV
meter reading from three solutions of standard strong
acid (HCl) and three solutions of standard strong base
(NaOH), in mixed solvent. No correction was made to the
pH for isotopic effect. pH* is the value read on the pH-
meter when the electrode is placed in the deuterated
mixed solvent.


Assignments of1H and31P resonances of phytic acid in
axial conformations were made from a two-dimensional
1H–1H double quantum filtered correlation experiment
(DQFCOSY) performed by Barrientos and murthy13 and
a two-dimensional1H–31P heteronuclear shift correlation
experiment performed by ourselves, respectively.


RESULTS AND DISCUSSION


Conformational analysis


The conformation of phytic acid was investigated at
256 K by NMR spectroscopy over the pH* range 9.0–
13.0 at intervals of about 0.2 pH units. Interconversion
between an axial and an equatorial conformation of
phytate anions (Fig. 1) at a slow rate compared with the
NMR time-scale is strongly evidenced by the1H and31P
NMR spectra in Figs 2 and 3. In the pH* range 10.0–11.3,
the 1H NMR spectra consist of two sets of signals with
distinct splitting patterns corresponding to axial and
equatorial conformers. The pH* increase from 10.0 to
11.3 is accompanied by changes in the1H NMR


Figure 3. 31P±{1H} selected NMR spectra at different pH* and T = 256 K
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spectrum. We observe a decrease in intensity of methine
signals corresponding to equatorial conformations and an
increase of methine signals corresponding to axial
conformations.


Inspection of the values of the vicinal coupling
constants from3J(HCOP) and3J(H–H) provides con-
formational information.11 The vicinal coupling con-
stants from the1H–{31P} NMR spectra are affected only
by dihedral angles between vicinal protons. The coupling
constant is 2–3 Hz when the relationship is axial–
equatorial [3J(Hax–Heq)] and 8–10 Hz when it is axial–
axial [3J(Hax–Hax)]. The value of3J(HCOP) is 9–11 Hz
when phytic acid is in an equatorial conformation and
11–13 Hz when the conformation is axial.11 According to
Lankhorstet al.,14 3J(HCOP) depends on the dihedral
anglef = H—C—O—P, following Karplus-type curves
based on the equations


3J�PÿOÿCÿH� �18:1 cos2�ÿ 4:8 cos�


for 0< � < 90� �1�
3J�PÿOÿCÿH� �15:3 cos2�ÿ 6:1 cos�� 1:6


for 90< � < 180� �2�


31P chemical shifts and3J(HCOP) coupling constants
may be influenced by pH*, hydrogen bonds (which may
induce an internal rotation of phosphate groups around
C—O single bonds) and ring conformational changes.


The first assignment of1H resonances was made by


Johanssonet al.15at pH* 5.5 and confirmed by us11at pD
0.68. While3J(Hax–Heq) is well resolved at 25°C,11 the
one-dimensional1H NMR spectra recorded atÿ17 °C in
the pH* range 9–13 do not exhibit3J(Hax–Heq) coupling
patterns, the maximum value of any splitting (2.5 Hz) due
to these couplings being of the order of the linewidths.
The 1H NMR spectrum at pH* 9.88 recorded atÿ17 °C
(Fig. 2) consists of three groups of signals: two quartets at
� 0.58 and 0.34 ppm, one triplet at 0.28 ppm and one
broad doublet at� 1.13 ppm. They have been assigned to
the magnetically equivalent H4� H6 (notation H4,6) and
H5 protons (the two quartets), H1,3 (the triplet) and H2
(the doublet), respectively, from two-dimensional1H–1H
homonuclear shift correlation experiments and1H spin
systems analysis. The splitting of the H2 signal into one
broad doublet is due to a large coupling (9.3 Hz) with P.
The splitting of magnetically equivalent H4,6 protons into
a quartet is due to couplings of 9.3 Hz with vicinal
protons [3J(Hax–Hax)] and of 9.5 Hz with phosphorus
(3JH,P). H5 is split into a quartet due to couplings of
8.6 Hz with vicinal protons [3J(Hax–Hax)] and of 10.3 Hz
with phosphorus (3JH,P). The magnetically equivalent H1
and H3 protons are split into a triplet [3J(Hax–Hax) �
3J(HCOP) = 9.2 Hz]. The1H–{31P} NMR spectrum at
pH* 9.88 consists of a broad singlet (H2), two triplets
(H4,6 and H5) and a doublet (H1,3). We can infer that the
splitting pattern is consistent with the lax/5eq structure in
which C2—O is oriented in an axial position and C1—O,
C3—O, C4—O, C6—O and C5—O in equatorial
positions. The1H NMR spectrum recorded at pH*


Figure 4. 31P±{1H} NMR titration curves of phytic acid at 256 K (17 spectra, recorded in the pH* range 9±13)
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11.82 (Fig. 2) consists of four resolved signals, all broad
doublets here but appearing as singlets in the1H–{31P}
NMR spectrum. Only one large coupling with phos-
phorus is observed for each proton. The presence of broad
doublets suggests one large coupling with P and some
small couplings with vicinal protons (ca2–3 Hz). Similar
spectra with the same coupling patterns, recorded in the
pH* range 11.3–13.0, indicate that phytate anions present
over the pH* range 11.3–13.0 adopt axial conformations.


31P NMR spectra


Some selected spectra at representative pH* values are
shown in Fig. 3 and a plot of pH* vs�p in Fig. 4. The
solution pH was increased from pH* 9.0 to 13.0 by
addition of tetrabutylammonium hydroxide (NBu4OD).
We note that whatever the pH* and the conformation,
phosphorus P1 (on C1) and P3 (on C3) (notation P1,3) on
the one hand, and P4 (on C4) and P6 (on C6) (notation
P4,6) on the other, are still magnetically equivalent.
Figure 3 shows the31P–{1H} spectrum of phytic acid at
pH* 10.59. Distinct phosphorus resonances, all singlets,
corresponding to two conformers are observed. Accord-
ing to our data, two phytate anions are present as an
interconverting mixture of axial and equatorial con-
formations in the pH* range 10.0–11.3. When the pH*
increases from 10.0 to 11.3, a decrease in the intensity of


equatorial signals and an increase in that of axial signals
is observed. Phytate anions are present in axial
conformations when the pH* is above 11.3 and in
equatorial conformations when the pH* is below 10.0.


Except for P5 and P1,3, the31P NMR titration curves of
P2 and P4,6 in phytic acid (Fig. 4) in equatorial
conformations are similar to some extent in their general
shape and also in the position of their inflection points
(apparent pKas). We can note that ‘equatorial P5


phosphorus’ is insensitive to the deprotonation process,
whereas the P1,3 phosphorus which display three large
inflections at 9.6, 10.0, 10.6 are strongly pH* dependent.
NMR curves of P4,6and P2, which both display two small
inflections at 10.0, 10.6, are also pH* dependent in the
pH* range 9.0–11.3, but are affected by the loss of
protons to a smaller extent than P1,3. Two inflection
points occurring at the same pH* values, for P1,3, P2 and
P4,6, respectively, indicate that over the pH* range 9.9–
11.1 the intramolecular interactions involve a delocaliza-
tion of protons between phosphate groups linked by the
same hydrogen bonds. Noticeable changes are observed
on hydrogen bonds over the pH* range 9.0–10.0. We can
observe that only P1,3 (see Fig. 4) display an inflection at
pH* 9.6. This indicates that P1 and P3 are coupled
together through the same hydrogen bond. As P1 and P3
are still magnetically equivalent, the hydrogen is
positioned half-way between two identical proton-
acceptor oxygen atoms (one oxygen being linked to P1


Figure 5. 1H NMR titration curves of phytic acid at 256 K in the pH* range 9±13


Copyright  1999 John Wiley & Sons, Ltd. J. Phys. Org. Chem.12, 401–407 (1999)


CONFORMATIONAL PREFERENCES OF MYO-INOSITOL HEXAKISPHOSPHORIC ACID 405







and the other to P3), or there are two equally populated
tautomeric forms, in fast equilibrium so that the average
position of the hydrogen is still half-way between the two
identical acceptors.16


The 31P NMR titration curves of phytic acid in the
axial conformations are very similar in their general
shapes. Chemical shifts of31P nuclei are all affected by
acid-dissociation processes. We can see (Fig. 4) that the
downfield shifts undergone by P2, P1,3, P4,6 and P5 all
display inflection points (apparent pKas) at the same pH*
values, 10.6, 11.2 and 11.6. It must be pointed out that P2,
P1,3, P4,6 and P5 all behave as three-proton releasing
groups. The number of inflections supports the view that
extensive proton sharing exists in the various phytate
anions with a 5-ax/1-eq structure. Apparent pKa obtained
from inflection points show that the totally deprotonated
species and also the mono-, di- and triprotonated species
are stabilized in 5-ax/1-eq conformations. Our results
suggest that the conformational change is triggered by the
ninth acid dissociation of phytic acid.


We conclude that for pH*< 10.0, phytic acid
(H12inhp) and the deprotonated species H(12ÿ y)inhpyÿ


(y = 1, 2, � � �, 9) are present in equatorial conformations.
For pH* >11.3, deprotonated species H(12ÿ y)inhpyÿ


(y = 10, 11, 12) of phytic acid are present in axial
conformations, and for 10.0� pH* � 11.3 there is a
dynamic exchange process, slow on the NMR time-scale,
between equatorial H4inhp8ÿ and axial H3inhp9ÿ species.


1H NMR spectra


The 1H NMR spectra at representative pH* values are
presented in Fig. 2 and the titration curves [ pH* =f(�H)]
of phytic acid in Fig. 5.


In the pH* range 8.8–10.8 for phytic acid in equatorial
conformations, two interesting features are (i) the
invariance of the chemical shifts of H5 and H4,6 protons
during the deprotonation process and (ii ) the upfield
chemical shift variations of H2 and H1,3 protons during
the deprotonation processes. We can note that H2 and
H1,3 protons display three inflections at the same pH
values (9.7, 10.0, 10.6) as the P1,3 three inflections. This
last result indicates that when deprotonations occur, a
through-bond perturbation causes a shielding effect on
these methine protons.17 From pH* 10.0, the chemical
shifts of P4,6are pH* dependent, but not those of H4,6. We
might have expected H4,6and H2 protons to behave in the
same way because of through-bond inductive effects,
since experimental titration curves for P4,6 and P2 in
equatorial conformations are similar in their general
shapes, and display inflection points at the same pH*
values.1H NMR curves for H2 and H4,6 show unambigu-
ously that this is not the case since the chemical shifts of
the H2 proton in an equatorial conformation are pH*
dependent whereas those of H4,6 are not. These observa-
tions have been interpreted by Horsley and Sternlicht17 in


terms of a ‘through-space’ electric-field effect, and a
‘through-bond’ inductive effect, which in general act
oppositely, and which lead to the invariance of the
chemical shifts of H4,6 protons by cancellation of the two
above-mentioned effects during the deprotonation pro-
cesses. At pH* 9.7, H2, P2, H1,3, P1,3 are pH* dependent,
but only H2, H1,3 and P1,3 exhibit an inflection. The lack
of inflection for P2, which means that the pH*
dependence is small for this nucleus, and the presence
of an inflection for H2, indicate that only the through-
bond inductive effect occurs on H2; the through-space
effect is likely to be negligible. The small inflection at
pH* 9.7 displayed by H1,3protons, similar to that of H2 at
the same pH* value, despite the large inflection displayed
by P1,3 phosphorus, is indicative of the presence of the
two perturbations on H1,3 methine protons. Since H1,3


protons are upfield shifted, we can infer that the through-
bond inductive effect predominates. We note that,
whatever the pH* in the range 8.7–11.0, P5 and H5 are
insensitive to the deprotonation processes. From the
above considerations, it can be suggested that the
inductive and through-space effects do not contribute to
the chemical shifts of the H5 proton.


In the pH* range 10.0–13.0 for phytic acid in axial
conformations we observe that H1,3 protons exhibit three
small inflections at 10.7, 11.2 and 11.6 (like the
phosphate groups), H4,6 probably one at 10.7 and H2
and H5 present only one large inflection at pH*� 11.6;
there is a lack of chemical shift data for these protons at
10.0< pH* < 11.3. These results suggest that (i) intra-
molecular interactions occur between all the phosphate
groups; (ii ) inductive and through-space effects con-
tribute to the chemical shifts of H4,6 and H1,3 protons; the
H4,6 proton resonance does not shift very far in the pH*
range 10.7–12.7, despite the deprotonation processes,
which probably results in part from a quasi-cancellation
of the two above-mentioned effects and (iii ) at pH* 11.6,
H5 and H2 are involved only in a through-bond effect. At
pH* >11.8, all methine protons and all phosphorus are to
some extent insensitive to pH*. One may then suggest
that inductive and through-space effects do not contribute
to the chemical shifts of protons.


CONCLUSION


We conclude that the stabilization of both axial and
equatorial conformations of phytic acid cannot be
explained only by minimization of electrostatic repul-
sions. The dependence of the conformations on multiple
factors such as pH, P—O� � � H —O—P hydrogen bonds
and C—H� � � O—P through-bond interactions, as in the
case of hydrogen bond interactions of phosphate groups
with water, supports this view. The occurence of through-
space interactions in both axial equatorial conformations
may explain that conformations, partly because of
structural effects, either change or stabilize.


Copyright  1999 John Wiley & Sons, Ltd. J. Phys. Org. Chem.12, 401–407 (1999)


406 G. PATON, M. NOAILLY AND J. C. MOSSOYAN







REFERENCES


1. H. J. Berridge,Biochem. J.220, 345–360 (1984).
2. E. Graf,Anal. Biochem.131, 351–355 (1983).
3. K. Tanaka, T. Yoshida and Z. Kasai,Plant Cell Physiol.15, 147–


151 (1974).
4. A. M. Shamsuddin,J. Nutr.725(3S), 125–132 (1995).
5. E. T. Champagne and O. Hinojosa,J. Inorg. Biochem.30, 15–33


(1987).
6. W. J. Evans, T. J. Jacks and E. J. McCourtney,J. Food Sci.48,


1208–1210 (1983).
7. E. Graf, K. L. Empson and J. W. Eaton,J. Biol. Chem.262, 11647–


11650 (1987).
8. G. J. Subramanian, J. G. McAfee, A. Mehter, R. J. Blair and F. D.


Thomas,J. Nucl. Med.14, 459 (1973).


9. J. Emsley and S. Niazy,Phosphorus Sulfur Relat. Elem.10, 401–
407 (1981).


10. L. R. Isbrandt and R. P. Oertel,J. Am. Chem. Soc.102, 3144–3148
(1980).


11. C. Brigando, J. C. Mossoyan, F. Favier and D. Benlian,J. Chem.
Soc., Dalton Trans.575–578 (1995).


12. R. G. Bates,Determination of pH. Wiley, New York (1973).
13. L. G. Barrientos and P. P. N. Murthy,Carbohydr. Res.296, 39–54


(1996).
14. P. P. Lankhorst C. A. G. Haasnoot, C. Erkelens and C. Altone,J.


Biomol. Struct. Dyn.1, 1387–1405 (1984).
15. C. Johansson, J. Ko¨rdeland and T. Drakenberg,Carbohydr. Res.


207, 177–183 (1990).
16. C. L. Perrin,Science226, 1665–1668 (1994).
17. W. J. Horsley and H. Sternlicht,J. Am. Chem. Soc.90, 3738–3748


(1968).


Copyright  1999 John Wiley & Sons, Ltd. J. Phys. Org. Chem.12, 401–407 (1999)


CONFORMATIONAL PREFERENCES OF MYO-INOSITOL HEXAKISPHOSPHORIC ACID 407








Kinetic effect of pressure on Michael and Diels±Alder
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ABSTRACT: The kinetic pressure effect on some Michael-like and [4� 2] cycloadditions in aqueous solution was
studied. This effect is complex and variable, in contrast to the pressure dependence of rate constants in organic
solvents. In order to determine the origin of this kinetic behavior, systematic solvent studies were made. As a general
observation, for a given reaction, the pressure effect is weaker in water than in hydrocarbon solvents. For Michael
reactions, the smaller effect is certainly due, at least in part, to the reduction in the volume of electrostriction. For
Diels–Alder reactions, pressure alters the intensity of hydrophobic interactions. In the cycloaddition of isoprene with
methyl vinyl ketone, the solvent dependence of the volume of activation suggests operation of electrostatic effects in
conjunction with hydrophobic interactions and hydrogen bonding effects when the reaction is carried out in water. It
is concluded that in aqueous Diels–Alder reactions the pressure effect is dependent on both solvophobic and polarity
parameters, the weight of each being dependent on the reaction partners involved. Copyright 1999 John Wiley &
Sons, Ltd.


KEYWORDS: pressure; kinetic effect; Michael reactions; Diels–Alder reactions; cycloaddition; aqueous solutions


INTRODUCTION


The importance of the solvent with respect to the course
of organic reactions is well established. One of the first
systematic studies of solvent effects on the rates of
chemical reactions is due to Menshutkin, who determined
rate constants for the addition of ethyl iodide to
triethylamine.1 This is a typical example of an ionogenic
reaction in which the stability of the transition state is
highly sensitive to the nature of the solvent. The solvent–
solute interactions are acompanied by a volume shrink-
age known as electrostriction, which is detected and
quantified by means of high-pressure kinetics.2 However,
in addition to polar effects, reaction rates may also be
affected by the medium in other ways. For example,
hydrophobic interactions were shown to exert a strong
influence on reactions involving water-immiscible or-
ganic compounds in aqueous solutions.3


In the last decade, numerous studies have revealed that
water is able to induce dramatic rate accelerations in
reactions such as Diels–Alder cycloadditions,3,4 benzoin
condensation,5 Claisen rearrangements,6 Mukaiyama
aldol reactions,7 Michael reactions,8 Baylis–Hillman
reactions9 and 1,3-dipolar cycloaddition.10 The origin
of the kinetic effect has been debated. Most of the factors


have been identified but their relative contributions are
often not well known.3,11–16


Various factors were suggested and taken into account,
e.g. hydrogen bonding, polarity, enforced hydrophobic
interactions and micellar catalysis. An earlier suggestion
considered the high cohesion energy density of water
corresponding to an applied hydrostatic pressure of about
2000 MPa.17 The cohesive energy density of water is so
high that the water effect has been tentatively compared
with the pressure effect, with the argument that water
would act like a compressive medium retaining solvent
ordering.18 A comparable situation would occur with
other highly polar media such as LiClO4–diethyl ether
solutions which develop in addition high internal
pressures. However, no real correlation between pressure
and solvents of high cohesive energy or internal pressure
could be established.19


The most recent views consider that the acceleration is
due to two main factors: hydrogen bonding effects and
enforced hydrophobic interactions between the reac-
tants.20 The rate acceleration of reactions in aqueous
solution versus those carried out in traditional organic
solvents is certainly related to the peculiar interaction
between water and the activated complex. Owing to their
low solubility in water, organic molecules aggregate in
such a way that the water–hydrocarbon interfacial area is
reduced. Such interactions can involve volume changes
which are potentially revealed by pressure studies.21 In
this respect, we felt that these investigations may provide
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usefulinformationon thenatureof theeffectcausingthe
rateacceleration.


RESULTS


Two types of reactions were examined in aqueous
solution and in organic solvents.To ensurea homo-
geneoussolution of organic molecules in water, the
kineticsin aqueoussolutionwerefollowedin PTFEtubes
of largevolume(15ml). Theconcentrationof substrates
was chosenlow enough that no visual separationor
turbidity occurredafter mixing them with water. The
kinetics were followed in the 0.1–100MPa rangewith
low reagentconcentrationscompatiblewith their solubi-
lity in water,allowingthedeterminationof homogeneous
rateconstantsk (seeExperimentalsection).The volume
of activation(DV≠) wasdeducedgraphicallyfrom plotted
ln k values against pressureand mathematicallyvia
El’yanov’s procedure.22 It wascomparedwith thevalues
obtainedby solving of the quadraticequationln k = ln
k0� bP� cP2.


The pressureeffect wasinvestigatedfor Michael-like
reactionsandDiels–Aldercycloadditions.


Michael-like reactions


The conjugateadditionof aminesa, b-ethylenicderiva-
tives (Scheme1) is highly sensitiveto pressure.23


Thereactionbetweenacrylonitrileandtert-butylamine
hasbeenstudiedin severalorganicsolventsof increasing
polarity(representedby theircohesiveenergydensity,�2)
andin aqueoussolution.Theresultsarelistedin Table1.
It was necessaryto adopta slightly higher temperature
(317.2K) for the reactionscarriedout in the leastpolar
solvents in order to obtain measurable k values.


Examinationof thekineticvaluesatatmosphericpressure
showsthatthereactionis hardlymodifiedby thepolarity
of thesolventin diethyl ether,chloroformor acetonitrile.
However,in the most polar media,the rate constantis
significantlyaccelerated.This is clearlyevidencedin Fig.
1, showingthekinetic discontinuityin the�2 range140–
160.However,thepolarity of thesolventseemsnot to be
the determiningparameterasthe differencein cohesion
energy density between acetonitrile and methanol is
relatively small.


The DV≠ values also reflect this sharp dichotomy
between the two groups of solvents. The activation
volume is nearly constantin diethyl ether,chloroform,
acetonitrile (ca ÿ55cm3 molÿ1) whereasmuch higher
values are determined in the most polar media. In
alcoholsDV≠ �ÿ35cm3 molÿ1 whereasin formamide
andwatertheDV≠ valuesreachÿ25 to ÿ21cm3 molÿ1,
meaninga net lowering of the reaction sensitivity to
pressure.


How theseresultscanbe interpreted?
Thereactionmechanismwasinvestigatedin aprevious


study.24 The rate-determiningstep is a nucleophilic
attack on the activateddoublebond of the nitrile with
complete developmentof a zwitterionic-like species
(Scheme2) which undergoesrapidprotontransfer.


Theactivationvolumeof suchreactionsis acomposite


Table 1. Kinetic effect of medium and pressure in the addition of tert-butylamine to acrylonitrile


Medium �2 T (K) k1 (dm3 molÿ1 sÿ1)a DV≠ (cm3 molÿ1)


Diethyl ether 55 317.2 1.50� 10ÿ6 ÿ55
Chloroform 86 317.2 1.60� 10ÿ6 ÿ54
Acetonitrile 141 317.2 1.63� 10ÿ6 ÿ56
Methanol 208 300.7 6.15� 10ÿ5 ÿ35
Ethyleneglycol 213 300.7 8.68� 10ÿ5 ÿ33
Formamide 369 300.7 16.5� 10ÿ5 ÿ21
Water 547 300.7 82� 10ÿ5 ÿ25


a Second-orderrateconstantat ambientpressure.


Scheme 1


Figure 1. Effect of cohesive energy density of the medium on
the kinetic ratio in the conjugate addition of tert-butylamine
to acrylonitrile at ambient pressure (k0 = rate constant in
dichloromethane)
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quantity.Whenstericcontributionscanbeneglected,the
activationvolumeis written as


�V 6� � �V 6�0��V 6�e �1�


DV≠
0 is thestandardactivationterm,e.g.thevariationin


volume due to changesin the nuclearpositionsof the
reactantsduring the formation of the transition state;
DV≠


e is the volume effect generatedfrom changesin
solute–solventinteractionsduring the process.In the
presentcaseit refers to the formation of zwitterions.
DV≠


0 shouldapproachÿ20cm3 molÿ1 asa resultof N—
C bondformationin a late transitionstate.24


DV≠
e is the electrostrictioncomponent.The charge


build-up is difficult in the lesspolarsolvents,explaining
the low k valuesat ambientpressure.However,pressure
is known to assist the formation of zwitterions when
feasible in low polar solvents. The Drude–Nernst
equation:


Ve � �ÿq2=2r���@ln�=@P�


Where " = dielectric constant,indicates that in such
mediatheionic forcesoperateoverlong distanceswith a
fairly significant Ve. In highly polar solvents, the
introduction of an ionic charge cannot magnify the
pressureeffect that much further. It is therefore not
surprising that jDV≠


ej diminishesand eventually may
vanishin suchpolarmediaasformamideandwater.This
was shown by Lees et al.,25 indicating that the easy
solvationof ionsby formamideinvolvestheoxygenatom
for cationsand the amino group for anions,i.e. mainly
electrostaticinteractionswithout the needfor pressure
assistance.


Althoughnoextensivesolventstudieshavebeenmade,


the aboveresultscan be applied to analogousMichael
reactionsas for the conjugateaddition of piperidine to
methacrylonitrile.The determinationof DV≠ at 323.2K
led to similar values for the activation volume:
ÿ50cm3 molÿ1 in chloroform and ÿ26cm3 molÿ1 in
water.


Apart from thesestructuralandelectrostaticcontribu-
tions,in aqueousmediathereareadditionaltermswhich
are difficult to distinguishin the abovereactionssince
DV≠


e cannotbecalculatedwith reasonableaccuracy.For
this reasonwe turnedto Diels–Alderreactions.


Diels±Alder reactions


The Diels–Alder cycloaddition is the prototypical
example of a reaction showing a relative solvent
insensitivity.In contrast,Diels–Alderreactionsarefairly
sensitiveto pressure.The dependenceis reflectedin the
volume of activation,DV≠ (ÿ25 to ÿ40cm3 molÿ1 at
ambienttemperature26). Solventeffects on DV≠ values
were previously investigatedin [4� 2] cycloadditions
andweregenerallyfoundto befairly constant,indicating
that the transitionandinitial statesarenearlyisopolar.27


To our knowledge,thepressureeffect in aqueousDiels–
Alder reactionshas not yet beenreportedexcept in a
recentpaperdescribingthe condensationof anthracene-
9-methanol and N-ethylmaleimide28 and in a study
emanatingfrom our laboratory.29


Thepressurekineticsof severalDiels–Alderreactions
were studied in CH2Cl2 and H2O. The cycloadditions
consideredwerenormalelectrondemandcycloadditions
(entries 1–4 and 6) and one inverse electron demand
reaction(entry 5). Most of themhavebeeninvestigated
previouslyunderpressurein our laboratory.30 Thewater
effect on k values is reflected in the k water: k
dichloromethaneratios listed in Table 2. Clearly, there
is a significantkinetic effect of water.The volumedata
arecollectedin Table3, including the reaction(entry6)
reportedin Ref. 28


Figure2 showsanexampleof thepressureeffectonthe
rate constantin CH2Cl2 and water (entry 5). It clearly
shows a lower pressuredependenceof k when the
reactionis carriedout in aqueoussolution.


Scheme 2


Table 2. Effect of the medium on k values in Diels±Alder reactionsa


107 k (dm3 molÿ1 sÿ1)


Entry Reactionb T (K) CH2Cl2 H2O Ratio


1 Cyclohexa-1,3-diene�MVK 313.2 1.6 1400 875
2 Isoprene�MVK 313.7 1.2 691 576
3 Furan�MVK 303.8 0.8 522 653
4 Isoprene�methyl acrylate 335.3 7.6 772 1020
5 HCCP� styrene 313.7 21 2500 1190


a At atmosphericpressure
b MVK = methyl vinyl ketone;HCCP= perchlorocyclopentadiene.
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Accordingto theseresults,it is evidentthatthevolume
of activationis dependenton the natureof the medium.
Perceptiblevariations in DV≠ are observedfor most
reactionsonchangingthemediumfrom dichloromethane
to water(� <1).Exceptin reactionsdescribedin entries4
and 6, jDV≠j decreaseswhen the organic solvent is
replacedby water.Our resultspromptedusto carryout a
more detailedsolventand pressurestudy involving the
cycloadditionof MVK to isoprene(entry 2), for which
the volumeof activationwasclearly solventdependent.
The solvent study was made in order to establisha
possiblecorrelationbetweenwaterandorganicsolvents
with a largepolaritydifference.Thepolarityscalechosen
wasthecohesiveenergydensity,�2, which is theenergy
associatedwith the different typesof molecularinterac-
tions (dispersion forces, polar interactions, hydrogen
bonding). The theory of regular solutions31 predictsa
linearcorrelationbetweenrateconstantsand�2. Whenk1


valuesareplottedasln k/k0 (k0 is therateconstantof the
standard reaction carried out in dichloromethaneat
ambientpressure)against�2, a linear plot is observed
includingwater(�2 = 554andln kwater/k0 = 6.37)(Fig. 3).


The pressuredependenceof the rate constantson �2


wasexaminedfor this reactionin the samesolventsand


yielded the correspondingvalues for the volume of
activation shown in Fig. 4. Again, a straight line is
observed with values ranging from ÿ41.5 to
ÿ32.6cm3 molÿ1 when the reaction is carried out in
bulk and in ethyleneglycol, respectively.Thesevalues
certainlyreflectanadditionalelectrostatictermDV≠


e (see
Discussion) that, in contrast to most Diels–Alder
reactions,cannotbe neglectedin the cycloaddition of
MVK andisoprene,sinceit representsnearly20–25%of
the overall valueof DV≠. However,in aqueoussolution,
the volume of activation is close to ÿ34cm3 molÿ1, a
value which visibly doesnot follow the generaltrend.
Extrapolationof the linear relationshipvalid in organic
solventswould leadto a lessnegativevalue(Fig. 4). This
result may reflect the particular properties of water
consideredas a medium for Diels–Alder reactions,
although no anomaly could be detected in the rate
diagramin Fig. 3.


DISCUSSION


Takenexabrupto, thevaluesof thevolumesof activation


Table 3. Effect of the medium on the activation volume in Diels±Alder reactions


DV≠ (cm3 molÿ1)b


Entry Reactiona T (K) CH2Cl2 CH3OH H2O �c


1 Cyclohexa-1,3-diene�MVK 313.2 ÿ38.0 ÿ35.4 ÿ32.0 0.84
2 Isoprene�MVK 313.7 ÿ39.5 ÿ35.0 ÿ33.8 0.86
3 Furan�MVK 303.8 ÿ32.4 nd ÿ28.5 0.88
4 Isoprene�methyl acrylate 335.3 ÿ38.7 ÿ38.5 ÿ36.7 0.95
5 HCCP� styrene 313.7 ÿ35.4d ÿ33.2 ÿ28.0 0.79
6 AM � N-ethylmaleimide 318.2 ÿ28.6e ÿ31.4e ÿ36.0 1.26


a AM = anthracene-9-methanol.
b Precisioncanbeestimatedto �1.0cm3 molÿ1


c � =DV≠(water)/DV≠(CH2Cl2) (� 0.06).
d An earlierdeterminationof DV≠ (ÿ38.5cm3 molÿ1) wasmadeat 353.2K in decane30c.
e In heptane(ÿ28.6cm3 molÿ1) andn-butanol(ÿ31.4cm3 molÿ1).28


Figure 2. Effect of pressure on the relative rate constant of
the Diels±Alder reaction between styrene and perchloro-
cyclopentadiene. ): Dichloromethane, ^: Water


Figure 3. Application of the theory of regular solutions to
the cycloaddition of methyl vinyl ketone to isoprene
(T = 313.7 K) (k0 = rate constant in dichloromethane)
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obtainedfor the Diels–Alder reactionbetweenisoprene
and MVK in water and alcohols are not immediately
interpretable.The resultscould suggesteithera slightly
weakerconcertednessof thepericyclicprocessor specific
interactionsof the transitionstatewith themediumsuch
as a charge-transfercomplex or hydrogenbonding or
other effects.Concerningthe first hypothesis,it seems
unlikely thatthenatureof themediumcausesachangein
themechanismwhich wasestablishedasarchetypicalof
anormalDiels–Alderreaction,althoughsynchronicityof
formation of the two bondsmay differ32 as inferred by
recentcalculationsshowingthat the asynchronicitycan
be made larger by an appropriate solvent effect,
particularlywater.33 It canbe envisagedthat the partial
molar volumeof reactantsandproductin waterarealso
alteredin sucha way that theDV≠:DV ratio is virtually
unaffected(DV = reactionvolumebasedon partialmolar
volumesof reactantsandproduct;DV canbeaffectedby
mere structural parameters34) when compared with
volume valuesdeterminedin organicsolvents.In fact,
volumechangesare to be expectedwhenhydrocarbons
are transferredfrom a non-polarmedium into aqueous
solution.35


The second hypothesis (specific interactions) is
certainly not only plausiblebut alsoascertainedinsofar
aswaterconsiderablyacceleratestherateof Diels–Alder
reactions(Table 2). The origin of this special kinetic
effectmightbeattributedto severalreasons:(a)enforced
hydrophobic interactions which induces a marked
destabilizationof the reactants;(b) specificsolvationof
polar transitionstates;and (c) hydrogenbondstabiliza-
tion of the activatedcomplex We now considerthese
points.


(a) Enforced hydrophobic interactions imply their
participation as an integral part of the activation
process.36 The associative effect that reduces the


water–hydrocarboninterfacialareais accompaniedby a
decreasein thevolumeof thereactantsalongthereaction
coordinatein suchway thatpressurecertainlyinfluences
this solvent-accessiblesurface during the activation
process.For the reactionsreported in this work, the
DV≠ values(entries1,2,3 and5) areindicativeof alower
pressureenhancementin water opposedto the kinetic
effect in conventionalorganicsolventsof low polarity.
Accordingly,in thesereactions,hydrophobicinteractions
would at first sight be lessefficient underpressure.This
view would bein accordancewith thereportedvaluesof
the entropy of activation for aqueous Diels–Alder
reactions:DS≠ is lessnegativein water than in organic
solvents.37 A lessnegativeDV≠ valuecorrespondsalsoto
a lessorderedtransitionstate.To vindicatethis point of
view, we determined the activation energy and the
activation entropy of the cycloaddition of styrene to
HCCP(entry5 in Table3) (Table4). Comparisonof the
respective values shows that whereas E was little
affected,operationin water produceda changeof ln A
andDS≠.


(b) In a previouspaper,29 it wasshownthat for furan
cycloaddition(entry 3) the stereoselectivitywasdepen-
denton the polarity of the medium:the endoselectivity
decreasedwith increasingpolarityexceptin water,which
favoured the most compactendo transition state.The
result was rationalized by consideringsimultaneously
hydrophobicinteractionsandpolarity effects.According
to this evidence,polareffectsmustbetakeninto account
as revealedby variations in the volume of activation
accordingto solventpolarity (Fig. 4). In theDiels–Alder
reactionof isoprenewith methyl vinyl ketone,DDV≠ is
about 8 cm3 molÿ1 when the solvent is changedfrom
dichloromethaneto diols,well beyonddatauncertainties,
indicating that the transition state is more polar than
the reactants.This phenomenonhas not gone unob-
served.38–41It maybecomparedwith thetransitionstate
in pericyclic reactionssuchas[4� 2] cycloadditions;38


as an example,in the Diels–Alder reactionof isoprene
and maleic anhydride,DDV≠�ÿ7 cm3 molÿ1 with a
changeof solvent from dichloromethaneto nitroben-
zene.39 Concerningthe aqueousDiels–Alder reactions
involving methylvinyl ketone(entries1–3),electrostatic
forces in this highly polar medium operateover short
distancescomparedwith thosedevelopedin non-polar
solvents.Consequently,the volumeDVe


≠ mustbe small
in water.42 In other words, the absolutevalue of the


Figure 4. Solvent effect on the volume of activation in the
cycloaddition of methyl vinyl ketone to isoprene (T =
313.7 K)


Table 4. Activation parameters in the Diels±Alder reaction
between HCCP and styrene


Medium E (kJmolÿ1) LnA
DS≠


(Jmolÿ1 Kÿ1)


Water 67.4 16.81 ÿ243
Dichloromethane 69.5 12.19 ÿ331
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activationvolumeis highestin apolarsolvents,asindeed
is observedexperimentally.This reasoningagreeswith
the conclusionsemanatingfrom computationalstudies
relative to the aqueousDiels–Alder reactionof cyclo-
pentadienewith methyl vinyl ketone,15,43 a closely
relatedreactionto the cycloadditiondescribedin entry
2 and the Claisenrearrangementof allyl vinyl ether.16


Therefore,on an electrostaticbasis,the highest(i.e. the
least negative) DVe


≠ and, consequentlyDV≠ values
shouldbeobservedin water.


(c) As this is notexactlythecase,anothereffectshould
be taken into account. Water molecules may be
consideredas a continuoushydrogen-bondednetwork
undergoing topological rearrangementresulting in a
fluctuatingsystemwhich is affectedby physico-chemical
and physical parameters,e.g. pressure.In an earlier
paper,we suggestedthat hydrogenbondingis likely to
intervene in aqueousDiels–Alder reactions involving
MVK.29 Taking into accounthydrophobicand electro-
static effects, we suggestthe following expressionfor
DV≠:


�V 6� � �V0
6� ��Ve


6� ��V�
6� �2�


ThequantityDVΦ
≠ relieson thespecificvolumechanges


associatedwith the interactionsbetweenwater and the
activatedcomplex. In fact, basedupon physico-chemi-
cal14 and theoreticalstudies,43,44 we proposeit to be a
combinationof enforcedhydrophobicinteractionsDV≠


hi


andhydrogenbondeffectsDV≠
H:


�V�
6� � �Vhi


6� ��VH
6� �3�


The volume contribution to DVΦ
≠ due to hydrophobic


effectsis difficult to evaluate,but in a fact pressurehasa
detrimental effect on such interactions,meaning that
DVhi


≠>0.Ontheotherhand,hydrogenbondstabilization
of polarizable activated complexesappearsto be an
importantparameterin the hydrophobicaccelerationof
the rate of aqueousDiels–Alder reactions involving
unsaturatedcarbonyl compounds.45–47 Hydrogen bond
formationis intuitively promotedby pressure.In fact,it is
accompaniedby slight negativevolumechangesdue to
shorteningof the interatomicdistances.48 According to
such reasoning,the experimentaloverall DV≠ values
obtained in aqueouscycloadditions involving MVK
(entries1–3) andthe apparentdiscrepancyin Fig. 4 are
nowmoreunderstandable.DVΦ


≠ is thoughtto benegative
with jDVH


≠j >jDVhi
≠j.


Forthereactionin entry4, theapparentinsensitivityof
DV≠ to the medium may rely on hydrophobic and
electrostatic effects equally matched.49 In entry 5,
perchlorocyclopentadiene and styrene are two apolar
substrateswhich will interact in water according to
enforced pairwise hydrophobic interactions.14 In this
reaction,DVH


≠ andDVe
≠ would becloseto zeroandthe


volumeassociatedwith purehydrophobiceffects(DVhi
≠)


would amountto� 7 cm3 molÿ1. This value shouldbe
treatedwith caution as the DV≠ terms in Eqn. (2) are
approximatevalues(exceptDV0


≠) and as the hydrogen
bonding network of water probably doesnot fluctuate
monotonouslywith pressure.50 In contrastto our DV≠


valuesin Table2, theresultsin Ref.25showanopposite
trendastherateis morepressuredependentin waterthan
in organicsolvents.The authorsproposedan increased
solvation of the transition state.Although the � value
(1.26) is significant, an alternativepartial explanation
could be provided by consideringenforced hydrogen
bondingbetweenthe two carbonylbondsof maleimide
with water and the diene (anthracene-9-methanol)
resultingin a largeDVH


≠ value.


CONCLUSIONS


The volume of activation of Diels–Alder reactions
with normalelectrondemandmay be dependenton the
solventalthoughconcertednessis preserved


Theeffectof pressureon organicreactionsin aqueous
solutions is complex. In the reactionsstudied in this
work, theaccelerationeffectof pressureis lower in water
thanin organicsolvents.In theaqueouscycloadditionof
methyl vinyl ketone to isoprene,the kinetic effect is
dependentnot only on hydrophobicinteractionsof the
substrateswith water but also on the existence of
hydrogen bonding and increasedpolarization of the
transition state. As a general conclusion, the relative
contribution of solvophobicand polarity parametersto
the rateexpressionis obviouslydependenton thenature
of the reactionpartners.Thesecontributionsareparticu-
larly reflectedin the pressuredependenceof the rate
constant.As an example,the DDV≠ difference in the
Diels–Alder reaction of HCCP and styrene (two un-
saturatedhydrocarbons)performedin dichloromethane
and water, respectively,rather points to predominant
hydrophobicinteractions.As shownin thispaper,volume
contributions arising from structural, solvation and
hydrophobic modifications during the progressionof
the reaction from the initial to transition state act in
divergentways, making the prediction of the pressure
effect and the interpretation delicate. However, an
aqueousmediumshouldbe consideredfor future high-
pressuresynthesesin thelight of newconceptsrelatingto
hydrophobic effects.51 We are pursuing the possible
ramificationsof suchspecificwaterinteractionsby means
of high-pressurekinetics.


Experimental. Dienes and dienophiles were distilled
prior to use. Experiments involving styrene were
conductedin the presenceof pyrogallol. Reactionsin
aqueousmediawererun with deionizedwater.


High-pressureexperimentswerecarriedout in flexible
PTFEtubesof largevolume(15ml). A stocksolutionof
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weigheddienophileand internal standardwas prepared
andkeptatÿ5°C. In orderto obtainhomogeneousvalues
of rate constants,the concentrationof substrateswas
chosenlow enough(about10ÿ3 mol dmÿ3 or less)so as
no visual turbidity or demixing occurredafter mixing
60ml of the stock solution with water. The PTFE tube
was filled with 60ml of the stock solution and the
correspondingdiene. After completing the residual
volumewith water, the tubewasclosedandvigorously
shaken for about 30s. before introduction into the
thermostated(�0.1°C) high-pressurevessel.The reac-
tion times were usually not less than 15h. After
depressurization,the tubewasremovedfrom the vessel.
Analysis was performedby gas–liquidchromatography
(Girdel 300, 7% PPE on ChromosorbG AW DMCS;
internalstandardsweremesityleneor diglymeaccording
to reaction)and/orhigh-resolution1H NMR (all kinetic
runs were at least duplicated). In the first case,
dichloromethane(2 ml) was added to the aqueous
solution. After shaking,the organic layer was isolated
andanalyzed.In the caseof spectroscopicanalysis,the
organic layer was carefully collected by successive
extractionswith dichloromethane.After drying of the
solution over magnesiumsulfate,dichloromethanewas
removedin vacuo.Theresiduewasthenanalyzed(1,2,3-
trimethoxybenzenewas the internal standard). The
kinetic datawerereproducibleto betterthan2–3%.
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Quantitative comparison of the effect of methyl D-glyco-
pyranosides as cosolutes on the rates of base hydrolysis
and aquation of some iron(II)±diimine Complexes²
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ABSTRACT: The kinetics of base hydrolysis and of aquation of some iron(II)–diimine complexes in the presence of
stereoisomeric carbohydrates were monitored spectrophotometrically at 25.0°C. In basic aqueous solution
dissociation of both Fe(1,10-phenanthroline)3


2� and Fe(2,2'-bipyridine)3
2� is accelerated when methylD-


glycopyranosides are present. The aquation reaction of Fe(1,10-phenanthroline)3
2� in an aqueous EDTA medium


is also accelerated in the presence of carbohydrates, but that of Fe(5-nitro-1,10-phenanthroline)3
2� is retarded. An


equation obtained from a modification of the Savage–Wood additivity of groups principle applied to kinetics is used
to quantify the kinetic medium effects observed. The magnitudes of these effects can be explained in terms of the
hydration characteristics of the carbohydrates, which depend on their stereochemistry, and the change in the hydration
environment of the iron(II)–diimine complexes during activation. Results and their interpretation for the aquation in
acidic medium of the Fe(5-bromo-1,10-phenanthroline)3


2� and Fe(4,7-dimethyl-1,10-phenanthroline)3
2� complexes


in highly aqueous methanol and ethanol solutions are also presented. The kinetic medium effects of the carbohydrates
are consistent with those of simple alcohols. Copyright John Wiley & Sons, Ltd.


KEYWORDS: iron(II)–diimine complexes; base hydrolysis; aquation; kinetics; methylD-glycopyranoside cosolutes;
stereoisomeric carbohydrates


Additional material for this paper is available from the epoc website at http://www.wiley.com/epoc


INTRODUCTION


Within the general context of efforts to understand
solvent effects on reaction rates, one can envisage many
possible approaches. It has been successfully shown that
kinetic measurements using small quantities (typically no
larger than 1 mol kgÿ1) of cosolute or cosolvent can lead
to a quantitative evaluation of the effect.1 This treatment
is derived from an extrapolation to kinetic studies of the
additivity of groups principle which was developed
essentially for equilibrium thermodynamic properties.2


The model for this approach involves consideration of the
interaction of the solvent spheres or solvent environments


of the initial state and the transition state with the solvent
cosphere of the added substance. The extent of interac-
tion can be expressed in terms of aG(C) value, which can
be determined making use of the following equation:1e,f


ln�k=k0� � 2=RT�G�C��m


wherek0 is the rate constant for a reaction in a medium
without any cosolute present (m= 0), k is the rate
constant for the reaction at cosolute molalitym, R is
the gas constant andT is the temperature (K).G(C) is the
term, expressed in J kg molÿ2, which is based upon Gibbs
energies, introduced into the treatment in terms of
transition-state theory. Derivation of the equation can
be found in the literature.1e,f The value ofG(C) is a
measure of the slope of the plot of ln(k/k0) versusm and
represents the difference sum of pairwise Gibbs energy
interaction parameters describing the interactions of the
particular cosolvent/cosolute C with the reactant(s) and
the activated complex. The greater theG(C) value, the
greater is the kinetic medium effect, implying in principle
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a greater number of interacting moieties or stronger
interaction of the reactants and transition state with the
cosolute.G(C) may be thought of as the sum of the
constituent Gibbs energies arising from such interactions,
which result in either a lowering of or an increase in the
Gibbs energy of activation, relative to that for a reference
solvent (water), for a 1 mol kgÿ1 cosolute concentration.


This approach can be exploited in two ways, as
follows. (1) As a vehicle for examining the effect of
solvation cospheres which differ based on stereo-
chemistry differences of a series of otherwise identical
or very similar molecules. For example, the hydration
characteristics of several carbohydrates could be deter-
mined by such an investigation using the hydrolysis of
the activated amide 1-benzoyl-3-phenyl-1,2,4-triazole.3


Interestingly, the extent of interaction could be related to
the hydration characteristics of the carbohydrates.3,4


Furthermore, the pattern of interactions reflected the
stereochemistry of the carbohydrates: a carbohydrate
with a better fit into the three dimensional hydrogen-
bonded network of water has a greater apparent hydro-
phobicity as gauged from its interaction parameter. (2) As
a vehicle for studying the reaction mechanism of selected
reactions in aqueous solution; for example the mechan-
ism of the neutral hydrolysis ofp-nitrophenyl methyl-
sulfonyl perchlorate could be further elucidated.1m


In the present study, we used the kinetics of base
hydrolysis of the Fe(phen)3


2� and Fe(bpy)3
2� ions (the


ligands are displayed and named in Scheme 1) and
aquation of the former complex ion and of Fe(5-
NO2phen)3


2� to probe the hydration characteristics of
several carbohydrates. In addition, the influences of
methanol and ethanol on the rate constants for aquation,
in acidic medium, of Fe(5-Brphen)3


2� and of Fe(4,7-
diMephen)3


2� have been studied.5 The carbohydrates in
question are methylD-glycopyranosides (illustrated in
Scheme 2); mutarotation is prevented and therefore they
occur in only one anomeric form. They have been shown
to be extremely slowly hydrolysed, if at all, in the media
used.6


The rate laws and mechanisms of reactions of iron(II)–
tris-phen and iron(II)–tris-bpy complexes are well
established,7 and indeed along with several other


iron(II)–tris-diimine and related complexes have been
the focus of several atmospheric and elevated pressure
kinetic studies8–10 in water and in aqueous solvent
mixtures, using in some cases cosolvent mole fractions
up to 0.5 (where the additivity of group treatment2 is not
valid). Supporting transfer chemical potential data have
allowed a thorough, but mostly qualitative, analysis of
cosolvent effects for low molecular weight mono-ols, a
diol, a triol, acetone and DMSO.9,10


Hence this work represents an extension of a study of
kinetic solvent effects, but here the emphasis is on low
concentrations of cosolvent/cosolute. This study also
marks a further investigation of hydration characteristics
of carbohydrates.


EXPERIMENTAL


Materials. The iron(II) salts of phen and bpy were
prepared as the perchlorates by standard methods and had
the literature molar absorptivities.11,12 WARNING!:
Perchlorate-containing compounds are potentially explo-
sive and should be handled only in small quantities and
with caution.


Commercially available 0.025 mol dmÿ3 solutions of
iron(II) tris-1,10-phenanthroline sulfate (Fisher Scienti-


Scheme 1. Bidentate ligands used to form tris-iron(II) complexes


Scheme 2. Carbohydrates used as cosolutes for kinetic
medium effects
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fic) and iron(II) tris-5-nitro-1,10-phenanthroline sulfate
(GFS Chemicals) were also employed. The 5-bromo- and
4,7-dimethyl-phen ligands and their iron(II) complexes
were samples reported earlier.5,9d The carbohydrates
methyla-D-glucopyranoside, methyla-D-galactopyrano-
side (Sigma), methylb-D-glucopyranoside and methyla-
D-mannopyranoside (Aldrich) were used as received.


Sodium hydroxide solutions were prepared from
commercially available concentrates (Titrisol) in vials
by dilution with distilled water. Acid solutions were
made from stock concentrated ACS reagent-grade acid
solutions and distilled water. EDTA was of analytical
reagent grade from Mallinckrodt.


Methods. Solutions were prepared by weight. Reaction
was initiated by the addition of a few microliters of
moderately concentrated iron(II)–diimine complex ion to
3 ml quantities of a thermostated solution containing the
other components. The reference kinetic measurement in
each case was performed using an identical solution
except for the presence of the carbohydrate or alcohol.
The kinetics were followed, in triplicate, by monitoring
the loss of the absorbance peaks at 511 nm (Fe(phen)3


2�


and Fe(5-NO2phen)3
2�) or 522nm (Fe(bpy)3


2�) using
iron(II) complex ion concentrations of 7.5� 10ÿ5 mol
dmÿ3 in 1 cm cuvettes on a Cary Model 219 spectro-
photometer, or the loss of absorbance peaks at 510 nm
(Fe(5-Brphen)3


2� and Fe(4,7-diMephen)3
2�), in 1 cm


cuvettes on a Unicam 1800 spectrophotometer or a
Hewlett-Packard Model 8451A diode-array spectro-
photometer, using iron(II) complex ion concentrations
of ca 1� 10ÿ4 mol dmÿ3. Temperature control of
solutions (25.0� 0.1°C) was maintained by circulating
fluid from a thermostated bath. All reactions were strictly
first order for at least three half-lives, and the rate
constants were obtained using either the Varian Ad-
vanced Kinetics Calculation program on an Apple IIe
computer or standard in-house software as described
previously.13


RESULTS AND DISCUSSION


Reaction kinetics and mechanism


Base hydrolysis. The kinetics of base hydrolysis of
Fe(phen)3


2� and Fe(bpy)3
2� and related complex ions


have been thoroughly investigated.7 The rate law for base
hydrolysis has been established7a as


ÿd�Fe(phen)3
2��=dt � �Fe(phen)3


2���k1� k2�OHÿ�
� k3�OHÿ�2� . . .�


Provided that the concentration of hydroxide ion does
not exceed a certain level, the term that is second order in
hydroxide ion concentration (with rate constantk3)


assumes no significance in the rate law. The solvolysis
term (k1) would assume importance only if the hydroxide
ion concentrations were much lower than used here.
Thus, by studying the reaction in moderate excess of
hydroxide ion (typically [OHÿ] = 0.01 mol dmÿ3 for a
given series), pseudo first-order kinetics are expected,
and were found, in the presence or absence of carbo-
hydrate cosolute. To ascertain whether the rate law would
be affected by the presence of carbohydrates, the kinetics
of the base hydrolysis of Fe(phen)3


2� in varying OHÿ


concentrations up to 0.02 mol dmÿ3 (maintaining a
constant ionic strength of 0.02 mol dmÿ3 with sodium
chloride), for a fixed methyla-D-glucopyranoside con-
centration (0.20 mol kgÿ1), were monitored. First-order
kinetics were observed at each OHÿ concentration, and
the measured first-order rate constants depended linearly
on OHÿ. Hence the added cosolute has no influence on
the rate law.


In order to establish the kinetic medium effect for each
cosolute, the standard approach of maintaining the
reactant concentration(s) constant [hydroxide ion and
iron(II) complex ion in this case] for a given series of
varying cosolute concentrations (carbohydrates in this
context) was adopted. In the absence of carbohydrate the
initial reaction products are Fe2�(aq) ions and three phen
molecules per iron(II) species. Ultimately, except with
the rigorous exclusion of oxygen, iron(III) hydroxide will
be formed, although this occurs only after the relevant
reaction is essentially complete. In thoroughly purged (by
nitrogen) solutions, no kinetic differences were observed
from solutions which were not purged. Scavenging of
released iron(II) by carbohydrates that may occur in
competition with hydroxide ions does not cause a
deviation from first-order kinetics, and would occur
subsequent to the rate-determining attack of the hydro-
xide ion on the first iron–nitrogen bond of the complex to
be broken. The kinetics of the base hydrolysis of
Fe(bpy)3


2� in the presence of carbohydrates were studied
in an analogous manner.


Aquation. The rate of the dissociation of iron(II)–tris-
phen complexes in acidic medium is first order in
complex ion concentration and is independent of acid
concentration in the range 10ÿ3–1 mol dmÿ3. The fact
that the first-order rate constant is virtually identical with
that in acidic medium when the acid is replaced by a
solution of 10ÿ2 mol dmÿ3 EDTA9dsupports the idea that
the first iron–nitrogen bond extension or cleavage is rate
determining, followed by rapid protonation of the ligand
or by EDTA scavenging the iron end of the bond. Thus in
aquation studies the products are either Fe2�(aq) and
protonated forms of phen or phen derivatives, or
Fe(edta)2ÿ and phen or a substituted phen. Acid aquation
of Fe(bpy)3


2� is characterized by a rate law in which
there is a complex acid concentration dependence7c


which precludes this reaction from being studied by the
approach adopted here.
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In¯uence of carbohydrates on base hydrolysis. The
adaptation of the additivity of groups principle of Savage
and Wood to kinetics1 indicates that the value of ln(k/k0)
will depend linearly on the molality (m) of added solute
providing the molality is below that where triplet or
higher order solute cosphere interactions occur.1e For
organic reactions this is typically whenm< 1 mol kgÿ1.
For the iron complexes studied here, the appropriate plots
are not ideally linear; two examples are shown in Fig. 1. It
is not obvious why the primary data show better corre-
lations for organic reactions;1 it may be a consequence of
the larger charge density changes occurring in this
investigation. Table 1 is a compilation of theG(C) values
derived from the slopes of the plots, assuming linearity,
for each base hydrolysis reaction in the presence of
carbohydrate. The primary results from which the
parameters reported in Table 1 are derived, are assembled
in Supplementary Tables S1–S5, (available from the epoc
website at http://www.wiley.com/epoc).


For dissociation of phen, theG(C) values are not
significantly different for methyla-D-glucopyranoside
and methyl a-D-mannopyranoside, but both exhibit a
pronounced retardation effect on the reaction rate. The
magnitude of the effect is much greater than that in many
other cosolute studies and illustrates the extent to which
the solvent shells of these two cosolutes interact with the
reactants and transition state to increase the Gibbs energy
of activation, i.e. indicative of how strongly these iron(II)
complexes interact with the solvation environment of the
sugar cosolutes employed. However, even these large


effects [G(C) values in theÿ1200 to 1300 J kg molÿ2


range] are dwarfed by the value, close toÿ2000 J kg
molÿ2, determined for methylb-D-glucopyranoside,
differing from its a-isomer only in the stereochemistry
of the anomeric methoxy group.


Rate retardations are slightly less for methyla-D-
glucopyranoside and methyla-D-mannopyranoside when
the ligands are bpy, perhaps reflecting the ability of the
cosolvent sphere of the iron(II) ion in this case to adjust to
the impact of the cosolute and its environment since the
bpy ligand has some flexibility compared with the rigid
phen ligand. Alternatively, the small difference between
the two complex ions may reflect a different effect on
reactant and cosolute solvation structure due to the
charge density difference of the two ions.


In¯uence of carbohydrates on aquation. The kinetic
results for the acid-mediated dissociation are less
satisfactory than those obtained in the presence of EDTA
(examples of plots for EDTA are shown in Fig. 2).
Invariably the precision of the rate constants of a given
set is less than for the base hydrolysis experiments and in
some cases in acid solution a rate retardation at low
cosolute concentrations changes to a rate acceleration at
higher cosolute concentration. There is concern that the
carbohydrates themselves are subject to reaction with
acid. However, at the acid concentrations usually used
(0.050 mol dmÿ3), we found no evidence from


Figure 1. Ln k/k0 at 25°C versus molality of methyl D-
glycopyranosides for the base hydrolysis of iron(II)±bpy
complexes in the presence of OHÿ: &, methyl a-D-
mannopyranoside; & methyl a-D-glucopyranoside


Table 1. Values of G(C) (J kg molÿ2) for base hydrolysis of Fe(phen)3
2� and Fe(bpy)3


2� in 0.01 mol
dmÿ3 OHÿ in the presence of methyl D-glycopyranosides at 25.0°C


Methyl D-glycopyranosidea Fe(phen)3
2� rb Fe(bpy)3


2� rb


Methyl a-D-glucopyranoside ÿ1183 0.9783 ÿ952 0.9867
Methyl b-D-glucopyranoside ÿ1993 0.9454 — —
Methyl a-D-mannopyranoside ÿ1362 0.9649 ÿ1282 0.9891


a Concentrations 0–0.5 mol kgÿ1.
b Correlation coefficient.


Figure 2. Ln k/k0 at 25°C versus molality of methyl
D-glycopyranosides for the dissociation of iron (II)±phen-
anthroline complexes in the presence of EDTA: &, phen/
methyl a-D-galactopyranoside; &,phen/methyl a-D-gluco-
pyranoside; *, 5NO2phen/methyl a-D-galactopyranoside;
^, 5NO2phen/methyl b-D-glucopyranoside
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polarimetry6 that any interfering reaction gave rise to
complications that would render the carbohydrates as
other than inert cosolutes. A solution of 1 mol dmÿ3


methyla-D-glucopyranoside in 1 mol dmÿ3 DCl showed
no difference in its1H NMR spectrum after a 10 h period;
this acid concentration is much higher than that used
(0.05 mol dmÿ3) in the kinetic experiments. Despite these
findings, the acid-mediated aquation results are not
reported and further investigations are warranted.


The correlation coefficients are less satisfactory for the
EDTA-mediated aquation than for base hydrolysis,
although the trends of variation of rate constant with
cosolute concentration are all systematic. TheG(C)
values are given in Table 2.


The results for EDTA-mediated aquation show the
interesting feature of decreasing rate constant with
increasing molality of carbohydrate for the phen com-
plex, but the opposite trend for the 5-nitro-phen complex,
indicating the significant effect of a polar substituent, on
the kinetic medium effect.


Comparison of carbohydrate cosolute effects for
different reactions. From the results assembled in Table
2 and illustrated in Fig. 2, it is clear that the solvent
effects of the methylD-glycopyranosides operate in
opposite directions for both iron(II) complexes studied in
the presence of EDTA. For the 5-NO2phen complex the
reaction rate is accelerated but for the phen complex the
rate of dissociation is retarded in the presence of the


cosolutes. A parallel effect has been observed previously,
for the solvent effects of alcohols on the aquation of
different iron(II) complexes5 (see also Fig. 3). It has been
established8 that the 5-NO2phen complex becomes more
hydrophobic upon activation. Hence the rate of dissocia-
tion will be enhanced by the presence of the carbo-
hydrates as they exert their apparent hydrophobicity.3


The activation mechanism of the 1,10-phen complex is
most likely to be similar to that of the 4,7-dimethylphen
complex, which becomes less hydrophobic upon activa-
tion.


Probably for the aquation reaction the rate-determining
step involves not only ligand extension into the bulk
solvent but also to some extent (depending on the
character of the ligand substituent) it is accompanied by
water attack at the iron(II) center of the latter complex.


It is our view that this possible difference in activation
mechanism between the 5-NO2phen and phen complexes
could explain why in fact a rate decrease in the
dissociation of Fe(phen)3


2� is observed in the presence
of the methylD-glycopyranosides, whereas the opposite
effect has been observed for 5-NO2phen.


Differences in kinetic medium effects of carbo-
hydrates for the different complexes. As shown by
the G(C) values, the influence of the methylD-
glycopyranosides on the rates of dissociation is variable,
which indicates that the kinetic medium effects of the
carbohydrates in question are governed by the hydration
characteristics of the methylglycopyranosides. Overall,
only methyl-a-D-galactopyranoside has a different
kinetic medium effect in comparison with the other
cosolutes studied (methyl-b-D-glucopyranoside, methyl-
-D-glucopyranoside and methyl-a-D-mannopyranoside).
This is in accordance with the hypothesis that the
camouflage effect3,4 influences the hydration character-
istics of the carbohydrates. Previous studies have shown
the galactose derivative exerts the smallest camouflage
and exerts the smallest kinetic medium effect.


CONCLUSION


We have demonstrated that the quantitative analysis of
kinetic medium effects as described previously for


Table 2. Values of G(C) (J kg molÿ2) for the aquation of iron(II)±tris-phen complexes in 0.01 mol
dmÿ3 EDTA in the presence of methyl D-glycopyranosides at 25.0°C


Methyl D-glycopyranosidea Fe(phen)3
2� rb Fe(5NO2phen)3


2� rb


Methyl a-D-glucopyranoside ÿ433 0.971 �318 0.836
Methyl b-D-glucopyranoside ÿ424 0.860 �501 0.770
Methyl a-D-mannopyranoside ÿ515 0.904 �404 0.928
Methyl a-D-galactopyranoside ÿ170 0.951 �165 0.779


a Concentrations 0–0.5 mol kgÿ1.
b Correlation coefficient.


Figure 3. Ln k/k0 at 25°C versus molality of ethanol for the
aquation of three iron(II)±diimine complexes in the presence
of 0.1 mol kgÿ1 H2SO4: &, 4,7-diMephen; &, 5-Brphen; ^,
5-NO2phen
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organic reactions in aqueous media and recently for an
electron transfer reaction can also be applied to the base
hydrolysis and aquation of iron(II) complexes. The
magnitude of the effect and higher order interactions
than pairwise interactions necessitate the use of concen-
trations of cosolute or cosolvent which are lower than the
concentrations used for the studies of organic reactions in
aqueous media.


Two conclusions are apparent from this study: the
kinetic medium effect of carbohydrates seems to be
governed by the stereochemistry of the carbohydrate,
which results in methyl-a-D-galactopyranoside demon-
strating a smaller kinetic medium effect in comparison
with the other stereoisomers studied; and the differences
in kinetic medium effects for the different substituted
phen or bpy complexes, observed for both carbohydrates
and for alcohols, indicate that the approach employed
here shows promise for other mechanistic studies.
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ABSTRACT: In solvents of low permittivity, non-covalent interactions between nitroaromatic derivatives and amines
are detected and quantitatively evaluated by common spectroscopic methods. The nature of these complexes may be
discussed. Mainly, these interactions are donor–acceptor and hydrogen bonding interactions. Electron-donor solvents
compete with the amine in complexing the substrate. InSNAr reactions carried out with neutral nucleophiles (amines),
in poorly polar solvents (such as aliphatic and aromatic hydrocarbons, tetrahydrofuran, chloroform, carbon
tetrachloride, etc.), the experimental rate constant (kobs in sÿ1 molÿ1 dm3) increases on increasing the initial
concentration value of the amine. The intervention of the amine (or other catalysts) on the leaving group/proton
departure from the zwitterionic intermediate is the more usual explanation of the autocatalytic behaviour. This
mechanism conflicts with the usual nucleophugality order (in apolar solvents also the reactivity order is F> Cl)
observed inSNAr reactions. An alternative interpretation of the ‘anomalous’ kinetic behaviour involves the presence
of molecular complexes on the reaction pathway. In agreement with this hypothesis, the evaluation of the stability of
complexes from kinetic data agree well with the evaluation from independent spectroscopic data. The main points
supporting the presence of the molecular complex on the reaction pathway ofSNAr reactions are: (i) the electronic
effects of substituents on aniline; (ii ) the kinetic behaviour of systems without a leaving group and NH protons; (iii )
the effect of change of the temperature; (iv) the absence of self-catalysis which corresponds to the absence of
complexes; and (v) the kinetic behaviour of neutral oxygenated nucleophiles which parallels the behaviour of amines.
Copyright  1999 John Wiley & Sons, Ltd.
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INTRODUCTION


Recently, weak, non-covalent interactions1 (including
hydrogen bonding interactions2) have assumed increased
importance in both practical and theoretical aspects of
chemistry. The formation of molecular complexes
contributes to explaining some chemical behaviour, e.g.
the effects of change of solvent3,4 or, in general, of the
medium.


The energetic level of molecules may be modified by
interactions with surrounding molecules, and it may be
difficult to relate molecular structure to chemical proper-
ties. This aspect is scarcely considered in most student
textbooks: reacting substances are depicted as ‘free’
molecules. Instances of the importance of non-covalent
interactions are self-assembling of molecules and the
formation of supramolecular species.5


In electrophilic aromatic substitutions,6 and also in
electrophilic addition to C=C double bonds,7 the first


step of the reaction is the formation of an interaction
(donor–acceptor-like) between the nucleophile (the
substrate) and the electrophilic reagent.


In mixtures of nitro-activated substrates and amines in
apolar aprotic solvents, several kinds of non-covalent
complexes are observed by spectroscopic analysis of the
reaction mixtures.8 The formation of these complexes is a
very fast process and it precedes the substitution reaction.


In agreement with Reichardt’s observations,3 the
products of interactions may be named ‘molecular
complexes’ (MC). This generic definition is related to
the presence of different interactions which mainly
involve electron donor–acceptor and hydrogen bonding
interactions. Depending on the nature of the solvent used,
amines may compete with solvent in complexing the
substrate which is an electrophilic molecule.


The kinetic feature of the reactions between nitro-
activated substrates and amines in apolar aprotic solvents
is an exception to the usual second-order kinetic law
(v = kobs [substrate] [amine]). In these solvents the
experimental reaction order in amine may rise from 1
to 3: the kobs (in sÿ1 molÿ1 dm3) value increases on
increasing the initial amount of amine, [amine]0.


The purpose of this paper is to focus the presence of
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feeble interactions (solute–solvent or solute–solute) in a
simple and common reacting system (theSNAr reaction
with neutral nucleophiles in apolar solvents) and to
examine the possibility that the observed molecular
complexes are on the coordinates of the reaction and
cause unusual kinetic behaviour.


NATURE OF THE INTERACTIONS BETWEEN
NITRO-ACTIVATED SUBSTRATES AND
AMINES


The fact that an electron-rich compound interacts with an
electron-deficient substance in an electron donor–accep-
tor complex is not surprising.9 Naphthalene derivatives
and picric acid have long been known to afford a yellow
complex10 which crystallizes from ethanol. Interactions
(donor–acceptor-like) in the reaction mixtures of nitro-
activated substrates and amines were investigated also
from the kinetic point of view by Ross and Kuntz.11


In the equilibrium in Scheme 1,KMC is the apparent
stability constant of the complex ArL�RR'NH.


In many cases, the observed interactions were
quantitatively evaluated by the Benesi–Hildebrand treat-
ment.9 Complexes with different donor to acceptor ratios
(2:1, 1:1, 1:2) are known.12


The nature of molecular complexes may be ques-
tioned.8 In principle, a number of interactions are
possible, depending on the nature of the partners and of
the medium (solvent). In some cases a particular
interaction prevails over the others, or appears to prevail,
depending also on the kind of measurements used to
reveal it.


Nitroaromatic derivatives and aromatic amines interact
mainly by a donor–acceptor interaction.8 For mixtures of
2,4-dinitrofluorobenzene (or 2,4-dinitrochlorobenzene)
and substituted anilines in benzene, UV–visible spectro-
photometric data allowed an evaluation ofKMC values (in
molÿ1 dm3). Table 1 gives some apparent stability
constants of selected complexes between dinitro aromatic
derivatives and amines.


TheKMC values of the interactions between substituted
anilines and 2,4-dinitrofluorobenzene (DNFB) in ben-
zene were independently calculated from kinetic data and
from spectroscopic data obtained by inspection of
reaction mixtures at zero time of reaction.KMC values
were related to the donor ability of anilines, as indicated
by ther value (=ÿ2.8) of the Hammett plot (logKMC


versuss values).
When the solvent is an electron donor molecule


(benzene, toluene), it solvates the electron acceptor


molecule (the nitroaromatic derivative); consequently,
the amine may compete with the solvent in complexing
the substrate.


The apparent stability constants of the DNFB–aliphatic
amine complexes in cyclohexane are higher thanKMC


values of the complexes between DNFB and substituted
anilines.


In some cases UV–visible spectrophotometric evalua-
tion of KMC values agrees with other measurements such
as 1H NMR measurements and kinetic determinations
(see Table 1).


Some instances of particular interactions involving
mixtures of halonitro derivatives and amines are
illustrated in (1–5); L is the leaving group ofSNAr
reactions.


Scheme 1


Table 1. Apparent stability constants of selected molecular
complexes between 1-¯uoro-2,4-dinitrobenzene (unless
indicated otherwise) and amines or (catalysts) in poorly polar
solvents


Aminea T (°C) (solvent)
KMC b


(molÿ1 dm3) Ref.


Aniline 40 (benzene) 0.068 13
Aniline 40 (chloroform) 0.70 13
[2H] Aniline-d7 40 (chloroform) 0.60c 13
Aniline 40 (tetrahydrofuran) 0.20; 0.31d 14
N-Methylaniline 40 (tetrahydrofuran) 1.0; 0.65d 14
p-Methylaniline 40 (tetrahydrofuran) 0.40; 0.31d 14
p-Methoxyaniline 40 (tetrahydrofuran) 1.2; 1.6d 14
m-Methylaniline 40 (tetrahydrofuran) 0.43; 0.16d 14
m-Methoxyaniline 40 (tetrahydrofuran) 0.20; 0.43d 14
p-Chloroaniline 40 (tetrahydrofuran) 0.46; 0.29d 14
DABCOe 25 (benzene) 0.31; 0.31d 15
Triethylamine 40 (benzene) 0.47 16
2-Pyridone 30 (benzene) 27d 17
�-Valerolactam 30 (benzene) 2.1d 17
n-Butylamine 21 (toluene) 14d. 18
n-Butylamine 21 (cyclohexane) 27 19
Piperidine 21 (cyclohexane) 79 19
n-Butylaminef 27 (hexane) 0.39 20
Di-n-butylaminef 27 (hexane) 0.20 20
Tributylaminef 27 (hexane) 0.043 20


a Or catalyst.
b Calculated from UV–visible spectrophotometric analyses, unless
indicated otherwise.
c Calculated from1H NMR spectroscopic measurements.
d Calculated from kinetic data.
e DABCO = 1,4-Diaza[2.2.2]bicyclooctane.
f 1,3-Dinitrobenzene.
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Aromatic amines may offer a ring–ring package (with
the possibility of ap–p charge transfer) such as that
illustrated in1. Recently, an evaluation of the hydrogen
bonding interaction between amine and aromatic fluoro
derivatives, as depicted in3, was carried out.21


Species1 and 2 are electron donor–acceptor com-
plexes (p → p* and n → p, respectively),3 and 4 are
examples of proton donor–acceptor interactions and5 is a
particular complex showing covalent bonds;22 2 is
probably the most important interaction in the case of
tertiary amines, in particular cyclic amines or imines such
as 1,4-diazabicyclo[2.2.2]octane (DABCO) and 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU); non-cyclic ter-
tiary amines (such as Et3N) are less able than cyclic
amines to complex electron-deficient substrates, probably
because of steric hindrance.


In conclusion, the presence of several interactions in
the reaction mixtures of nitro derivatives and amines is
quantitatively ascertained by different techniques (see
Table 1). These interactions engage not only both
partners of the usualSNAr reactions, but also the solvent.


KINETIC FEATURES OF SNAr REACTIONS: THE
BASE CATALYSIS EXPLAINS THE CATALYTIC
BEHAVIOUR


The two-step mechanism of aromatic nucleophilic
substitution reactions was proposed by Bunnett and
Zahler in 195123 for substrates activated by the presence
of electron-withdrawing groups.


The major indication favouring the two-step mechan-
ism of Scheme 2 (see later) is the fact that the leaving
group departure occurs in a fast step. For instance, the
reactivity of fluoro derivatives is higher than that of
chloro derivatives.


TheSNAr reactions in polar solvents (such as alcohols,
dimethyl sulphoxide and dimethylformamide) with
anionic or neutral nucleophiles follow the usual second-
order kinetic law (n = 1) as expressed by the equation.


v� kobs�S��Nu�n �1�


When poorly polar solvents (such as aliphatic and
aromatic hydrocarbons, tetrahydrofuran, chloroform or
carbon tetrachloride) are used with neutral nucleophiles
(amines), the experimental reaction constant (kobs in
sÿ1 molÿ1 dm3) increases on increasing the initial con-
centration of the amine ([amine]0) andn> 1.


Major evidence for this kinetic behaviour comes from
reactions involving aromatic activated fluoro deriva-
tives.24 The value ofn changes from 1 to 3 (the whole
reaction order may rise to 4) depending on the nature of
the solvent, and also on the nucleophile and on the
substrate.


This kinetic behaviour was explained (in particular,
when aliphatic amines are considered, wheren = 2) by


the action of a second molecule of amine on the
zwitterionic intermediate6 (see Scheme 2) to promote
the HL departure.25


This explanation of the kinetic data (usually reported
as ‘base catalysis’) is considered a convincing indication
of the existence of the two-step mechanism. SBGA
(specific base–general acid) is a frequent mechanism of
the catalysed pathway proposed by Bernasconi25 (see
Scheme 2). The two reaction pathways may be in
competition in affording the reaction products, as shown
in Scheme 2.


Equation (3) is derived from Scheme 2:


kobs� k� kB�amine�0 �3�


wherek = (k1/kÿ1)k2 is the spontaneous transformation of
the zwitterionic intermediate into the products of the
substitution reaction;kB = (k1/kÿ1)k3 refers to the reaction
pathway with the intervention of the catalyst.26


Base catalysis inSNAr reactions in apolar solvents is a
well constructed theory which starts from two main
points:23,25


(i) The two-step mechanism: usually the formation of
the s complex is rate-limiting, as reported by Fig.
1(A). HL departure is a fast step (k2 in Scheme 2).


(ii) The departure of HL (in particular HF in apolar
solvents) may be a difficult process. The decomposi-
tion of the intermediate is rate-limiting of the
uncatalysed pathway, as depicted in Fig. 1(B). As a
consequence, the HL departure prefers a different
easier pathway, which is the base-catalysed pathway.


Some considerations on the second point are illustrated
in the next section.


Relative reactivity of ¯uoro and chloro
derivatives in apolar solvents


The peculiarity of the two-step mechanism of theSNAr
reaction in polar solvents is the leaving group departure
in a fast step and the reactivity order F� Cl was
observed for (k1/kÿ1)k2 = k values of Eqn (3).


Reactions carried out in apolar aprotic solvents show
the reactivity order F> Cl (see Table 2) for simple
nucleophilic attack (the bond breaking occurs in a fast
step). An explanation of the fast departure of the fluoride
ion is the hydrogen-bonding interaction with protic


Scheme 2
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amines. Consequently, the fluoride ion hardly involves
another protic molecule to have catalysis on its departure.


If the ‘anomalous’ kinetic features are explained by


Scheme 2 (i.e. by the presence of base catalysis), then the
second maximum is higher than the first [Fig. 1(B)], in
contradiction with the reactivity order F> Cl; therefore,
we need an explanation alternative to base catalysis.


AN ALTERNATIVE EXPLANATION TO BASE
CATALYSIS


Several years ago, a study of reactions between 2,4-
dinitrofluorobenzene (DNFB) and substituted anilines
was started.13


In previous literature data, a strong effect of change of
substituent in aniline27,28was reported, together with the
fact that the experimental reaction order [Eqn (4)] in
substituted aniline was 3.29 This value can hardly be
explained by the model of Scheme 2, which involves a
reaction order in amine of 2.


v� kobs�S��aniline�03 �4�


Scheme 3 reports a pathway, alternative to the model of
Scheme 2, more general in explaining the data,19 and
involving the formation of the observed molecular
complexes.


Figure 1. Energy diagram for SNAr reaction: (A) fast leaving
group departure; (B) dif®cult leaving group departure; a
different reaction pathway may take place


Table 2. Relative reactivity (for the uncatalysed process) of activated aromatic ¯uoro and
chloro derivatives towards amines in poorly polar solvents


Substratea Nucleophile T(°C) (solvent) (kF/kCl)
b Ref.


1-X-2,4-dinitrobenzene n-Butylamine 25 (benzene) 400 30
1-X-2,4-dinitrobenzene sec-Butylamine 25 (benzene) 1800 30
1-X-2,4-dinitrobenzene tert-Butylamine 25 (benzene) 1000 30
1-X-2,4-dinitrobenzene Aniline 40 (benzene) 300 31
1-X-2,4-dinitrobenzene Aniline 40 (chloroform) 122 31
2-X-6-nitrobenzothiazole Piperidine 25 (benzene) 76 13
2-X-6-nitrobenzothiazole n-Butylamine 25 (benzene) 219 31
1-X-2,4,6-trinitrobenzene a-pyridone 45 (chlorobenzene) 1000 32
1-X-2-nitrobenzene Piperidine (toluene)c >100 33


a X = F, Cl.
b kX (in sÿ1 molÿ1 dm3) = (k1/kÿ1)k2.
c 1-Fluoro-2-nitrobenzene and piperidine at 25°C (toluene), kobs (sÿ1 molÿ1 dm3) = 2.9� 10ÿ4;33


1-chloro-2-nitrobenzene and piperidine at 45°C (benzene),kobs (sÿ1 molÿ1 dm3) = 3.6� 10ÿ6.34


Scheme 3
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From Scheme 3, Eqn (5) may be obtained,11 where
k0 = (k0


1/k
0
ÿ1)k


0
2 is a measure of the reactivity of the


uncomplexed substrate,KMC is the apparent stability of
the complex (the stoichiometry of the formation of the
molecular complex is assumed to be 1:1) andkMC =
(k1/kÿ1)k2 is a measure of the reactivity of the substrate
complexed with the amine.


kobs�1� KMC�amine�0� � k0� KMCkMC�amine�0 �5�


In Scheme 3, two main reaction pathways are
involved: the reaction of the ‘free’ substrate and the
amine (uncatalysed pathway) and the reaction of the
substrate complexed by the catalyst (catalysed pathway).
As a consequence, the experimental kinetic order in
amine depends on the presence of molecular complexes,
which may be of different stoichiometry (1:1 or 1:2,
substrate:nucleophile12). Catalysis on HL departure may
be overimposed on both pathways of Scheme 3.


There are two main possibilities: (1) the complexes are
on the reaction pathway or (2) they are a non-productive
(a ‘cul-de-sac’) equilibrium.35 Kinetic law itself cannot
discriminate between (1) and (2). When the rate of the
reaction of the uncomplexed substrate is known (as in a
number of instances of reactions19 discussed here) it is
possible to indicate that the catalysis is a positive
catalysis.35 For example, when the reactions are carried
out under experimental conditions qualified to minimize
the formation of complexes, such as when [nucleophi-
le]0<[substrate]0 or within a range of [nucleophile]0


values in which no catalysis is observed,18 thek0 (= kobs)
value means the reactivity of the ‘free’ substrate (i.e.
complexed by the solvent only).


Positive catalytic behaviour appears whenk1> k0
1 (the


molecular complex is more reactive than the free
substrate), but whenk1 < k0


1 negative catalysis may be
observed.11 These possibilities strongly depend on the
nature of the solvent.13,16When apolar solvents are used
andk1> k0


1, thekobs values are increased on increasing
the [amine]0 value. In polar solventsk1 < k0


1 and kobs


decreases (or it is unaffected) by increasing the [amine]0


value. Obviously, whenk1 = k0
1, no catalysis can be


observed.
In solvents of high donicity (as expressed by the


‘donicity number’4), such as tetrahydrofuran, the reaction
order in the reacting aromatic amine may be decreased
from 3 (in benzene) to 2 (in tetrahydrofuran).16 The
presence of substances of high donicity and low polarity
decreases the order of reaction in the reacting amine. This
is the case of the triethylamine16 added to the reaction
mixtures between 2,4-dinitrofluorobenzene and substi-
tuted anilines. Triethylamine added in a range of
concentrations in which its action as catalyst is low but
its complexing ability is high reduces the reaction order
in the reacting amine to 1 and the overall reaction order
becomes 2 (first in both reactants). The desolvating


mechanism36 starts from the competition between the
neutral nucleophile and the solvent (or other added
substances) in complexing the substrate.


It is important to emphasize that in a number of cases,
the KMC values calculated from UV–visible spectro-
scopic data agree with those calculated from kinetic
measurements by Eqn (5) (see Table 1).


The following section are worthy of consideration in
supporting the pathways of Scheme 3.


Absence of self-catalysis corresponds to the
absence of complex


The absence of self-catalysis in the reactions between
DNFB and 2-thiazoleamine derivatives17 in benzene
(Scheme 4) is unexpected considering that the properties
(nucleophilic power, pKa values) of these heterocyclic
amines are close to the properties of amines known to
exhibit self-catalysis.


Absence of self-catalysis was explained by the absence
(in the reaction mixtures) of detectable amounts of
complexes between DNFB and 2-thiazoleamine deriva-
tives. On the other hand, the reactions of Scheme 4 are
strongly catalysed by catalysts able to complex DNFB
(DABCO, 2-pyridone,�-valerolactam; see Table 1).


Systems without leaving group and NH protons


The reaction between 1,3,5-trinitrobenzene (TNB) and
DBU produces, in dimethyl sulphoxide,37 a s-like
complex as shown in Scheme 5.


In toluene, the kinetic data showed autocatalytic
behaviour which obviously cannot be related to the
abstraction of proton or of leaving group, because both


Scheme 4


Scheme 5
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are absent. An equilibrium between TNB and DBU
(preceding the nucleophilic attack) was observed38


(Scheme 6).
The presence of the molecular complex (donor–


acceptor-like) in an equilibrium preceding the formation
of the zwitterionic complex is the most reasonable
explanation of the observed catalytic behaviour (see
Scheme 7), which cannot be explained by the ‘base
catalysis’ mechanism. Similar behaviour was observed
with DABCO and quinuclidine.39


Electronic effects of substituents on the catalysed
pathway: change of substituents on the aniline


In 1972, Kavàlek et al.28 reported an unusualr value
(calculated by the Hammett plot) ofÿ6.5 for the
catalysed step of the reactions between substituted
anilines and 2,4-dinitrofluorobenzene. In fact, the data
for the reactions between 2,4-dinitrofluorobenzene and
substituted anilines in benzene analysed by Eqn (3)
affords ar value [in the plot of logkB = (k1/kÿ1)k3 versus
s values] =ÿ6.4,13 which cannot be explained by a
solvent effect, by self-association of amines or by HF
abstraction from the zwitterionic intermediate6. The data
analysis by Eqn (5) affords ar value ofÿ3.6 for the
attack of the nucleophile on the complexed substrate.
This value is usual when the nucleophilic attack is the
rate-limiting step. For example,� =ÿ4.0 was calcu-
lated40 for reactions between 2,4-dinitrofluorobenzene
and substituted anilines in 99.8% ethanol.


In Scheme 3 there are two steps enhanced by the
electron-donating substituents on the aniline: the forma-
tion of the molecular complex (� =ÿ2.8) and the attack
of the nitrogen atom of the aniline on the carbon bearing
the leaving group (� =ÿ3.6) The formation of the
products by the catalysed pathway for the overall
electronic effect is the sum (� =ÿ6.4) of the two effects
on the separate steps. In THF, ther value for the


reactivity of the DNFB–aniline molecular complex and
anilines isÿ4.0.14


The effect of the change of the substituent on the
aniline related to the pathway catalysed by other
unreactive amines such asN,N-dimethylaniline,26


DABCO15 and triethylamine16 clearly matches the
conclusion that the molecular complexes are on the
reaction pathway of the substitution. In particular, for
reactions between 2,4-dinitrofluorobenzene and substi-
tuted anilines when the catalyst (unchanged for all
substituted anilines) isN,N-dimethylaniline, the effect of
the substituents on the rate of the catalysed pathway is
evaluated by ar value of ÿ4.9. This value clearly
indicates that in the pathway catalysed byN,N-dimethyl-
aniline the nucleophilic power of the reacting substituted
aniline is important,13 as required by Scheme 3.


In contrast, when the transition state of the catalysed
step is represented by8, a high (negative)r value hardly
agrees with a pathway including a rate-determining step
involving H� abstraction from the substituted zwitter-
ionic intermediates by the same (unreacting) base. In this
case ther value should be positive (or zero).


Effects of changes of temperature


Generally, the effects of temperature increase onSNAr
reactions in polar solvents produces an increase in the
kobs value in agreement with the Arrhenius law. The
effect of a change in temperature on the uncatalysed
pathway is different from that on the catalysed path-
way.31 In some cases, in apolar solvents, a temperature
increase produces a decrease inkobs v.36,41,42


Also for the reaction in Scheme 5, thekobs values
decrease with increase in temperature.38 This anomalous
behaviour strongly supports the presence of a pre-
association on the reaction pathway towards the forma-
tion of the zwitterionic complex. The association
between the substrate and the nucleophile (equilibrium
of Scheme 6) is depressed on increasing the temperature,
as usual in association processes with non-covalent
bonds.


Both rates of formation of7 are increased on
increasing the temperature as required inSNAr reactions


Scheme 6


Scheme 7
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and all the kinetic features agree with the mechanism of
Scheme 7. The effect of temperature depends on the
relative importance of the two reaction pathways
(uncatalysed and catalysed). An increase in temperature
shifts the real reaction pathway towards the uncatalysed
mechanism becauseKMC is depressed by enhancement of
the temperature.


Other authors43 explain the anomalous effect of the
temperature by self-association of protic amines. Ob-
viously, self-association of DBU cannot explain the
kinetic features of the equilibrium reactions in Scheme 5.


Reactivity of neutral oxygen nucleophiles


Recently, the reactions between 2,4,6-trinitrobenzene
and methanol or substituted benzyl alcohols in carbon
tetrachloride (Scheme 8) have shown kinetic behaviour
similar to that of amines.44


kobs increases on increasing the [ArCH2OH]0 values.
Inspection (by a UV–visible spectrophotometric method)
of the reaction mixtures at zero reaction time reveals the
presence of an interaction (donor–acceptor-like) between
ArCH2OH and 9. This kinetic behaviour cannot be
explained by HF abstraction from the zwitterionic
intermediate10 because the pKa values of oxonium ions
are much higher than those of ammonium derivatives and
the alcohol is in large excess.


This kinetic behaviour may be explained by a
mechanism similar to Scheme 3 for neutral nitrogen
nucleophiles.


CONCLUSIONS


The reaction pathway of Scheme 3 concerns a simple
mechanism which explains some important data difficult
to explain by other mechanisms and is based on the
presence of interactions actually observed and measured
in the reaction mixtures.


Recently, a charge-transfer (CT) complex between
1,3,5-trinitrobenzene and indole-3-carboxylate was iso-
lated.45 This complex (in DMSO) spontaneously affords
s-adducts. A problem is to state whethers-adducts are
obtained directly from the CT complex or from the
dissociated compounds of the CT complex.


A central subject of discussion is why the molecular
complex may be considered more reactive than the ‘free’
substrate. In polar solvents, the association of an
electrophile (the nitroaromatic substrate) with a nucleo-
phile appears decreasing the positive charge of electro-
phile towards further attack of another molecule of the
nucleophile. Consequently, the complex formation de-
presses the concentration of the ‘free’ substrate and the
kobsvalue may decrease on increasing the [nucleophile]0


value, as observed in polar solvents by Ross and Kuntz.11


In contrast, in apolar solvents, the reaction starts from
neutral reagents towards a transition state in which
charge separation is high. If the molecules of apolar
solvents are replaced by polar molecules surrounding the
substrate, the rate of nucleophilic attack (k1) is enhanced
and kÿ1 is depressed.46 Accordingly, when theSNAr
reactions may be conceived as having a neutral transition
state,33 no increase inkobs values to increasing the
[amine]0 values were observed


In principle, in a mechanistic discussion of reactions,
the exclusion of a particular mechanism may be
unreasonable because different reaction pathways may
be active in affording the products of reaction. One
reaction pathway (in competition with others) may be the
‘most populated’ under particular experimental condi-
tions, which depresses other possible reaction pathways
(and vice versa).


However, the nucleophugality order F� Cl scarcely
agrees with the usual explanation of catalytic kinetic
behaviour. In contrast, F� Cl is the general nucleophug-
ality order required by Scheme 3.


In conclusion, there are clear indications that the
answer to the title question is positive. Probably more
attention should be paid to the non-covalent interactions
of the reagents in the reaction mixtures as an important
step to rationalize also other chemical behaviours.
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Kinetics and mechanism of the reaction of substituted
O-benzoylbenzamidoximes with sodium methoxide in
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ABSTRACT: The kinetics of reaction of substitutedO-benzoylbenzamidoximes with sodium methoxide in methanol
were studied at 25°C. The only reaction products are substituted benzamidoximes and methyl benzoates. The slope of
the dependence of rate constant on sodium methoxide concentration gradually increases, but in the presence of C18


crown ether the dependence becomes linear and the rate constant is lower than in the absence of the crown ether,
which means that the reaction is catalysed by sodium cation. The rate constants of reactions with the ion pair and with
methoxide ion were determined with the presumption that the rate-limited step of the catalysed reaction is the reaction
of substitutedO-benzoylamidoximes with the ion pair of sodium methoxide. The rate constants of the reaction with
the ion pair are about 20 times higher than those of the non-catalysed process. The slopes of the dependence of logk of
the non-catalysed and catalysed reactions on the pKa of substituted benzamidoximes are 1.05 and 0.94, respectively.
These high values indicate the rate-limiting step involving the splitting off of substituted benzamidoxime from the
tetrahedral intermediate. On the basis of the relatively highr constant of methanolysis at the benzoyl group
substituted derivatives (2.17 and 1.98 for the non-catalysed and catalysed reactions, respectively), it can be presumed
that the transition state structure will be close to the tetrahedral intermediate. Copyright 1999 John Wiley & Sons,
Ltd.


KEYWORDS:O-benzoylbenzamidoximes; methanolysis kinetics; sodium cation catalysis


INTRODUCTION


Substituted arylbenzamidoxime carbonates undergo cy-
clization in aqueous hydroxides or in aprotic solvents to
give 3-aryl-1,2,4-oxadiazol-5-ones,1,2 but their reaction
with sodium methoxide in methanol exclusively results in
a two-step methanolysis giving phenolate salts, benza-
midoximes and dimethyl carbonate.3 In addition to the
reaction with methoxide ion there also takes place a
reaction with sodium methoxide ion pair which is one
order of magnitude faster, and the methanolysis proceeds
via a concerted mechanism.3 Also, O-benzoylbenzami-
doximes (1) are cyclized in aqueous alkali metal
hydroxides and aprotic solvents to give 3,5-diaryl-1,2,4-
oxadiazole derivatives.5–8 The aim of this work was to
find out whether compounds1 reacting with sodium
methoxide in methanol only undergo methanolysis as
aryloxime carbonates and whether the reaction is


catalysed by sodium cation, and to suggest a reaction
mechanism.
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EXPERIMENTAL


4,4'-SubstitutedO-benzoylbenzamidoximes1a–g were
obtainedby acylationof thecorrespondingbenzamidox-
imes9,10 preparedby reactionsof therespectivebenzoni-


triles with hydroxylamine in aqueous alcohol.1 O-
Benzoylbenzaldoxime (2) was obtainedby acylationof
benzaldoxime11 obtainedby reaction of benzaldehyde
with hydroxylaminein aqueoussodium acetate.12 The
purity of all the substancessynthesizedwascheckedby


Table 1. Melting-points, yields of syntheses and elemental analyses of substituted O-benzoylbenzamidoximes 1a±g and O-
benzoylbenzaldoxime (2)


Calculated/found(%)a


Compound M.p. (°C) Yield (%) Formula(MW) C H N


1a 145–148 80 C15H14N2O3 66.66 5.22 10.36
(146–148)13 (270.3) 66.99 5.30 10.33


1b 149–151 57 C14H12N2O2 69.99 5.03 11.66
(148)14 (240.3) 69.52 5.00 11.44


1c 172–174 50 C14H11N2O2Cl 61.21 4.04 10.20
(175)14 (274.7) 61.47 3.96 9.96


1d 198–200 51 C14H11N3O4 58.95 3.89 14.73
(164–166)10 (285.3) 58.99 3.85 14.58


1e 149–151 50 C15H14N2O3 66.66 5.22 10.36
(146–148)15 (270.3) 66.67 5.26 10.39


1f 178–180 80 C14H11N2O2Cl 61.21 4.04 10.20
(174)15 (274.7) 61.47 3.96 9.96


1g 199–201 97 C14H11N3O4 58.95 3.89 14.73
(202–203)10 (285.3) 58.60 3.81 14.66


2 101–102 43 C14H11NO2 74.65 4.92 6.22
(101–102)11 (225.3) 74.74 4.91 6.21


a Calculatedvaluesin first row, foundvaluesin secondrow.


Table 2. 1H NMR spectra of substituted O-benzoylbenzamidoximes 1a±g and O-benzoylbenzaldoxime (2)


Compound H-1,5 (m) H-2,(3),4(m) H-6,10(m) H-7,(8),9(m) NH2 (s) Otherpositions


1a 6.90–6.92 7.68–7.71 8.06–8.08 7.44–7.48 5.16 3.82s (OMe)
(7.55–7.59)


1b 7.37–7.47(5H) 8.05–8.07 7.71–7.74 5.26 —
(7.55–7.59)


1c 7.60–7.62 7.84–7.86 8.23–8.25 7.57–7.61 7.10 —
1d 8.24–8.27 7.58–7.63 8.38–8.40 8.09–8.12 7.31 —


(7.71–7.73)
1e 7.79–7.82 7.50–7.57 8.19–8.21 7.09–7.11 6.97 3.82s (OMe)
1f 7.42–7.50(5H) 8.02–8.04 7.74–7.76 5.12 —
1g 7.81–7.84 7.54–7.59 8.48–8.51 8.38–8.41 7.17 —
2 7.44–7.51(5H) 8.11–8.14 7.79–7.81 — —


Table 3. Rate constants kip (sÿ1 molÿ1 dm3), ki and kiC18
(sÿ1 molÿ1 dm3) of the methanolysis of O-benzoylbenzamidoximes 1a±


g measured at 25°C at the wavelengths �anal (nm) in methanolic solutions of sodium methoxide with or without the addition of
C18 crown ether and the pKa values of the respective benzamidoximes in the same medium


Compound ki � 10 kiC18
� 10 kip �anal pKa


a


1a 0.521� 0.071 0.578� 0.012 1.467� 0.069 270 16.83� 0.03
1b 0.802� 0.049 0.787� 0.036 1.599� 0.033 300 16.67� 0.02
1c 1.069� 0.092 1.186� 0.075 2.538� 0.086 264 16.48� 0.03
1d 3.487� 0.352 3.345� 0.055 6.556� 0.346 300 16.10� 0.02
1e 0.156� 0.030 0.144� 0.071 0.384� 0.018 280 —
1f 3.199� 0.374 3.343� 0.097 4.305� 0.360 266 —
1g 35.599� 3.942 34.077� 2.072 57.122� 6.845 300 —


a Ref. 3.
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their melting-pointsand elementalanalyses(Table 1).
Thestructureof thecompoundspreparedwasconfirmed
by 1H NMR spectroscopy(Table2).


The melting-points were measured on a Kofler
apparatusandwerenot corrected.Electronspectrawere
measuredon a Hewlett-Packard8453diode-arrayinstru-
ment at 25°C. 1H NMR spectrawere measuredon a
BrukerAMX 360spectrometerat360.14MHz at25°C in
deuterochloroform. Thechemicalshiftsarereferencedto
the signalsof the non-deuteratedsolvent [� (1H) 7.25,
CHCl3]. The identificationof the reactionproductsand
intermediateswas carried out on a Waters616 liquid
chromatographcombined with a VG-Platform Fison-
ESP-3000Daspectrometer.


Kinetic measurements. A 1 cm quartz cell with a lid
placedin the thermostatedcompartmentof the spectro-
photometerwaschargedwith 2 ml of methanolicsodium
methoxide (5� 10ÿ3 –1.4� 10ÿ1 mol lÿ1). In the ex-
perimentswith C18 crownether,theconcentrationof the
latter was always 2� 10ÿ3 mol lÿ1 higher than that of
sodium methoxide. Then 10–20ml of a methanolic
solution of substrate1 or 2 (1� 10ÿ2 mol lÿ1) was
injected,andafter mixing theabsorbanceof themixture
wasmeasuredat 260nm (2) or at the�anal wavelengths
given in Table3 (1a–g).


RESULTS AND DISCUSSION


Catalytic effect of sodium cation


The reactionof sodiummethoxidewith O-benzoylben-
zamidoximes1a–g in methanol results exclusively in
methanolysis,giving substitutedbenzamidoximesand
methyl estersof substitutedbenzoicacids(Scheme1).


Amidoximescanexist in two configurations,E andZ.
N,N-Dialkylamidoximesexist in bothconfigurationsand
theywerealsoisolatedin somecases.Theequlibriumlies


entirely on the side of the E configuration.16–18


Amidoximeswith a freeaminogroupor onealkyl group
only arein the Z configuration.The E configurationhas
neverbeenisolated.14,19Thestability of theZ form could
arisefrom stericeffectsbut thepresenceof aninternalH-
bond, which hasbeenobservedin crystalline structure
studies,is alsoamajorfactor.19 Attemptsto converttheZ
into the E configurationphotochemicallyfailed, maybe
becausetheE form, onceformed,canconvertrapidly to
theZ form via aprototropicshift, which is notpossiblein
N, N-dialkyl derivatives.18,19In thecaseof substitutedO-
benzoyl-N, N-dialkylbenzamidoximes,only the E iso-
mers were isolated and measuredin solution.18 O-
Benzoyl derivativeswith a free amino group exist in
theZ configuration.14


Thereactionkineticswerestudiedin a largeexcessof
sodium methoxide,hencethe methanolysisproceeded
kinetically asa reactionof pseudo-firstorder.Theslopes
of thedependenceof observedrateconstantskobs(sÿ1) on
sodium methoxideconcentrationshowedan increasing
trend in all cases(Fig. 1), althoughthe transitionstate
doesnot allow the participationof a secondmethoxide
ion.


In the presenceof a small surplusof crown ether,the
dependenceof kobs on methoxide concentrationwas
linear(Fig. 2) andthekobsvaluesalwayswerelower than
the correspondingvaluesobtainedin the absenceof the
crown ether. This can be interpreted by catalytic
participationof sodium ion in the methanolysisof the
substrate,similar to the methanolysisof arylbenzami-
doximecarbonates.3


The gradually increasingslopeof the dependenceof
kobsonsodiummethoxideconcentrationcanbeexplained
by parallel reactionsof the substratewith methoxide
anionandwith the ion pair (which is morereactivethan
theanionalone)(Scheme2).


In Scheme2,ki andkip arerateconstantsof reactionsof
the substratewith the anion and with the ion pair,
respectively,andKip (= 7.5)20 is theequilibriumconstant


Scheme 1.
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Figure 1. Dependence of observed rate constants kobs (sÿ1) of methanolysis of (&) 1a, (&) 1b, (*) 1c and (*) 1d on sodium
methoxide concentration cMeO


ÿ(mol lÿ1) in the absence of C18 crown ether. Experimental points are shown together with
theoretical curves calculated from Eqn. (3)


Figure 2. Dependence of observed rate constants kobs (sÿ1) of methanolysis of (&) 1a, (&) 1b, (*) 1c and (*) 1d on sodium
methoxide concentration cMeO


ÿ (mol lÿ1) in the presence of C18 crown ether
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of associationof Na� cationwith MeOÿ anion:


Kip � �MeONa�
�MeOÿ��Na�����2


� �MeONa�
�MeOÿ�2���2


�1�


Theactivity coefficientof the ion pair is presumedto be
equalto 1, hencetheactivity of theion pair is equalto its
concentration.The activity coefficientsof sodium and
methoxideionswereobtainedfrom theequation21


ÿ log� � 1:69
��
I
p


1� 2:5
��
I
p �2�


Theobservedrateconstantin theabsenceof crownether
is givenby


kobs� ki �MeOÿ� � kip�MeONa�
� ki �MeOÿ� � kipKip�MeOÿ�2���2 �3�


Theactualconcentrationof methoxideion wascalculated
with theequation


�MeOÿ� �
ÿ1�


���������������������������������������
1� 4cMeOÿKip���2


q
2Kip���2


�4�


The dependenceof kobs/[MeOÿ] on Kip [MeOÿ] (g�)2 is
linearwith slopekip andinterceptki (Fig. 3). Thevalues
of ki andkip (Table3) werecalculatedby multiple non-
linear regressionusingEqn.(3).


The ki valuesobtainedfrom the measurementsin the
presenceof thecrownetherarealsopresentedin Table3.


In the caseof methanolysisof carbonates,3 for the
reactionwith an ion pair the presenceof an NH2 group
wasnecessaryandin orderto provethis in thecaseof the
substratesstudiedhere,we determinedthe rateconstant
of the reactionof 2 with methoxideboth in thepresence
andin the absenceof the crown ether.In both the cases
the dependenceof kobs on methoxideconcentrationwas
linearandthekobsvalueswereequalat equalmethoxide
concentrations(ki = 3.60� 0.17 and kiC18


= 3.53� 0.14


Scheme 2.


Figure 3. Dependence of kobs /[MeOÿ] on Kip [MeOÿ] (g�)2 with slope kip and intercept ki for methanolysis of O-
benzoylbenzamidoximes (&) 1a, (&) 1b, (*) 1c and (*) 1d
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sÿ1 molÿ1 dm3, �anal= 260nm).Wepresumethatfor 1a–
g theretakesplacea complexformation of the sodium
cation of the ion pair with the oxygen atom of the
carbonyl group and the electron pair of the partially
negativelycharged,doubly bondednitrogenatom,asin
thecaseof arylbenzamidoximecarbonates.


According to the transition state theory, the kinetic
datacanbedividedinto acontributionof stabilizationby
sodiumcation in the starting (ground)stateand in the
transition state. The degree of stabilization of the
activated complex can be evaluatedby the method
developedby Kurz22–24(Scheme3).


K‡
ip and K‡


ip are the equilibrium constantsof the
catalysedand non-catalysedformation of the activated


complexesA‡ and A‡M�, respectively,and K'ip is the
associationconstantof formationof the complexof the
sodium ion with the transition state A‡ of the non-
catalysed reaction. On the basis of the respective
thermodynamiccycle, it is possible to calculate this
virtual associationconstant.


Since,accordingto the activatedcomplextheory,the
concentrationsof activatedcomplexesarein equilibrium
with thoseof reactantsand,atthesametime,bothstarting
ionsarein equilibriumwith theion pair,thetwo activated
complexesarealso in equilibrium, althoughthereis no
direct dynamicequilibrium betweenthem.22


For a rateconstantwe canwrite


k � kT
h


e
ÿ�Gz


RT � kT
h


Kz �5�


so that K'ip canbecalculatedfrom


K 0ip �
kipKip


ki
�6�


Thechangein theGibbsenergy,�Gip, of formationof the
ion pair wascalculatedfrom


ÿ�Gip � RT ln Kip �7�


Thecatalysistakesplaceif themetalcationstabilizesthe
activatedcomplexmorethanthegroundstate(Fig. 4). In
the opposite case inhibition occurs. The resulting


Scheme 3.


Figure 4. Relative changes in Gibbs energies (kJ molÿ1) of the species indicated for methanolysis of O-benzoylbenzamidoxime
1b referenced to the zero energy level of starting reactants
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catalyticeffectDGcat is givenby


�Gcat � �Gzcatÿ�Gzu � �Gtsÿ �Gip


� ÿRT ln
kip


ki


� �
� ÿRT ln


K 0ip
Kip


� �
�8�


Reaction mechanism, substituent effect


Until recently, nucleophilic substitution reactions on
carbonyl carbon atoms were presumed to proceed
exclusivelyby the addition–elimination mechanismvia
atetrahedralintermediate.It wassubsequentlyfoundthat
in a numberof casesthe splitting of a bond and the
formationof anewbondcanbesimultaneous(concerted,
one-stepmechanism).25 A transition from a two-step,
addition–elimination mechanismto aone-step,concerted
mechanismis realizedwhenthe tetrahedralintermediate
becomessounstablethatthereis no significantbarrierto
its decomposition(it doesnotexistfor aperiodof several
vibrations)andso it becomesanactivatedcomplex.25


Forinstance,in reactionsof negativelychargedoxygen
nucleophileswith substitutedphenylacetatesin aqueous
solution, the presumedintermediatehas too short a
lifetime to exist for a significantperiod,andthereaction
takesthe concertedpathway.26 If the leaving oxyanion
hasa pKa aboveca 11, the intermediateis stableenough
and the reaction proceedsvia the adition–elimination
mechanism.27,28


The stability of the intermediatealsodependson the
structureof theacylgroup,e.g.replacementof MeCOby
MeOCO decreasesthe stability of the intermediate
considerably, so that in some cases the addition–
elimination mechanismchangesto the concertedme-
chanism.29–32 The concertedmechanismis preferred
when the polarity of the medium (expressed by
quantitativevalues of solvatochromicparameters,e.g.
p* anda or ETN) decreases.33


Oneof thewaysof determininga reactionmechanism
consists in the quantitative evaluation of substituent
effects(LFER). In an addition–elimination mechanism,


theblg values(obtainedfrom thedependenceof log k on
pKa of theconjugatedacidof the leavinggroup34) range
from 0.1to 0.3if theformationof theintermediateis rate-
limiting andfrom 0.8 to 1.3 if the decompositionof the
intermediateinto productsis rate-limiting.For concerted
mechanismsthesevaluesvary in therange0.4–0.6,26,35–


37 exceptionallyreachingup to about0.8.27


The log ki andlog kip valuesof splitting off anionsof
substitutedbenzamidoximeswerecorrelatedwith thepKa


valuesof their conjugatedacidsmeasuredin methanol.
Theslopevaluesblg = 1.05(foundin thecorrelationof ki,
i.e. those found in the presenceof crown ether) and
blg = 0.94(foundin thecorrelationof kip) indicatethatthe
reactiontakesthe addition–elimination mechanismand
the rate-limiting step is splitting off of anions of
substituted benzamidoximes(see Scheme 4 for the
reactionin thepresenceof crownether).


Thevaluesof blg for ki andkip arealmostidentical,in
accordancewith the findings38 concerningalkali metal
ion catalysisin nucleophilic displacementreactionsof
phosphorus-,sulphur-andcarbon-basedestersby lithium
and potassiumethoxides in ethanol, where the rate
constantvaluesof reactionwith the ion pair arealmost
the samewith lithium ethoxide as with ethoxide ion
alone,beingca 10%lower with potassiumethoxidethan
with ethoxidealone;in our casethe situationis similar.
On the basisof this finding, Pregelet al.38 cameto an
importantconclusion,viz. that the alkali metal ions do
not significantlychangetheactivatedcomplexstructure.


The situation is different with substitutedmethyl
benzamidoximecarbonates,3 where blg = 0.85 for the
reactionwith methoxideion but 0.53 for that with the
ion pair, i.e.avaluelowerby almost40%.This relatively
large difference in blg values indicatesa considerably
differentstructureof theactivatedcomplexandsupports
the idea of a changein the reactionmechanismfrom
addition–elimination in thepresenceof thecrownetherto
concertedin the reactionwith the ion pair. Replacement
of a phenyl group (substitutedO-benzoylbenzamidox-
imes) by a methoxygroup (methyl benzamidoximecar-
bonates)causedsuch a decreasein the lifetime of the
tetrahedralintermediatethatit did notexistfor aperiodof


Scheme 4.
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several vibrations, and the mechanismchangedfrom
addition–elimination to concerted.Thesplittingoff of the
benzamidoximeanion from the tetrahedralintermediate
in the rate-limiting step is surprising as both the
nucleophile(MeOÿ) and the leaving group are oxygen
anions,and the pKa of methanol(18.31) is about1.5–2
times higher than thoseof substitutedbenzamidoximes
(Table 1). On the other hand, the nucleophilicity of
benzamidoximeanionsasnucleophileswith ana effectis
substantiallyhigher thanthat of normaloxygennucleo-
phileswith similar pKa values.39 Also, thedelocalization
of the electronpair on oxygen to the carbonyl group,
which would favour the reversiblesplitting off of the
methoxy group in the intermediate,is supportedby
repulsionfrom theelectronpair of theadjacentnitrogen
atom,3,40 which is further strengthenedby the partial
chargeat the nitrogen atom due to delocalizationof
electronsfrom theNH2 group.


The evaluationof substituenteffects in O-benzoyl-
bezamidoximes1a–g is more complex. The reaction
involves both bond formation and bond splitting at
carbonyl carbon atoms, and the reaction product,
substitutedmethylbenzoate,has a zero chargelike the
starting substrate,hence the changeof charge at the
carbonylcarbonis greaterin theactivatedcomplexthan
in the product.The structureof the activatedcomplex
approachesthat of a tetrahedral intermediate, the
hybridization at the carbonyl carbon atom with the
stronglypolarC=O bondbeingpartially changed(from
sp2 to sp3). This changeis considerablyaffected by
substituentsin thebenzenering. Theadditionof waterto
substitutedbenzaldehydes,which producesthe corre-
sponding neutral diol, exhibits41 a constant of the
equilibrium reaction req equal to 1.71, although two
neutralmoleculesform aneutralproduct!Theadditionof
OH to substitutedbenzaldehydesgiving theanionof the
correspondingdiol exhibits42 �eq= 2.76, which means
thatther valueof dissociationof thediol (1.05)is similar
to thatof substitutedbenzoicacids.Ther valuefoundfor
the reactionwith methoxideion is 2.17 andthat for the
reactionwith theion pair is 1.98,i.e.againlowerby about
10%. This lowering is, as in the previous examples,
obviously predominantlydue to the presenceof metal
cationin theactivatedcompex.


An assessmentof the extent to which the activated
complex of a particular reactionapproachesthe tetra-
hedral intermediate was made by comparing the r
constant of the reaction of 4-nitrophenyl esters of
substituted benzoic acids with OH ions going by
concertedmechanism(the most recentvalue found45 in
10%aqueousacetonitrileis � = 2.14)with ther constant
of addition of OHÿ ion to substitutedbenzaldehydes
(�eq= 2.76).From thesevalues,it wasconcluded43 that
the activated complex structure is close to the inter-
mediatestructure.


Comparisonof this valuewith our � = 2.17allowsthe
conclusionthat in our casealso the activatedcomplex


structureis closeto thatof the intermediate,andthat the
bondsplitting betweenthecarbonylcarbonatomandthe
benzamidoximeoxygen has hardly advanced.This is
apparently in contradiction with the high value of
blg = 1.05 found. In substitutedphenylacetates,43,44 the
oxygenatom of the phenoxygroup bearsan ‘effective
charge’of 0.7. In substitutedO-benzoylamidoximes, the
effective charge at the oxygen atom of substituted
benzamidoximesis probably still higher becausethe
negativechargetransferto the carbonyloxygenatomis
supportedby repulsion from the electron pair of the
adjacentnitrogenatombearinga partialnegativecharge.
By forming the tetrahedralintermediate,this effective
chargeatoxygenis cancelled,andblg hasalargenegative
valueevenif theCO bondsplitting hashardlyadvanced.
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ABSTRACT: Absolute rate constants and Arrhenius parameters for hydrogen atom abstraction by primary alkyl
radicals from methyldiphenyl-, ethyldiphenyl-, butyldiphenyl-,isopropyldiphenyl-, cyclohexyldiphenyl- and
(trimethylsilyl)methyldiphenyltin hydride were determined intert-butylbenzene through utilization of the ‘5-hexenyl
radical clock’ reaction. At 80°C, rate constants (kH) for all hydrides were found to lie in the range (8.2–11.5)� 106


lmolÿ1 sÿ1, with similar Arrhenius expressions for all reactions studied [viz. logkH = (8.92–8.97)ÿ(3.03–3.24)/
2.3RT]. The nature of the alkyl substituent appears to have a subtle effect on the function of the hydride such that the
order or reactivity of stannanes (RPh2SnH) is Me> Et> Bu> i-Pr> c-Hex�Me3SiCH2; this trend can be directly
traced to steric effects operating in the transition states for hydrogen transfer from tin to carbon. The implications of
these observations are discussed. Copyright 1999 John Wiley & Sons, Ltd.


KEYWORDS: radical reduction; alkyldiphenyltin hydrides; stannane; kinetic parameters


INTRODUCTION


In free-radical chemistry, few reagents have had the same
impact as tributyltin hydride.1 As a chain-carrying
reagent, tributyltin hydride is cheap, readily available
and has favourable rate constants for delivery of
hydrogen atom to carbon-centred and other radicals2–6


while the corresponding stannyl radical reacts readily
with a variety of free-radical precursors.6–15 The ability
to establish free-radical chain reactions of synthetic
utility is a direct result of recent significant advances
made in our understanding of the factors which govern
radical reactivity16–20 together with a knowledge of the
important rate constants involved in the overall chain
process.1–6 Formation of carbon–carbon bonds through
the use of inter- and intramolecular homolytic addition
chemistry1,21 and carbon–heteroatom bonds through the
use homolytic substitution chemistry19 are key chemical
reactions of synthetic significance which directly com-
pete with hydrogen abstraction processes from chain
carriers such as tributyltin hydride.


A good example of the selective use of tributyltin
hydride in synthesis is demonstrated in the recent
preparation of 3,4-dehydro-8-oxo-5-selena-1-azabicyclo-
[4.2.0]octane (1) in which precursor2 (X = I) is reacted
with tributyltin hydride presumably to afford radical3,


which undergoes intramolecular homolytic substitution
at selenium to afford the selenium-containing heterocycle
1 (Scheme 1) (R. L. Martin and C. H. Schiesser,
Unpublished). Control of substrate concentration
(<0.1M) together with the judicious choice of radical
precursor (iodide) allows for necessary selectivity criteria
to be met (R. L. Martin and C. H. Schiesser,
Unpublished). Specifically, tributylstannyl radical must
react by abstraction of the iodine atom in preference to
the selenide functionality in2 (X = I), that the carbon-
centred radical must react at the selenium atom in2 in
preference to hydrogen abstraction from tributyltin
hydride and that the benzyl radical formed upon
homolytic substitution must abstract hydrogen atom
from tributyltin hydride to continue the radical chain.


Recent interest in extending the useful range of
reactivity of trialkylstannanes, and in stereoselective
radical reactions,22 has seen the development of a limited
number of modified stannanes.23–26 To date, however,
chiral stannanes have returned only moderate levels of


Scheme 1
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enantioselectivity during free-radical reactions.26 During
this time, we have been engaged in work directed towards
the development of homolytic substitution methods for
use in synthesis.19 Computational27 and experimental28


studies have led to the design of new reagents29 and
precursors30 for use in radical chemistry. Our recent
interest in the development of modified stannanes for use
in radical and other chemistry required that we model
hydrogen abstraction by various alkyl radicals from a
series of alkylstannanes byab initio molecular orbital
theory.31 These calculations (MP2/DZP; QCISD/DZP)
predict that hydrogen abstraction from stannane (SnH4)
by methyl, ethyl, isopropyl and tert-butyl radicals
proceed via transition states in which the attacking and
leaving radicals adopt a colinear arrangement and have
associated energy barriers which fall in the range of 3.3–
7.6 kcal molÿ1 (1 kcal = 4.184 kJ).31 The predicted reac-
tivity trend towards stannane, namely Me< primary
< secondary< tertiary is in accordance with well estab-
lished experimental data.4,5


Unfortunately, there exist few kinetic data for
unsymmetrically substituted stannanes. In order to gauge
the effect of alkyl substitution on the reactivity of the tin
hydride, we have determined the absolute rate constants
and Arrhenius parameters for a series of alkyldiphenyltin
hydrides. We now report that methyldiphenyl-, ethyldi-
phenyl-, butyldiphenyl-,isopropyldiphenyl-, cyclohexyl-
diphenyl- and (trimethylsilyl)methyldiphenyltin hydride
react with primary alkyl radicals intert-butylben-
zene with rate constants which fall in a narrow range,
(8.2–11.5)� 106 lmolÿ1 sÿ1 at 80°C In addition, activa-
tion energies and log(A/lmolÿ1sÿ1) values have been
determined to lie in the ranges 3.03–3.24 kcal molÿ1 and
8.92–8.97, respectively. The nature of the alkyl sub-
stituent appears to have a subtle effect on the function of
the hydride such that the order of reactivity of
stannanes (RPh2SnH) is Me> Et> Bu> i-Pr> c-HexEa


(kJmolÿ1)�Me3SiCH2.


RESULTS AND DISCUSSION


The alkyldiphenyltin hydrides in this study were prepared
by lithium aluminium hydride reduction of the corre-
sponding fluoride. Absolute rate constants for the
delivery of hydrogen atom to primary alkyl radicals were
determined through application of the well established
‘5-hexenyl radical clock’ reaction (Scheme 2).32 Several
published Arrhenius parameters exist for the ring closure
of the 5-hexenyl radical.33–37Kinetic EPR spectroscopy
provide figure s of 10.7� 1.0 and 9.5� 1.0 for the value
of log(A/sÿ1), together with activation energies of 7.8�
1.0 and 6.1� 1.0 kcal molÿ1.36,37


Competitive experiments appear to provide the most
reliable expresson [Eqn 7, see below], although this
expression is dependent on the quality of the rate constant
(kH) data available for competitive reduction and there
appears to be some variability in published Arrhenius
parameters for this reaction.5


In order to provide confidence in our techniques and to
provide further kinetic data for the 5-hexenyl radical
(clock) reaction, we chose to redetermine the Arrhenius
parameters for the cyclization of the 5-hexenyl radical in
the presence tributyltin hydride (Bu3SnH), a reagent
whose kinetics have been established by (primary) laser
flash photolytic techniques.5


Calibrating the radical clock


Gas chromatography (GC) of the reaction mixture
obtained when 1-bromo-5-hexene was reacted with either
1 or 10 equiv. of tributyltin hydride (0.05–0.15M) in tert-
butylbenzene (ca 5 mol% AIBN) revealed the presence
of 1-hexene (4) and methylcyclopentane (5), by compari-
son with authentic samples. Integration of the appropriate
rate equation [Eqn 1] leads to Eqn 2, which is valid under
‘pseudo-first-order’ conditions in stannane (i.e. 10
equiv.), or to Eqn 3 (where subscripts 0 and f denote
initial and final, respectively), which is used under
‘second-order conditions’ (i.e. 1 equiv.).35 In the ‘second-
order’ reactions, overall conversions and, subsequently,
the concentrations of products4 and5 required for Eqn 2
were determined by integration against an internal GC
standard (octane). In all reactions conversions in excess
of 97% (% 4�% 5 >97%) were recorded. These GC
studies also revealed the presence of small (<ca 1%)
amounts of cyclohexane which played no role in the
overall kinetic analysis.


d�5�=d�4� � kc=�kH�Bu3SnH�� �1�
�5�=�4� � kc=�kH�Bu3SnH�� �2�


�5�f � kc lnf��Bu3SnH�0 � kc=kH=��Bu3SnH�f
�kc=kH�g=kH �3�


Initial reductions were carried out at three concentra-


Scheme 2
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tions (0.05, 0.1 and 0.15M) at 80°C under ‘pseudo-first-
order’ and ‘second-order’ conditions. Applications of the
appropriate integrated rate equation [Eqn 2 or 3] provide
the rate constant data which are listed in Table 1; the data
presented for each entry are the average of three
individual experiments. The pleasing degree of conver-
gence between the data obtained by the various methods
indicates that the kinetic model (Scheme 2) is correct and
that we are monitoring free-radical processes and
provides confidence in our experimental techniques.


Inspection of Table 1 reveals slightly greater consis-
tency between the data obtained using the ‘second-order’
technique (method B) than those obtained using 10 equiv.
of the hydride. Variations in reproducibility with the
latter technique are likely, as stannane addition to the
olefin moiety in the starting bromide and product (1-
hexene) may affect the (GC) measured product ratios.
Reactions at other temperatures were carried out using 1
equiv. of tributyltin hydride (method B) at one concen-
tration (0.1M); the results are summarized in Table 1.


Linear regression analysis of the data presented in
Table 1 provides the following (relative) Arrhenius


expression (errors are expressed to 95% confidence and
include random but not systematic variations)


log�kc=kH�=M � �1:06� 0:18� ÿ �2:90� 0:29�=� �4�


where� = 2.3RTkcal molÿ1. Combining Eqn 4 with the
‘best Arrhenius equation to use for the reaction of a
primary alkyl radical with tributyltin hydride’:4


logkH=l molÿ1sÿ1 � �9:07� 0:24� ÿ �3:69
� 0:32�=� �5�


leads to the following Arrhenius expression for the ring
closure of the 5-hexenyl radical Eqn intert-butylbenzene:
(errors are expressed to 95% confidence and include
random but not systematic variations)


logkc=s
ÿ1 � �10:13� 0:42� ÿ �6:59� 0:61�=� �6�


Equation 6 compares very favourably with the
previously determined expression:5


logkc=s
ÿ1 � �10:42� 0:32� ÿ �6:85� 0:42�=� �7�


Given differences in solvent (e.g.tert-butylbenzene in
this study, benzene in a previous study33), and for
consistency, values ofkH determined in this study were
calculated using Eqn 6 as the Arrhenius expression for
the radical clock.


Reactions of alkyldiphenyltin hydrides


Reactions of the various alkyldiphenyltin hydrides
(RPh2SnH) with 1-bromo-5-hexene were initially per-
formed at 80°C under ‘pseudo-first-order’ and ‘second-
order’ conditions in the same way as described for
tributyltin hydride. As was observed previously, the data
obtained using the ‘second-order’ technique (method B)
proved to be superior to those obtained using method A.
Results of this study summarized in Table 2.


Subtle changes inkH can be noted on moving through
the series of hydrides; the order of reactivity at 80°C


Table 1. Rate data for the ring closure of the 5-hexen-1-yl
radical in tert-butylbenzene


Temperature
(°C) Methoda


[Bu3SnH]
(M)


kc/kH
(M)b


kc
(� 106 sÿ1)


80 A 0.05 0.183 1.11
0.10 0.185 1.11
0.15 0.187 1.13


B 0.05 0.186 1.13
0.10 0.184 1.12
0.15 0.184 1.12


60 B 0.10 0.141 0.62
70 0.170 0.88
90 0.211 1.48


100 0.228 1.83
110 0.244 2.23
120 0.292 3.03


a Method A: 10 equiv. of Bu3SnH (‘pseudo-first-order’ condition).
Method B: 1 equiv. of Bu3SnH (‘second-order’ conditions).
b Average of three experiments.


Table 2. Selected rate data determined under second-order conditions (0.01 M) for the reactions of primary alkyl radicals with
some alkyldiphenyltin hydrides in tert-butylbenzene at 80°C


Stannane 4 (%) 5 (%) kc/kH (M)a kH (�106 lmolÿ1 sÿ1)


MePh2SnH 38.1 61.7 0.100 11.1
EtPh2SnH 28.7 71.3 0.112 9.9
BuPh2SnH 27.2 71.6 0.113 9.8
i-PrPh2SnH 27.4 72.8 0.120 9.3
c-HexPh2SnH 23.9 74.7 0.135 8.2
Me3SiCH2Ph2SnH 25.5 71.2 0.124 9.0


a Average of three experiments.
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is clear MePh2SnH> EtPh2SnH� BuPh2SnH >i-
PrPh2SnH>Me3SiCH2Ph2SnH> c-HexPh2SnH, al-
though the changes in rate constant (kc) are small. These
and other observations are discussed in more detail
below.


The remaining kinetic data for the alkyldiphenyltin
hydrides at temperatures other than 80°C were obtained
under ‘second-order’ conditions and are summarized in
Table 3 together with the available data for triphenyltin
hydride.3,34 What is immediately clear from the kinetic
data in Table 3 is that the alkyl substituents on the
alkyltriphenyltin hydrides in this study appear to exert
only a minor influence on the rate constant (kH) and
Arrhenius parameters (logA, Ea). At 80°C, the hydrides
in this study all deliver hydrogen with rate constants
which fall in the narrow range (8.2–11.5)� 106 l molÿ1


sÿ1, which, as expected, lie between the value for
tributyltin hydride (6.1� 106 l molÿ1 sÿ1) and triphenyl-
tin hydride (>1.5� 107 l molÿ1 sÿ1).3,34 In addition,
both the entropy (logA) and activation energy (Ea) terms
in the Arrhenius expression for each stannane are also
found to lie in narrow ranges, logA = 8.92–8.97 l molÿ1


sÿ1 and Ea 3.03–3.24 kcal molÿ1; the logA term is
consistent with values determined previously for tribu-
tyltin hydride.5


Closer inspection of the data in Table 3 reveals the
existence of a subtle trend in both activation energy and
rate constant data. On moving from methyl- to ethyl-,
butyl-, isopropyl- and cyclohexyl-substituted stannanes,
decreases in rate constant (kH) and slight increases in
activation energy (Ea) can be observed, while no trend in
logA is apparent. We conclude, therefore, that the nature
of the alkyl substituent (R) has a subtle effect on the
activation energy for the reactions of the alkyldiphenyltin
hydrides (RPh2SnH) in question, which manefests itself
in slight variations in rate constant (we accept that this
effect is open to interpretation as the kinetic parameters
listed in Table 3 have overlapping error bars). On the
basis of these data, it appears that the (trimethylsilyl)-
methyl substituent behaves more like a secondary alkyl
substituent than a primary group.


What is the likely origin of the observed trends inEa


and kH? It seems reasonable to postulate that the alkyl
substituent is exerting either an electronic or a steric
effect in the transition states (6) for hydrogen transfer
leading to slight changes in activation energy. The former
effect may well dominate if the transition state has
significant polar character, while the latter effect might
be important if the reacting centres in the transition state
are close enough to ‘feel’ the steric bulk of the other.


Table 3. Kinetic parameters for the reactions of some alkyldiphenyltin hydrides with primary alkyl radicals in tert-butylbenzene
(60±120°C)


Stannane LogA (lmolÿ1 sÿ1)a Ea (kcal molÿ1)a kH (80°C)b (� 106 lmolÿ1 sÿ1)


Ph3SnH — — >15c


MePh2SnH 8.94� 0.21 3.03� 0.30 11.5
EtPh2SnH 8.91� 0.20 3.07� 0.20 10.2
BuPh2SnH 8.95� 0.25 3.13� 0.25 10.2
i-PrPh2SnH 8.95� 0.13 3.18� 0.21 9.5
c-HexPh2SnH 8.92� 0.26 3.24� 0.40 8.2
Me3SiCH2Ph2SnH 8.97� 0.15 3.24� 0.25 9.2


a Error limits are expressed to 95% confidence but include random and not systematic variations.
b Calculated from the Arrhenius parameters.
c Ref. 3.


Figure 1. Correlation between activation energies (Ea, Table 3) for the reactions of the alkyldiphenyltin hydrides (RPh2SnH) in
this study with primary alkyl radicals and the Charton (left) and Taft (right) steric parameters of the alkyl substituents (R)
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Our recent calculations offer insight into both of these
important factors.31 MP2/DZP calculations predict that
the overall carbon–tin separation in the transition states
for several alkyl radicals abstracting hydrogen from
stannane (SnH4) and trimethylstananne (Me3SnH) lie in
the narrow range 3.46–3.48 A˚ . In addition, only margin-
ally polarized transition states (6) are predicted in which
the hydrogen is ‘�ÿ’ and the tin is ‘��’. (Mulliken charge
distributions were not reported in Ref. 31) Given the
relative ranking of the electron-donating ability of alkyl
substituents (viz. secondary> primary>Me),38 one
would expect cyclohexyl andisopropyl substituents to
offer greater stability to the transition state (6) than ethyl
or butyl, which in turn would be better than methyl; the
prediction, therfore, is that the activation energy (Ea)
should increase in the orderc-Hex� i-Pr< Bu� Et
<Me. The reverse is observed, suggesting that polar
effects play no significant role in transition states (6).


In order to provide insight into the role that steric
factors play in transition states (6), the activation energies
listed in Table 3 were correlated against both the Taft
(Es)


39 (data for Me3SiCH2 are unavailable) and Charton
(�)40 (data for Me3SiCH2 are unavailable) steric par-
ameter of the substituent (R), the results of which are
displayed in Fig. 1. Excellent correlations are observed.
We conclude, therefore, that the reactivity trends noted in
this study are the direct result of subtle changes in steric
crowding in the transition states involved in the transfer
of hyrogen atom from the alkyldiphenyltin hydrides in
this study to primary alkyl radicals.


CONCLUSIONS


Competitive experiments using tributyltin hydride
have led to the calibration of the ‘5-hexenyl radical
clock’ reaction in tert-butylbenzene, the derived
Arrhenius expression [viz. logkc/s


ÿ1 = (10.13� 0.42)ÿ
(6.59� 0.61)/�] being in good agreement with ex-
pressions obtained for the same reaction in other sol-
vents. Subsequent competitive experiments using this
‘clock’ reaction have provided absolute rate constants
and Arrhenius parameters for the hydrogen atom ab-
stractions reactions by primary alkyl radicals from
methyldiphenyl-, ethyldiphenyl-, butyldiphenyl-,isopro-
pyldiphenyl-, cyclohexyldiphenyl and (trimethylsilyl)-
methyldiphenyltin hydride (RPh2SnH), which are found
to lie in narrow ranges [viz.Ea = 3.03–3.24 kcal molÿ1


and log (A/lmolÿ1 sÿ1) = 8.92–8.97].
In addition, the subtle trend in activation energy


observed as the alkyl substituent (R) is varied, namely
Me< Et< Bu< i-Pr< c-Hex�Me3SiCH2, is found to
have a steric origin which is most likely due to changes in
crowding in the transition state for hydrogen transfer.
Clearly, then, despite the large separation between carbon
and tin in the transition states (ca 3.5 Å) for these
reactions, the reacting centres do exert an influence on


each other (molecular mechanics techniques also predict
that ligands on tin exert a steric influence over the alkyl
radical in the transition state for hydrogen transfer).41


Manipulation of these steric interactions through ju-
dicious choice of ligands on the tin centre should provide
for modified stannanes with interesting physical proper-
ties. We are continuing to examine this interesting and
useful phenonenon.


EXPERIMENTAL


NMR spectra were recorded in DMSO-d6 unless stated
otherwise. Elemental analyses were carried out by the
Australian National University Microanalysis Service.
All boiling-points are uncorrected.


Standard protocol A for the preparation of Alkyldi-
phenyltin ¯uorides. Methyldiphenyltin ¯uoride. Iodine
cystals (6.1 g, 48.0 mmol) were added in portions over
2 h to a stirred cooled (0°C) solution of methyltri-
phenyltin42 (10.3 g, 28.2 mmol) in chloroform (100 ml).
After warming to room temperature, the solution was
stirred for a further 12 h, after which a premixed solution
of acetone (50 ml) and water (50 ml) was added.
Potassium fluoride (1.4 g, 24.1 mmol) was added and
the mixture stirred vigorously for 3 h. The white,
insoluble precipitate was collected by vacuum filtration,
washed with chloroform and driedin vacuoto afford the
title compound of sufficient purity for further use (6.2 g,
84%): m.p. 220°C (sub.);1H NMR, � 0.62 (3H, s), 7.3–
7.7 (10H, m); 13C NMR, �ÿ0.7, 128.1, 128.8, 135.9,
144.3;119Sn NMR,�ÿ163.8 [d,J(19F,119Sn) = 1941 Hz];
MS (CI), m/z (relative intensity, %) 307 (1, [MÿH�]),
228 (100), 230 (70).


Ethyldiphenyltin ¯uoride. This was prepared according
to the standard protocol A using ethyltriphenyltin43 and
isolated as a white solid (74%): m.p. 220°C (sub.);1H
NMR, � 1.38 (3H, m), 1.44 (2H, m), 7.3–7.7 (10H, m);
13C NMR,� 10.1, 11.8, 128.1, 128.7, 136.1, 144.3;119Sn
NMR, �ÿ177.4 [d,J(19F,119Sn) = 1976 Hz]; MS (EI),m/z
(relative intensity, %) 321 (2, [MÿH]�), 292 (100), 273
(2), 197 (34), 139 (97), 120 (20), 77 (27).


Butyldiphenyltin ¯uoride. This was prepared according
to the standard protocol A using butyltriphenyltin43 and
isolated as a white solid (83%): m.p. 225°C (sub.);1H
NMR, � 0.85 (3H, t,J = 7.5 Hz), 1.36 (4H, m), 1.68 (2H,
m), 7.3–7.7 (10H, m);13C NMR, � 13.6, 19.3, 26.2, 27.5,
128.0, 128.6, 136.0, 144.7;119Sn NMR, �ÿ178.8 [d,
J(19F,119Sn) = 2092 Hz]; MS (CI),m/z (relative intensity,
%) 330 (100, [MÿHF]�); HRMS, calculated for
C16H19


120Sn [MÿF]� 331.0504, found 331.0503; analy-
sis, calculated for C16H20Sn C 55.1, H, 5.5, Sn 34.0,
found C 54.9, H 5.2, Sn 34.0%.
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Isopropyldiphenyltin ¯uoride. This was prepared accord-
ing to the standard protocol A usingiso-propyltriphenyl-
tin43 and isolated as a white solid (79%): m.p. 220°C
(sub.); 1H NMR, � 1.43 (6H, d,J = 7.5 Hz), 1.82 (1H,
sept,J = 7.5 Hz), 7.3–7.7 (10H, m);13C NMR, � 20.8,
24.6, 128.0, 128.6, 136.2, 144.3;119Sn NMR, �ÿ198.0
[d, J(19F,119Sn) = 2140 Hz]; MS (CI), m/z (relative
intensity, %) 320 (16, MÿCH4]


�), 316 (100), 292 (25),
273 (12), 258 (60).


Cyclohexyldiphenyltin ¯uoride. This was prepared
according to the standard protocol A using cyclohexyl-
triphenyltin44 and isolated as a white solid (90%): m.p.
260°C (sub.);1H NMR, � 1.32 (4H, m), 1.68 (2H, m),
1.74 (4H, m), 2.01 (1H, m), 7.3–7.6 (10H, m);13C NMR,
� 26.3, 28.2, 30.2, 127.7, 128.2, 136.2;119Sn NMR,
�ÿ202.4 [d, J(19F,119Sn) = 2241 Hz]; MS (EI), m/z
(relative intensity, %) 375 (2, [MÿH]�), 356 (2), 292
(100), 273 (15), 197 (47), 139 (93), 120 (61), 83 (13), 77
(27).


(Trimethylsilyl)methyldiphenyltin ¯uoride. This was
prepared from the coresponding chloride45 by reaction
with potassium fluoride according to the standard
protocol A and isolated as a white solid (90%): m.p.
300°C (sub.);1H NMR, � 0.01 (9H, s), 0.36 (2H, m), 7.3–
7.7 (10H, m);13C NMR, � 1.6, 3.8, 127.9, 128.4, 136.0,
145.6; MS (EI), m/z (relative intensity, %) 364 (100,
[MÿCH4]


�), 292 (15), 197 (83), 139 (55), 120 (64), 77
(53).


Standard protocol B for the preparation of alkyldiphe-
nyltin hydrides Methyldiphenyltin hydride.[46]. Lithium
aluminium hydride (1.25 g, 32.8 mmol) was added, under
argon, in portions, to a stirred, cooled (0°C) suspension
of methyldiphenyltin fluoride (5.0 g, 16.4 mmol) in dry
diethylether. The mixture was stirred for a further 3 h,
then water (20 ml) was cautiously added. The solid was
removed by filtration, the phases were separated and the
organic layer was dried (MgSO4). The solvent was
removed in vacuo to afford the title compound as a
colourless oil (3.7 g, 77%) with physical properties
identical with those reported previously.46 1H NMR
(benzene-d6), � 0.34 (3H, s), 6.14 (1H, s), 7.1–7.2 (6H,
m), 7.4–7.6 (4H, m);13C NMR (benzene-d6) �ÿ11.3,
128.7, 129.0, 137.1, 138.2;119Sn NMR (benzene-d6),
�ÿ138.8 [d, J(1H,119Sn) = 1875 Hz]; MS (EI), m/z
(relative intensity, %) 288 (66, [MÿH2]


�), 273 (5), 197
(100), 120 (82), 77 (8).


Ethyldiphenyltin hydride. This was prepared according
to the standard protocol B using ethyldiphenyltin fluoride
and isolated as a colourless oil (93%):1H NMR
(benzene-d6), � 1.19–1.38 5H, m), 6.30 (1H, s), 7.1–7.2
(6H, m), 7.4–7.6 (4H, m);13C NMR (benzene-d6), � 2.0,
11.2, 128.4, 128.7, 137.2, 137.7;119Sn NMR (benzene-
d6), �ÿ130.2 [d, J(1H,119Sn) = 1765 Hz]; MS (EI),m/z


(relative intensity, %) 303 (2, [MÿH]�), 274 (100), 226
(3), 197 (81), 120 (65), 77 (13), HRMS, calculated for
C14H15Sn 303.0192, found 303.0182.


Butyldiphenyltin hydride. This was prepared according
to the standard protocol B using butyldiphenyltin fluoride
and isolated as a colourless oil (95%):1H NMR
(benzene-d6), � 0.77 (3H, t,J = 7.5 Hz), 1.24 (4H, m),
1.54 (2H, m), 6.29 (1H, s), 7.1–7.2 (6H, m), 7.4–7.6 (4H,
m); 13C NMR (benzene-d6), �ÿ0.2, 13.6, 27.4, 28.7,
128.5, 129.1, 137.2, 137.9;119Sn NMR (benzene-d6),
�ÿ136.0 [d, J(1H,119Sn) = 1798 Hz]; MS (EI), m/z
(relative intensity, %) 331 (14, [MÿH]�), 274 (49), 197
(100), 120 (45), 77 (2).


Isopropyldiphenyltin hydride. This was prepared accord-
ing to the standard protocol B usingiso-propyldiphenyl-
tin fluoride and isolated as a colourless oil (97%):1H
NMR (benzene-d6), � 1.27 (6H, d,J = 8.0 Hz), 1.67 (1H,
sept,J = 8.0 Hz), 6.37 (1H, s), 7.1–7.2 (6H, m), 7.4–7.6
(4H, m); 13C NMR (benzene-d6), � 15.9, 22.2, 128.8,
129.0, 137.7, 138.1;119Sn NMR (benzene-d6), �ÿ122.7
[d, J(1H,119Sn) = 1731 Hz]; MS (EI), m/z (relative
intensity, %) 317 (23, [MÿH]�), 274 (29), 197 (100),
120 (46), 77 (2).


Cyclohexyldiphenyltin hydride. This was prepared
according to the standard protocol B using cyclohexyl-
diphenyltin fluoride and isolated as a colourless oil
(79%):1H NMR (benzene-d6), � 1.19 (4H, m), 1.50–1.60
(6H, m), 1.83 (1H, m), 6.38 (1H, s), 7.1–7.2 (6H, m), 7.4–
7.6 (4H, m);13C NMR (benzene-d6), � 26.7, 27.8, 28.5,
31.9, 128.4, 128.6, 137.4, 137.9;119Sn NMR (benzene-
d6), �ÿ136.9 [d, J(1H,119Sn) = 1706 Hz]. MS (EI),m/z
(relative intensity, %) 356 (23, [MÿH2]


�), 274 (88), 197
(100), 120 (83), 77 (13); analysis, calculated for
C18H22Sn C 60.6, H 6.2, found C 60.5, H 6.2%.


(Trimethylsilyl)methyldiphenyltin hydride. This was pre-
pared according to the standard protocol B using
(trimethylsilyl)diphenyltin fluoride and isolated as a
colourless oil (52%):1H NMR (benzene-d6), �ÿ0.12
(9H, s), 0.10 (2H, s), 5.23 (1H, s), 7.1–7.2 (6H, m), 7.4–
7.6 (4H, m);13C NMR (benzene-d6), �ÿ6.2, 0.9, 128.4,
128.7, 136.9, 138.5;119Sn NMR (benzene-d6), �ÿ130.8
[d, J(1H,119Sn) = 1753 Hz]; MS (EI), m/z (relative
intensity, %) 361 (23, [MÿH]�), 274 (43), 269 (100),
197 (78), 120 (54), 77 (10); analysis, calculated for
C16H22SiSn C 53.2, H 6.1, Sn 32.9, Found C 53.0, H 6.2,
Sn 32.6%.


Typical kinetic experiment (method A). An aliquot
(100ml) of a standard solution (0.05–0.15M) of the
stannane intert-butylbenzene was placed in a small
Pyrex tube, 1-bromo-5-hexene (ca 0.1 equiv.) and AIBN
(ca 1 crystal) were added and the solution was degassed
by the usual freeze–thaw technique, before being sealed


Copyright  1999 John Wiley & Sons, Ltd. J. Phys. Org. Chem.12, 233–239 (1999)


238 D. DAKTERNIEKSET AL.







under vacuum. After being thermolysed in an oil-bath at
the required temperature, the solution was analysed by
GC.


Typical kinetic experiment (method B). An aliquot
(100ml) of a standard solution (0.05–0.15M) of the
stannane, 1-bromo-5-hexene (1.0 equiv.) and AIBN (ca2
mol%) in tert-butylbenzene were placed in a small Pyrex
tube and the solution was degassed by the usual freeze–
thaw technique, before being sealed under vacuum. After
being thermolysed in an oil-bath at the required
temperature, the solution was analysed by GC.
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ABSTRACT: The kinetics of reactions between Y-benzenesulfonyl chlorides and X-pyridines in methanol at 35.0°C
were investigated. Strongparap-acceptors, X =p-CN andp-COCH3, give good linear fits to Brønsted-type plots with
low bX (=0.32–0.45) but show positive deviations from linear Hammett plots (�X =ÿ1.98 toÿ2.79). Excellent linear
Hammett plots are obtained with substituent variations in the substrate with�Y = 0.6–1.0 which are similar to those
for the anilinolysis. These results support anSN2 mechanism for the pyridinolysis of benzenesulfonyl chlorides. The
cross-interaction constantrXY is a small negative value (ÿ0.48). Much smaller magnitudes ofbX, rX andrXY than
the corresponding values for the anilinolysis suggest that the transition state is formed at a relatively earlier position
along the reaction coordinate than for anilinolysis. Copyright 1999 John Wiley & Sons, Ltd.


KEYWORDS: pyridinolysis; benzenesulfonyl chlorides; Brønsted plots; cross-interaction constant;SN2 mechanism


INTRODUCTION


There has been considerable interest in the mechanism of
solvolysis and aminolysis reactions of sulfonyl halides.
Various mechanisms have been proposed depending on
nucleophiles, substrate and solvents ranging from
nucleophilic substitutions (SN1 andSN2) through addi-
tion–elimination (SAN) to elimination (E1, E2 andE1cB
types). For example, various alkane and arene sulfonyl
chlorides1 (RSO2Cl, where R = Me, Et, Pri, benzene, 1-
naphthalene, 5-dimethylaminonaphthalene-1-, 1-anthra-
cene, etc.) are known to undergo nucleophilic substitu-
tion reactions with solvents and amines through anSN2
mechanism. On the other hand, Arcoriaet al.2 proposed
an addition–elimination (SAN) mechanism for the
aminolysis of thiophene and furan sulfonyl chlorides.
Recently, Spillane and co-workers3 reported that various
sulfonyl chlorides (R1R2NSO2Cl, where R1 and/or
R2 = Ph, Me, PhCH2, c-C6H11, But, H) react with anilines
in chloroform and acetonitrile via anE2-type mechanism.


In a previous study4 we found that pyridine bases
(XPy = XC5H4N) can provide an interesting and novel


mechanistic probe for nucleophilic substitution reactions.
Owing to the weakp-donor effect of strongp-acceptor
groups,5 e.g. CN, NO2, under the influence of a positive
charge at the neighboring (orpara in the ring) position,
the ratio �pKa/�� = pKa(para)ÿpKa(meta)/(spÿsm) re-
verses in pyridine to positive (for CN and NO2, the ratios
are ca �5 and �3, respectively), in contrast to the
negative values for other normal substituents (for
CH3,OCH3,Br and Cl the ratios areÿ4, ÿ5, ÿ6 and
ÿ7, respectively). Thus in the reactions in which the N
atom of pyridine becomes positively charged, the pKa


values ofp-CN, p-NO2, etc., reflect the substituent effect
correctly since determination of pKa involves a positive
charge on N(XC5H4N�H� → XC5H4N


�H). However,
in other cases the pKa values of such strongp-acceptors
will not represent substituent effects correctly, i.e. the
weakp-donor effect that was accounted for in the pKa


measurement will be absent. These different representa-
tions of the pKa values will be reflected differently in the
linear Brønsted plots depending on the charge types,
positive or negative, of the N-moiety in the transition
state (TS) or product. For example, in the Brønsted plots
for the pyridinolysis of phenyl chloroformates,4 p-CN
and p-COCH3 groups gave large negative deviations
requiring enhanced pKa values corresponding to the
enhancedsp ��ÿp � values in order to represent correctly
through-conjugation of the electron-rich N-moiety in the
TS.
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This interesting mechanistic application of pyridine
nucleophiles prompted us to probe the kinetics and
mechanism of aminolysis of benzenesulfornyl chlorides:


YC6H4SO2Cl


� XC5H4N ÿ!MeOH


35:0 �C
YC6H4SO2N


�C5H4X


� Clÿ �1�


In addition, we determined the cross-interaction
constants,6 rXY in the equation


log�kXY=kHH� � �X�X � �Y�Y � �XY�X�Y �2�


where X and Y are substituents in the nucleophile and
substrate respectively, as a mechanistic criterion; it has
been shown thatrXY is negative (ÿ0.6 toÿ0.8) in SN2
reactions whereas it is positive in the stepwise mechan-
ism with rate-limiting departure of the leaving group.7


The magnitude ofrXY for an SN2 process is believed to
be inversely related to the distance,rXY, between
nucleophile and substrate in the TS.8 The reaction center,
N, being within the ring, the magnitude ofrXY, i.e. the
distancerXY, will be of great interest as a probe of the TS
structure.


RESULTS AND DISCUSSION


The pseudo-first-order rate constants (kobs) determined
using excess pyridine (Py) obeyed second-order kinetics,
and second-order rate constantsk2 were obtained from
slopes of plots ofkobsversus [Py] as summarized in Table
1. The rates are faster with a stronger nucleophile
(��X < 0) and a stronger electron acceptor substituent in
the substrate (��Y > 0), which are compatible with the
nucleophilic substitution at the sulfur atom which
becomes more negatively charged in the TS. The rate
constants,k2, are comparable to or slightly lower than
those corresponding values for the reactions with
anilines;1b for example, the ratio ofk2 for p-methylaniline
(pKa = 5.10)/pyridine (pKa = 5.21) in methanol at 35.0°C
ranges fromca 1.7 to 1.0 as the substituent Y in the
substrate is varied fromp-CH3 to p-NO2.


The Brønsted-type plots are presented in Fig. 1. We
note that the linearities are good and two strongp-
acceptors,p-CH3CO andp-CN, do not deviate from the
linear plots. The pKa value of p-cyanopyridine was
available in the literature10 (1.86), but that of p-
acetylpyridine was not, so we correlated five available
pKa values ofp-acceptorpara substituents (p-CONH2,
3.61;p-COC6H5, 3.35;p-CN, 1.86;p-C6H5, 5.35; andp-
NO2, 1.39)10,11 with their sp and obtained the equation
pKa =ÿ(5.12� 0.23)�p� 5.39� 0.12, r = 0.997, n = 5.
We then calculated the pKa value of p-acetylpyridine
(pKa = 2.83) from this equation using�p = 0.50. Brønsted
b values (bX) determined from the slopes are shown in


Table 1. ThebX values (0.33–0.46) are relatively small so
that the stepwise mechanism with rate-limiting leaving
group departure (for whichbX � 0.8–1.0) can be safely
precluded. These Brønstead coefficients could be some-
what in error since the rate data (in methanol) should be
plotted using pKa values measured in methanol, not in
water. However, the magnitude ofbX is significantly
lower (by about half) than the corresponding values
(bX = 0.63–0.85) determined under the same reaction
conditions for the reactions with anilines.1b These two
results, linear plots for the strongp-acceptors and lower
bX values, suggest that positive charge develops on the
reaction center N of the pyridine in the TS but charge
development is much weaker so that the TS is much
earlier along the reaction coordinate with pyridines than
with anilines.


The Hammett plots are shown in Fig. 2 for variation of
the substituents (Y) in the substrate. Excellent linearities
are obtained with fairly small slopes (rY) of 0.6–1.0,
which are comparable to the corresponding values for the
reactions with anilines under the same reaction condi-
tions (rY � 0.6–1.0).1b Better fits with�ÿp for Y = p-NO2


suggest relatively strong negative charge development on
S in the TS. The positiverY suggests that the sulfur atom
becomes more negative in the TS with a greater degree of
bond making by the nucleophile than leaving group
departure.


We finally attempted Hammett plots for substituent
variations in pyridine (Fig. 3). We note that the two


Figure 1. Brùnsted plots (bX) for the pyridinolysis of Y-
benzenesulfonyl chlorides (for Y = p-CH3O, H and p-NO2) in
MeOH at 35°C
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Table 1. Rate constants, k2 (�102 l molÿ1sÿ1), for the reactions of Y-benzenesulfonyl chlorides with X-pyridines in methanol at 35°C


pKa
a p-CH3O p-CH3 H p-Cl m-Cl m-NO2 p-NO2 rY


b


p-CH3O 6.58 35.5 52.5 70.8 83.2 158 324 1148 0.98� 0.07 (0.993)c


p-CH3 6.03 20.4 27.6 39.9 61.2 89.1 239 832 1.08� 0.03 (0.998)
m-CH3 5.67 12.6 19.5 25.1 38.9 57.5 110 318 0.91� 0.04 (0.998)
H 5.21 8.91 11.8 15.9 24.0 33.9 63.1 178 0.86� 0.02 (0.999)
m-CONH2 3.33d 2.63 3.82 4.17 5.62 9.77 17.4 35.5 0.76� 0.06 (0.998)
m-CH3CO (3.17)e 2.34 2.95 3.50 5.18 6.11 10.1 26.0 0.68� 0.03 (0.998)
m-Cl 2.81 1.91 2.45 3.16 4.07 5.37 9.33 20.6 0.68� 0.02 (0.999)
p-CH3CO (2.90)f 1.89 2.42 3.14 4.06 5.34 9.30 20.2 0.68� 0.02 (0.999)
p-CN 1.86 0.759 0.977 1.32 1.74 2.04 3.31 6.61 0.61� 0.03 (0.997)
m-CN 1.35 0.589 0.708 0.891 1.10 1.62 2.40 5.01 0.62� 0.03 (0.997)
bx 0.33� 0.01 0.34� 0.01 0.35� 0.01 0.36� 0.01 0.38� 0.01 0.41� 0.02 0.46� 0.02


(r = 0.997) (r = 0.997) (r = 0.997) (r = 0.999) (r = 0.997) (r = 0.995) (r = 0.995)
rx


g ÿ1.99� 0.09 ÿ2.08� 0.10 ÿ2.16� 0.08 ÿ2.19� 0.11 ÿ2.30� 0.07 ÿ2.50� 0.09 ÿ2.79� 0.11
(r = 0.993) (r = 0.993) (r = 0.995) (r = 0.992) (r = 0.997) (r = 0.996) (r = 0.995)


a pKa values in water at 25°C taken from Ref. 9.
b Thes and�ÿp values were taken from Ref. 9.
c Correlation coefficient.
d Taken from Ref. 11.
e Calculated values using pKa =ÿ5.65 (�0.16)�� 5.20 (�0.06),r = 0.994,n = 23.
f Calculated values using pKa =ÿ5.55 (�0.36)�p� 5.65 (�0.21),r = 0.994,n = 4.
g The twop-acceptors,p-CN andp-COCH3, are excluded. Correlation coefficients are better than 0.993 in all cases.
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strongp-acceptorparasubstituents,p-CH3CO andp-CN,
exhibit strong positive deviations from the otherwise
linear Hammett plots. This anomalous behavior of the
strongpara p-acceptor can be attributed to the weakp-
donor effect of suchparasubstituents under the influence
of positive charge5 developed on N at the TS. The
Hammett substituent constants,s, for the strong parap-
acceptor represent normal electron acceptor effects only,
which are determined from the standard reactions,
ionization equilibria of benzoic acids. Here the reaction
center, the carbonyl carbon, is exocyclic and does not
involve a cationic charge in the product so that the weak
p-donor effect of thep-acceptor under the influence of
positive charge is absent. However, for a strongpara p-
acceptor, the weakp-donor effect is represented in the
pKa value (since the pKa determination involves cationic
charge at N) and owing to this weakp-donor effect the
pKa value is somewhat enhanced beyond that expected
from the purelyp-acceptor ability. This is why thep-
acceptors deviated positively from the plots of pKa versus
s10 and the ratio�pK/�s is positive for such substituents.
Thus for pyridines the pKa and s scales represent
different electronic effects for strongpara p-acceptors.


It becomes clear that whenever the reaction center N
on pyridine becomes positively charged in the TS or in
the product, logk(or logK) versus pKa will be linear but
logk (or logK) versuss will be non-linear with respect to
suchpara p-acceptors. In other cases, e.g. no positive
charge development on N, such apara p-acceptor will


behave normally with logk (or logK) versuss plots but
will deviate negatively in logk (or logK) versus pKa plots.
Such an example is encountered in the pyridinolysis of
methyl4,12 and phenyl chloroformates;4 in the former,
linear Brønsted plots were obtained in a stepwise
mechanism with rate-limiting departure of the leaving
group from a tetrahedral intermediate in which the N on
pyridine is positively charged, whereas in the latter, the
para p-acceptors exhibited negative deviations in the
Brønsted plots but behaved normally with�ÿp in the
Hammett plots.4


Since in the present work thepara p-acceptors,p-CN
and p-CH3CO, behaved normally in the Brønsted plots
but showed positive deviations in the Hammett plots, the
reaction center N on pyridine must be more positive in
the TS. TherX values determined excluding the twopara
p-acceptors ranged fromÿ1.99 (Y =p-CH3O, r = 0.993)
to ÿ2.79 (Y =p-NO2, r = 0.995), which are numerically
similar to those for the reaction with anilines (ÿ1.96 to
ÿ2.65)1b but are actually much smaller (byca 1/2.8)
when the fall-off factor of ca 2.8 is taken into
consideration. The lowerrX and bX values compared
with those for the reaction with anilines are indicative of
a lower degree of bond making in the TS for the reaction
with pyridines. Since therY values are smaller, the TS for
reactions with pyridines must be at an earlier position
along the reaction coordinate. This is reasonable since for
pyridines the reaction center, N, is within the ring so that
close approach towards thep-electron-rich SO2 moiety of


Figure 2. Hammett plots (rY) for the pyridinolysis of Y-
benzenesulfonyl chlorides (for X = p-CH3O, H and m-CN) in
MeOH at 35°C


Figure 3. Hammett plots (rX) for the pyridinolysis of Y-
benzenesulfonyl chlorides (for Y = p-CH3O, H and p-NO2) in
MeOH at 35°C
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the substrate will cause fairly strongp–p repulsion
between those on the pyridine ring and the SO2 moiety
and the TS will be formed at a relatively longer distance,
rXY.


The 70 rate data in Table 1 were subjected to multiple
regression analysis using Eqn. (2) to determine the cross-
interaction constantrXY for the pyridinolysis of benze-
nesulfonyl chlorides. The rXY obtained was
ÿ0.48� 0.09 with r = 0.977. The negativerXY is
consistent with theSN2 mechanism. However the
magnitude is much smaller than those for anilinolysis
(ÿ0.70 andÿ0.75),6 especially when the fall-offca2.8 is
considered from pyridine to aniline (�XY =ÿ0.48 →
ÿ0.17). The much lower magnitude ofrXY is again an
indication of an earlier TS, i.e. bond making at a longer
distance, rXY, between the pyridine nucleophile and
substrate in the TS, which is in line with the conclusion
reached from the lower values ofbX andrX (see above).


In summary, the strongpara p-acceptors, X =p-CN
and p-CH3CO, give good linear fits to Brønsted-type
plots but deviate positively from Hammett plots, logk
versussX. The slopes,bX andrX (obtained excluding the
two para p-acceptors), are considerably lower than the
corresponding values for the reactions with anilines.
These results together with the similar magnitude ofrY


suggest that the pyridinolysis of benzenesulfonyl chlor-
ides proceeds by anSN2 process in which the TS is at a
relatively earlier position along the reaction coordinate
than that in anilinolysis. The proposed mechanism is also
supported by a small negative cross-interaction constant,
�XY =ÿ0.48.


EXPERIMENTAL


Materials. Merck HPLC-grade methanol was used
throughout. Pyridine nucleophiles from Aldrich (GR
grade) were used without further purification. Benzene-
sulfonyl chlorides (Aldrich) were used as supplied.


Rate constants. Rates were measured conductimetrically
at 35.0� 0.05°C. The conductivity bridge used in this
work was a laboratory-made computer automatic A/D
converter conductivity bridge. Pseudo-first-order rate
constants,kobs, were determined by the Guggenheim
method13 with a large excess of pyridine (Py); [sub-
strate] = 1� 10ÿ3 M and [Py] = 0.03–0.25M. Second-
order rate constants,k2, were obtained from the slope
of a plot of kobs vs [Py] with more than five concentra-
tions of pyridine. Thek2 values in Table 1 are the
averages of more than three runs and were reproducible
to within �3%.


Product analysis. Benzenesulfonyl chloride was reacted
with excessm-acetylpyridine with stirring for more than
15 half-lives at 35.0°C in methanol, and the products
were isolated by evaporating the solvent under reduced
pressure. The product mixture was treated by column
chromatography (silica gel, 20% ethyl acetate–n-hex-
ane). Analysis of the product gave the following results:
C6H5SO2N


�C5H4ÿpÿCH3CO, m.p. 42–43°C; NMR
(250 MHz, CDCl3), �H, 2.8 (3H, s, CH3CO), 7.4–9.2
(9H, m, C5H4N, C6H5); IR, �max (KBr) 2900 (CH,
aromatic), 1710 (C=O); mass spectrometry,m/z= 262
(M�); analysis: calculated for C13H12NO3S, C 59.5, H
4.58; found, C 59.6, H 4.57%.
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ABSTRACT: The different behavior of 4-amino-vs4-hydroxypyridinones7 and8, respectively, towards
hydroxylamine is rationalized with the aid of semi-empirical PM3 molecular orbital calculations including
solvent effects. Four different mechanisms leading to either isoxazolo[4,3-c]pyridinones 9 or
isoxazolo[4,5-c]pyridinones 10 are considered. Based on computed activation energies reaction of
hydroxylamine via its oxygen atom as nucleophile is highly disfavored. For compound7 a b-carbon
addition of NH2OH at C-4 of the pyridinone accompanied by amine exchange and ring closure to9 is by
far the most feasible pathway. In contrast to7, according to both NMR spectroscopy and molecular orbital
[semi-empirical PM3 and hybrid density functional/Hartree–Fock (B3LYP/6–31G*)] calculations,8 exists
as a mixture of tautomers8A (ca 20%) and (Z)-8B (ca 80%). Both tautomers of8 are predicted to react
with hydroxylamine at the hydroxyethylidene carbon atom [(Z)-8B] or acyl functionality (8A) to give
hydroxyaminoethylidene compound38 (oxime 23). Subsequent cyclization of either of these
intermediates leads to compound10. Copyright 1999 John Wiley & Sons, Ltd.


KEYWORDS: Isomeric isoxazolo heterocycles; substituent effect; semi-empirical PM3 molecular orbital
calculations


Additional material for this paper is available from the epoc website at http://www.wiley.com/epoc


INTRODUCTION


Fused oxazolo and isoxazolo heterocycles show a wide
variety of biological activity, ranging from antitumor to
herbicidal properties.1,2 Specifically, isoxazolo[4,5-
c]pyridinones1 (Scheme 1), available by reaction of 5-
methylisoxazole-4-carboxamides,3 exhibit hypolipi-
demic activity and are useful synthons for the preparation
of hypnotics, muscle relaxants and tranquillizers.3 An
isomeric isoxazolo[4,3-c]pyridinone 2 has been synthe-
sized by thermolysis of a 3-acetyl-4-azido-2(1H)-pyridi-
none.4 Similarly, benzo-fused derivatives—important as
precursors for herbicide analogues—have been obtained
from 3-acyl-4-azido-2-quinolones.5 3-Acyl-4-hydroxy-
quinolones 3 can be aminated at the 3-acyl keto
functionality by reaction with amines.5a It was expected
that oxime 4 formed in the analogous reaction with
hydroxylamine 11 could be cyclized to the isomeric


isoxazolo[4,5-c]quinolones5. However, under the reac-
tion conditions, by thermal Beckmann rearrangement, the
corresponding oxazolo[5,4-c]quinolones 6 were ob-
tained.6 Recently, we have described a synthesis of both
isomers of fused isoxazole derivatives with an interesting
dependence of the preferred cyclization mode on the 4-
substituent of the 3-acyl lactams7 and 8: 4-amino-
substituted derivatives7 preferentially yield isoxazo-
lo[4,3-c]pyridinones9; in contrast, 4-hydroxy derivatives
8 lead to the formation of isoxazolo[4,5-c]pyridinones
10.7 Finally, it is worth mentioning that isoxazoles have
proved as key intermediates in the synthesis of
biologically active oxygen heterocyclic triones.8


Given the importance of this class of compounds and
the general significance of reactions between electro-
philic and nucleophilic centers for the synthesis of
heterocycles,9 we found it worthwhile to investigate this
interesting influence of the substituent in position 4 of the
heterocycle on the direction of the cyclization in more
detail. In continuation of our previous work on
computational studies on the reaction of carbonyl
compounds with nucleophiles,10 in this paper the results
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of semi-empiricalmolecularorbital calculationson the
reactionsof 7 and8 with hydroxylamine11 to giveeither
9 or 10 arepresented.


CALCULATIONAL DETAILS


From previousexperience10 for reactionsof this type, a
complex behavior was expected.Hence it was not


consideredfeasibleto performsufficiently sophisticated
ab initio or density functional calculations(seebelow,
however,for B3LYP/6–31G*calculationson the tauto-
mersof 7 and8) for thesystemsunderinvestigationand,
especially, their complete reaction pathways.On the
otherhand,despitesomeshortcomingsof semi-empirical
methods,e.g. overestimationof the stability of tetra-
hedralintermediates,thesemethodshaveprovedto give
reasonableresultsfor reactionsof carbonylcompounds
with nucleophiles.In particular,mechanisticdetailssuch
as the identificationof the rate-determiningstepor the
influence of substituentson the kinetics could be
successfullycalculated10 by the semi-empiricalAM1 or
PM3 method.Therefore,in the presentinvestigationall
calculations were performed by the semi-empirical
PM311 methodusingthe VAMP program.12 Geometries
werecompletelyoptimized(keywordPRECISE)by the
eigenvectorfollowing routine.13 Transition stateswere
approximatelylocated by reaction coordinatecalcula-
tions,refinedby gradientnormminimizationandcharac-
terizedby forceconstantcalculations.In addition,down-
hill optimizationsalong both directionsof the normal
modecorrespondingto theimaginaryfrequency(intrinsic
reactioncoordinatecalculations,IRC) weredone.


Solvent effects (H2O) were treated by the self-
consistentreactionfield approximation(basedonTomasi
and co-workers’ treatmentof the reaction field14a) as
implementedin the VAMP package.14b A vdW-shaped
cavity with van der Waals radii scaled by 1.2 was
employed.15 The tautomersof compounds7 and8 (see
Scheme2) were also computedat the hybrid density
functional/Hartree–Fock level of theory (B3LYP/6–
31G*)16 using the Gaussian94 programsuite.17 Zero-
point energies(ZPE) are unscaled.Bulk solventeffects
(aqueoussolution," = 78.5) wereestimatedby the self-
consistentisodensitycontinuummodel(SCIPCM)18 with
an isodensitysurfacecut-off of 0.0004au.


Scheme 1


Scheme 2
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RESULTS AND DISCUSSION


Before discussing the reactions of 7 and 8 with
hydroxylamine,it is appropriateto addressthepossibility
of a tautomeric equilibrium of both compounds[see
Scheme2 for thetautomerismof compound8 asinferred
from NMR spectroscopy;7 since 3-acyltetronicand 3-
acyltetramic acids and their six-memberedanalogues
areknown to be fully enolized8,19 in the following only
enol tautomers(A–C) areconsideredin detail]. Accord-
ing to NMR7 spectroscopyfor 8 the predominant(ca


80%) tautomericform is the 3-hydroxyethylideneform
(Z)-8B with an intramolecularhydrogenbond to the
lactamoxygenatom.The4-hydroxyform 8A seemsto be
in a rapidequilibriumwith theE-conformation(E)-8B of
thehydroxyethylidenetautomer(ca20%).Apparentlyno
2-hydroxyform 8C is discerniblein theNMR spectrum.
In contrast,for 7 only onetautomericspecies,the3-acyl-
4-methylaminoform, is observable.7 Resultsof B3LYP/
6–31G*–SCIPCMandPM3–SCRFcalculationsfor these
tautomericequilibria aresummarizedin Table1.


In completeagreementwith the experimentalfind-
ings7,8andcalculationsonfive-memberedanalogues,19 for
7 the 3-acyl tautomer is predictedto be largely favored,
especially at the B3LYP/6–31G* level of theory. In
contrast,in the caseof the 4-hydroxy compound 8 the
hydroxyethylidene forms, especiallythat with an intra-
molecularhydrogenbondto the lactamcarbonyl oxygen,
shouldbethedominantspecies.However,in contrastto 7,
for compound8 thepreferencefor asingletautomeris less
pronounced,alsoin agreementwith the NMR results.7


Eachof the two possibleisoxazoles9 and10 canbe
obtainedfrom eitherreactant7 or 8 (independentlyof the
respective tautomeric form) via two different paths
(Scheme3; in all following schemescompoundnumbers
in parenthesesrefer to thosewith R = OH). Amine (or
OH) exchangeby additionof thehydroxylaminenitrogen
(path A) at C-4 of 7 [8A; formation of oxime 35 (see
Scheme5) by additionto the C-4 carbonylgroupin the
caseof tautomer8B] or, alternatively, reactionof the
hydroxylamineoxygenat the acyl (hydroxyethylidene)
carbon(pathD) leadsto compound9. Isoxazole10might
be obtainedby attack of the hydroxylaminenitrogen
atomat the acyl (hydroxyethylidene)group[via oximes
20 and23 or hydroxyaminoethylidenederivative38 (see
Scheme7), respectively;path B] or its oxygen at C-4
(pathC). In the following, resultsof the semi-empirical
PM3 calculationson thesefour possiblereactionpath-
waysfor bothpyridinones7 and8 will bepresented.For
compound8, reactionsof both tautomers8A and(Z)-8B
areconsidered.Energiesof the varioustransitionstates,
intermediates,and products relative to the separated
reactants7� 11 [8A� 11, (Z)-8B� 11; additionalwater
or H3O


� moleculesinvolved in (de)protonationstepsasScheme 3


Table 1. B3LYP/6±31G* ±SCIPCM (including ZPE corrections, gas-phase values in parentheses) and PM3±SCRF computed
energies (in kJ molÿ1) of tautomers A, (E)-B, (Z)-B and C for compounds 7 and 8a


7 8


Tautomer B3LYP/6–31G* PM3 B3LYP/6–31G* PM3


A 0.0 (0.0) 0.0 0.0 (0.0) 0.0
(E)-B 34.5(25.2) 9.9 ÿ1.2 (ÿ2.4) ÿ4.8
(Z)-B —b(41.1) 8.6 ÿ6.9 (ÿ7.8) ÿ9.2
C 59.1(47.4) 17.7 ÿ5.3 (ÿ2.4) ÿ2.8


a Total B3LYP/6–31G*–SCIPCMenergiesincludingZPEcorrections(in au)areÿ650.438330(7A) andÿ631.037062(8A). PM3–SCRFenergies
(kJ molÿ1) areÿ364.2(7A) andÿ561.4(8A).
b Not converged.
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well aseliminatedMeNH2(H2O) (seeSchemes4–11)are
includedasrequired]for thesereactionsaresummarized
in Table2.


Path A


The reaction sequencecomputedby the PM3–SCRF
methodfor theadditionof thenitrogenatomof 11 to C-4


of 7 (8A) is outlinedin Scheme4. For7, additionof 11 to
C-4 (TS1), proton transfer to the methylaminogroup
(TS2) andremovalof theleavinggroup(MeNH2, TS3) to
14 occurs in three distinct steps with well defined
intermediates12 and13. In contrast,replacementof the
4-hydroxygroupin 8A by NH2OH to 14� H2O appears
to be an almostconcertedprocess,sinceelimination of
H2O from the proton transferred intermediate 18
proceedsnearlybarrierless(TS9).


Table 2. PM3 computed relative energies Erel (in kJ molÿ1) for the four paths A±D for compounds 7 and 8a


Path 7 Erel 8A Erel (Z)-8B Erel


Path A 7� 11 0.0 8A� 11 0.0 8B� 11 0.0
TS1 91.8 TS8 219.9 TS31 211.0
12 69.4 18 157.3 34 8.2


TS2 203.9 TS9 157.8 TS32 241.8
13 71.3 14 8.5 35 13.6


TS3 95.3 TS4 106.9 TS33 170.5
14 18.5 15 30.2 36 131.8


TS4 116.9 TS5 140.6 TS34 284.8
15 40.2 16 9.5 9 42.1


TS5 150.6 TS6 59.8
16 19.5 17 1.8


TS6 69.8 TS7 35.9
17 11.8 9 32.9


TS7 45.9
9b ÿ128.2


Path B TS10 168.4 TS14 161.6 TS35 45.7
19 9.2 22 ÿ0.7 37 25.3


TS11 239.3 TS15 203.0 TS36 205.1
20 11.3 23 19.1 38 13.4


TS12 184.0 TS16 171.3 TS37 111.4
21 148.0 24 135.6 39 37.3


TS13 253.5 TS17 286.6 TS38 157.9
10 50.7 10 40.7 40 20.0


TS39 59.4
29 10.0


Path C TS18 265.3 TS24 278.7 TS40 242.9
25 102.3 26 53.6 41 19.1


TS19 146.1 TS20 233.1 TS41 94.7
26 63.6 27 23.1 42 82.8


TS20 243.1 TS21 31.6 TS42 264.2
27 33.1 28 15.9 40 3.4


TS21 41.6 TS22 24.6
28 25.9 29 0.8


TS22 34.6 TS23 49.0
29 10.8 10 40.5


TS23 59.0
10b ÿ120.5


Path D TS25 212.2 TS28 261.7 TS43 279.7
30 20.2 32 21.8 43 158.4


TS26 123.3 TS29 103.8 TS44 164.2
31 102.3 33 96.1 44 55.4


TS27 211.2 TS30 255.8 TS45 230.0
16 19.6 16 9.5 45 219.9


TS46 255.3
46 36.0


TS47 86.4
17 11.0


a Erel is given relativeto theseparatedreactants7 (8)� 11; in thedeterminationof Erel additionalmolecules(H2O, H3O
�, MeNH2, MeNH3


�) are
includedasrequired.PM3–SCRFheatsof formation(kJ molÿ1) of theseparatedreactantsareÿ364.2(7), ÿ561.4(8A), ÿ570.6[(Z)-8B], ÿ231.2
(H2O), 389.9(H3O


�), ÿ58.0(11), ÿ24.0(MeNH2), 425.9MeNH3
�).


b Protonation of MeNH2 by H3O
� → MeNH3


� � H2O included.


Copyright  1999JohnWiley & Sons,Ltd. J. Phys.Org. Chem.12, 635–644(1999)


638 W. M. F. FABIAN, K, SCHWEIGERAND R. WEIS







The 4-hydroxyaminoderivative 14, obtained either
from 7 or 8A, then cyclizes (TS4 and TS5) to inter-
mediate16, which subsequently,by dehydration(TS6)
and deprotonation(TS7), yields the final product 9.
Althoughboth7 and8A leadto thesamecommoninter-
mediate14, therelativeenergeticsof thesubsequentreac-
tion steps(seeTable2) aredifferentsincetheenergiesof
theeliminated moleculesMeNH2 andH2O, respectively,
haveto be takeninto account. The rate-determiningstep
in this reactionsequence is for both7 and8A theaddition
of 11 to C-4 and, specifically, proton transfer to the
substituent R (i.e. TS2 and TS8, respectively). All
subsequentsteps are computed to have significantly
lower activation energies. Furthermore,7 is predicted to
be more reactive than the hydroxy derivative 8A
[activationenergyof 204(TS2) vs. 220kJ molÿ1 (TS8)].


Structural featuresof some representativetransition
states (TS1 for addition/elimination, TS2 for proton
transfer,TS5 for cyclization,TS6 andTS7 for dehydra-
tion anddeprotonation,respectively)arepresentedin Fig.
1. Theapproachof thenucleophileto 7 (8A) is facilitated
by a hydrogenbondbetweenthehydroxylamineOH and
the3-acylgroupof 7 (8A). Developmentof theC-4—N-
31 bond in TS1 is accompaniedby substantialpyrami-
dalizationat C-4. The heightof this atomabovethe C-
3—C-5—N-13planein TS1 (Dq = 24.5pm) is approxi-
matelymidway betweenthe sp2-hybridizedC-4 of 7 (D
q = 3 pm) andthetetrahedralintermediate12 (D q = 43.1
pm). The rate-determiningstep,protontransferbetween
the two nitrogen atoms of the hydroxylamine and
methylaminofunctionality (TS2), is characterizedby a
four-memberedcyclic arrayof atomsperpendicularto the
pyridinonemoiety. The changein bondingdistancesin
TS2 appearsto occur in an almostcompletelysynchro-
nousmanner.In contrast,cyclizationto 16proceedsin an
asynchronous,in fact two-step,fashion.Protontransfer
from the 4-hydroxyaminogroup in 14 to the 3-acyl
oxygenatomby far precedesring closure(seeTS5 in Fig.
1). In TS6 andTS7 the expected20 linear [X…H…Y]�


arrangementis almostperfectlyattained.Theslight bend
in TS6 (�(O-10—H-11—O-12)= 161.5°) may be attrib-
uted to a deformation induced by hydrogen bonding
betweenO-8 andH-14 (seeFig. 1).


Reactionof tautomer(Z)-8B via thispathway(Scheme
5) involvesformationof the tetrahedralintermediate34
and dehydration to oxime 35 (TS32). Subsequent
cyclization (TS33) and dehydration(TS34) finally also
leadsto 9. With respectto thispathway (Z)-8B shouldbe
evenlessreactivethantautomer8A [activationenergyof
220 (TS8) vs285kJ molÿ1 (TS34), seeTable2].


Path B


As in pathA, in thismechanism(seeSchemes6 and7 for
details)11 reactswith its nitrogenendasa nucleophile.
The first step in both 7 and 8A involves a concerted
addition at the acyl carbonand proton transfer to the
carbonyloxygen(TS10andTS14 in Scheme6) leading
to the N,O-acetals19 and22, respectively,followed by
dehydrationto oxime 20 (23). Subsequentcyclization,
accompaniedby elimination of the R group [TS12
(TS16) and TS13 (TS17)] finally yields the isoxazo-
lo[4,5-c]pyridinone10. Forboth7 and8A, cyclizationof
theoxime20 (23) via protontransferfrom OH to MeNH
(OH) (TS13andTS17, respectively)is calculatedto have
the highestenergyrelative to separatedreactants[254
(TS13)and287 (TS17)kJ molÿ1].


Reactionof tautomer (Z)-8B (seeScheme7) proceeds
in a similar mannerwith formation of the hydroxyami-
noethylidenecompound38 insteadof oxime23 followed
by atwo-stepcyclizationto intermediate40. Dehydration
of intermediate40 leadsto cation 29 commonalso to


Scheme 4


Copyright  1999JohnWiley & Sons,Ltd. J. Phys.Org. Chem.12, 635–644(1999)


PM3 CALCULATIONS ON THE FORMATION OF ISOMERICISOXAZOLO HETEROCYCLES 639







Figure 1. PM3±SCRF calculated structures of transition states TS1, TS2, TS5, TS6 and TS7. Distances are given in pm and angles
in degrees. Hydrogen atoms of methyl groups are omitted for clarity
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reactionof both 7 and8A via pathC (seeScheme8 for
furtherdetails).


Importantly,theactivationenergyfor theformationof
10 by reactionof tautomer (Z)-8B is significantlylower
(ca 80kJ molÿ1) thanfor tautomer8A. Specifically,not
only the first step, addition of the nucleophile to the
exocyclic carbon atom (TS14 vs TS35), is greatly
favoredin tautomer (Z)-8B but also cyclization of the
intermediate38 (TS38)ascomparedwith thereactionof


oxime 23. As opposedto reaction of 8A, the rate-
determining step is found to be formation of the
hydroxyaminoethylideneintermediate38 (TS36) rather
than its cyclization (TS38). The structuresof thesetwo
transitionstatesaredepictedin Fig. 2.


Path C


The mechanisticdetails obtained by the PM3–SCRF
calculationsfor hydroxylamineaddition at C-4 of 7 (8)
via theoxygenatomof 11aredepictedin Schemes8 and
9. Reactionof bothstartingcompounds7 and8A leadsto
thesamecommonintermediate26. However,asalready
pointed out above, owing to different leaving groups
(MeNH2 and H2O, respectively),the relative energies
(seeTable 2) are different. The overall featuresof this
mechanismclosely resemble those of path A. One
differenceis that here for 7 addition of 11 and proton
transfer to the leaving group R [R=MeNH (TS18)]
occursin aconcertedmanner.Similarly to pathA, for 8A
addition, proton transferand elimination of R [R=OH
(TS24)] arepredictedto beessentiallyaone-stepprocess.
As found also for path A, the primary addition–proton
transferstepTS18(TS24) is ratedetermining.However,
asindicatedby the datapresentedin Table2, formation
of 10 involving reactionof the oxygenatom of 11 via
path C appears to be highly unlikely. Computed


Scheme 5


Scheme 6


Scheme 7
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activation energies for this alternative pathway are
significantlyhigher,evenmoreso for tautomer (Z)-8B
(see Table 2 and Scheme9), than those obtainedfor
mechanismB.


Path D


In thecaseof 7 and8A, thefirst stephereis a concerted
formation of the acetal 30 (32) by addition–proton


Figure 2. PM3±SCRF calculated structures of transition states TS36 and TS38. Distances are given in pm and angles in degrees.
Hydrogen atoms of methyl groups are omitted for clarity


Scheme 8 Scheme 9
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transferof the OH groupof 11 to the 3-acyl group(see
Scheme10). Subsequentcyclization to intermediate31
(33) followed by protontransferto R andeliminationof
MeNH2 (H2O) leadsto intermediate16 asalsoobtained
in pathA (seeScheme4). Startingfrom thisstructurethe
reaction to 9 then proceedsas depictedin Scheme4.
Again, formation of the primary adduct30 (32) is rate
determining.The calculatedactivationenergiesrule out
this mechanismasa likely pathwayfor the formationof
isoxazole9. For tautomer (Z)-8B, too, addition of 11
(TS43) is rate determining(Scheme11) with an even
higheractivationenergythanthat calculatedfor TS28.


Concerningtheeffect of thesolventon thecalculated
results,a comparisonwith thoseobtainedfor the gas
phase (see Table 1 of the SupplementaryMaterial)
indicatesthatthereis only little effect(<10kJmolÿ1) for
reactionsinvolving only neutral molecules.However,
thereare substantialdifferenceswhenchargedparticles
are involved, especially for protonation/deprotonation
steps.Inclusionof bulk solventeffectsleadsto adramatic
stabilization of H3O


� with a concomitantincreasein
activationenergiesin protonationsteps.Neglectingthe
solvent results in unrealistically low or even negative
activationenergiesfor suchprocesses.


Finally, it seemsworthwhile to comparethe present
computationalresults with experimentalinvestigations
on related reactions.21 Specifically, reaction of hydro-
xylamine11 with b-keto esterspreferentiallyoccursvia
attack of the nitrogenatom of 11 at the b-keto group.
Under stopped-flowconditions,22 the primary carbinol
amine (correspondingto e.g. 19 or 34) could be
identified. Elimination of H2O to yield an oxime
(correspondingto e.g.20 or 35) was found to be faster
thancyclization.Ring closureof this oxime thenyields
isoxazolin-5-ones.This reactionsequencecorrespondsto
formationof 9 from 8B via pathA or of 10 from 7 (8A)
via path B. Dependingon the pH, formation of the
isomericisoxazolin-3-oneis alsoobserved.21 It hasbeen
shown21 that formationof this isomeroccursvia b-keto
hydroxamicacidsratherthanadditionof theoxygenatom
of 11 at theb-ketogroup.Sincein thepresentmolecules
the ester functionality is lacking, such an alternative
mechanism,if atall operative,mustinvolve formationof
anO,O-acetalby attackof theoxygenatomof 11.


CONCLUSION


Fromthedatapresentedabove,thefollowing conclusions
can be drawn. (i) Generally, the highest activation
energiesare found for the reactionof the nucleophile
(N or O of H2NOH) with the vinylic (C-4 or exocyclic)
carbonatomsof compounds7 and8. Thus,dependingon
therespectivepathway,eitheradditionof thenucleophile
to the intermediateor its cyclizationshouldbe the rate-
determiningstep.(ii) The highestbarriersare obtained
for TSs involving proton transfer.Solventassistanceis
knownto lower suchbarrierssignificantly;however,the
unfavorableentropiccontributionfrequentlyoffsetssuch
an energy gain.23 (iii) In agreementwith chemical
expectations,reactionof 11 involving its oxygenatom
(pathsC and D) are computedto be less feasiblethan
thoseproceedingvia the NH2 group(pathsA andB) as
nucleophile.(iv) 4-Hydroxypyridinone8A is predictedto
react via path B to oxime 23. Using 3-acyl-4-hydro-
xyquinolones 3, it has been found that amination
exclusivelyoccursat the acyl functionality; no hydroxy
exchangeat C-4 could be detected.5a,6 (v) The hydro-
xyethylidenetautomer(Z)-8B is not only more stable


Scheme 10


Scheme 11
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than8A but alsomorereactivetowardshydroxylamine.
(vi) Thepropensityto reactvia pathB to compound10 is
evenmorepronouncedfor tautomer8B thanfor 8A. (vii)
In striking contrast, in the reaction of compound 7
(R=MeNH) formation of isoxazolo[4,3-c]pyridinone 9
via path A shouldbe favoredover all other alternative
reactionmechanisms.Suchb-carbonadditionsaccom-
paniedby amineexchangeindeedhavebeenobserved
with compoundsof type 7.24 The presentcomputational
results are also nicely corroboratedby experimental
findingson therelatedreactionof hydroxylaminewith b-
keto esters.21,22 Based on the calculations, therefore,
preferentialformationof 9 and10, respectively,depend-
ing onwhether4-amino-(7) or 4-hydroxypyridinones(8A
or 8B) are used as starting materials, can be fully
rationalized.
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ABSTRACT: The widespread application of computational techniques to studies in biological, chemical and
environmental sciences has led to a quest for important, characteristic molecular parameters that may be directly
derived from these computational methods. Theoretical linear solvation energy relationships (TLSER) combine
computational molecular orbital parameters with the linear solvation energy relationship (LSER) of Kamlet and Taft
to characterize, understand and predict properties which depend upon solute–solvent interactions. The TLSER
methodology was used to correlate and to attempt to understand and probe eight solvent scales commonly used in
linear free energy relationships and physical organic chemistry. Correlations are presented which demonstrate the
ability of the TLSER not only to predict values for these solvent scales, but which also serve as a probe to attempt to
understand the underlying physical meaning of these solvent scales. This article is a US Government work and is in
the public domain in the United States.


KEYWORDS: linear free energy relationships; theoretical descriptors; solvent scales


INTRODUCTION


Inherent to chemistry is the concept that there is a
relationship between the macroscopic (bulk) properties of
chemical compounds and their microscopic (structural)
features.1–3 Quantitative structure activity–property re-
lationships (QSAR/QSPR) and linear free energy rela-
tionships (LFER) attempt to quantify, usually in the form
of a linear or a linearizable regression, the relationship
between structure and function.


Solute–solvent properties have generated a great deal
of interest in the computational chemistry community in
recent years.4,5 In particular, the interaction between the
solvent and the solute including the effect of solvent on
solute molecular structure and, therefore, the bulk
properties of the solute is being studied through a wide
variety of techniques. There are three basic methods
which one can use to study solute–solvent interactions.
The most rigorous is the explicit model case, where all
solvent molecules are treated individually and explicitly.6


This is by far the most time consuming, and although
there are cases of its use in quantum chemical studies, it
has been used most frequently in molecular dynamics and
Monte Carlo simulations. At the same time, this method


generates the most information, not only structure
deformities, but also explicit solute–solvent and sol-
vent–solvent bonding.


The second method is the implicit model, where the
solute is treated explicitly, but a continuum model or
potential is used to portray the solvent.7 Although this
does not generate specific solute–solvent or solvent–
solvent bonding, it does generate free energies of
solvation, and is rapid enough to permit computation
using ab initio or semi-empirical methods. This model
has generated the most interest in the past several years.


The third method for studying solute–solvent interac-
tions is the extension of LFER or QSAR to the concept of
solvation, and represents the most empirical of the three
methods.3,8–16 A relatively large set of property data is
required in order to generate a relationship. The
advantage of this methodology is that relatively little
information is needed about the correlated property/
system, and often very complex ‘solvent systems’ such as
receptors may be characterized. The major disadvantage
is that only inferences about the solvent system results
can be made, and only information about the particular
information is generated. Further, the resulting correla-
tion is valid for the interpolation only, and may not be
valid for the extrapolations outside of the data set region.
Still, for complex systems such as receptor sites, where it
is unlikely that either of the first two methods can be
readily used, the QSAR/QSPR/LFER methods combined
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with theoreticaldescriptorscangive useful insightsinto
important features.This paperwill focus on the useof
this third methodology, LFER, QSAR and relevant
subsetsof thesetwo methods,to study solute–solvent
interactions.


Quantitativestructure–activityrelationships,asorigin-
ally developedby Hansch,wereintendedto aidmedicinal
and pharmaceuticalchemistsin identifying new drugs
from biological activity data.An obviousextensionwas
to examiningnot just drug activity but drug (chemical)
toxicity.17 ResearchershaveemployedHansch’sQSAR
approachto correlate different types of tonicities of
compounds.Using the generalQSAR methodology,a
widerangeof theoreticaldescriptorshavebeenidentified
that correlatewell with a variety of biological activ-
ities.8,13,18–20


A major step forward in applying LFER to solute–
solvent interactionswas the work of Kamlet and Taft,
who developed an empirical molecular parameter
approachto characterizeawidenumberof solute–solvent
interactionsin a subsetapproachof linear free energy
relationships(LFER).21–24 This approach,termed the
linear solvation energy relationship(LSER), has been
used successfully to characterizea wide range of
physical,chemicaland biological propertieswhich are
affected by, or which are, solute–solventinteractions.
The generalizedapproachis shownin Eqn. (1), where
any solute–solventproperty may be divided into three
separateeffects:


log�property� � bulk/cavity
� dipolarity/polarizability
� hydrogenbonding �1�


Most solute–solventpropertiesfollow this construct,
and can be expressedas a linear combinationof these
terms.Thebulk/cavitytermdescribestheenergyrequired
to break the solvent matrix and insert the solute. The
dipolarity/polarizability term is the interactionbetween
the induceddipolesof the soluteandsolventmolecule.
Thehydrogenbondingdescribestheacidity andbasicity
of thesoluteandsolventandthe interactionbetweenthe
two terms.Kamlet and Taft,22 Abrahamand co-work-
ers,25–28 and Carr et al. have eachdevelopeda set of
empiricallybasedparametersfor eachof theseinteraction
termswhich havebeenusedto successfullycorrelatea
wide variety of physical, chemical and biological
properties.Abraham has recently extendedthe LSER
by usinggaschromatographyinsteadof solvatochromic
shifts to determinethe LSER parameters,and addeda
dispersionterm, which is modeledby the gas–hexade-
canepartition coefficient.


Ford and Livingstone29 pointed out that there are
certainadvantages,and indeedopportunities,for using
computationally or theoretically derived parameters
instead of empirically derived parameters.Further,


parametersfrom molecularorbital-basedmethodstend
to havetheaddedadvantageof notbeingclassdependent,
asis oftenthecasewith grouptheoretical,topologicalor
topographicalindices.MO-deriveddescriptorsare also
readilycomputed,andcanbeselectedin suchawayasto
ensure(or nearlyensure)orthogonalityof the parameter
space.18,19 Thereare currently a numberof methodolo-
gies in the literature for examiningphysical, chemical
andbiological propertiesusingcomputationallyderived
descriptors.13–15,19,30–32


Following this philosophy, we have endeavoredto
utilize the generalizedLSER as a framework and use
computationally derived descriptors instead of the
empiricaldescriptorsof theLSER.Thetheoreticallinear
solvation energy relationship(TLSER) was developed
with the expressaim of maintainingthe function of the
LSER, but using a one-for-one(as much as possible)
replacementof empiricaldescriptorswith computational
descriptors.The resultingTLSER is


log�property� � aVmc� b�I � d"� � eqÿ � c"�
� fq� � g �2�


In this formalism, Vmc representsthe molecular
volume,and depictsthe size of the ‘hole’ necessaryin
the solventmatrix. In addition,whenusedfor solvents,
Vmc is inversely proportional to the cohesionenergy,
usuallydepictedasthe Hildebrandsolubility parameter.
The polarizability term,pI, is describedby dividing the
polarization volume by the molecular volume. This
results in a unitless term independentof volume that
depicts the ease with which electrons may move
throughoutthe molecule.The hydrogenbonding term
basicity is representedby two terms, and covalent
basicity and an electrostatic basicity. The covalent
basicity (eb) is definedasa linear transformationof the
EHOMO, specifically0.30–0.01[ELUMO(water)ÿ EHOMO].
This transformationprovidesa ‘zero point’ referencefor
the scale, and corrects the scale to be positive for
increasingbasicity. The electrostaticbasicity (qÿ) is
takenasthe absolutevalueof the mostnegativeformal
charge(non-hydrogen)in the molecule.The hydrogen
bond acidity is likewise divided into a covalent and
electrostaticcomponents.The covalent acidity (ea) is
identical with eb, but usesthe HOMO of water and the
LUMO of the substrate.The electrostaticacidity (q�) is
definedasthevalueof themostpositivehydrogenatom
in the molecule. This methodolgy has been used to
successfullydevelop correlation equationsfor a wide
variety of properties.11,12,33–42


An assumptionof thismethod,andindeedmostLFER/
QSAR methods involving computationally derived
descriptors,is that the descriptorsare ‘pure’ and reflect
a particular microscopicproperty without ‘mixing’ or
contaminationfrom otherdescriptors.While impossible
to prove in a ‘global’ sense,most of the TLSER
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regressionsto date have very small cross-correlations
amongdescriptors.This indicatesthat for the local data
setsfor which the regressionswere computedthere is
little or no ‘mixing’ or cross-contaminationof descrip-
tors.


Although derived differently, with a different focus,
the GIPF methodologyof Politzer and Murray43–45 has
beenshownalsoto bedirectly relatedto theLSERandto
theTLSER.Basedonelectrostaticpotentialsurfaces,this


methodis theab initio alternativeto thesemi-empirical-
basedTLSER andthe empiricalLSER. Wherecompar-
isonshavebeenmadebetweentheGIPFandtheTLSER,
the conclusionshavegenerallybeenequivalentand the
regressionscomparable.46


In a recent paper, we correlated the effect of 30
solventson the C=O stretchingfrequenciesof several
substituted2-pyrrolidinonesusing the TLSER and five
additional experimentallyderived solvent scale meth-
odologies.47 In performingthesecorrelations,a question
arose regarding the information containedwithin the
empirical scales.This papercomparesseveralof these
scales,in particulartheReichardtET


N, theGutmannAN
and DN and the Koppel Palm Y, E, B and A with the
TLSER. In a relatedseriesof papers,Katritzky et al.48


usedsemi-empiricalmolecularorbital methodsto devel-
op correlations for 45 solvent scales, including the
Gutmann, Reichardt and Koppel Palm scales.Using
CODESSA, Katritzky et al.49 identified regression
equationsusing about 120 different descriptorsamong
the 45 correlatedequations.Although the methodology
used in CODESSA is very valuable in providing the
‘best’ correlation for a given property, having 118
different descriptorsfor the 45 scalesmakesany sort of
comparison based on the computed and correlated
computationaldescriptorsvery difficult.


Table 1. Solvent scales used in the study


Parameter Name


AN Acceptornumber (Gutmann)
DN Donornumber(donicity) (Gutmann)
ET


N Solvatochromicpolarity
(normalized)


(Reichardt)


Y Polarity function (KoppelPalm)
P Polarizability (KoppelPalm)
MR Molar refraction (Koppelpalm)
B Basicity (Swain)
E Acidity (Swain)
Vmc Molecularvolume (TLSER)
pI Polarizability index (TLSER)
eB CovalentHBAB (TLSER)
qÿ ElectrostaticHBAB (TLSER)
eA CovalentHBDA (TLSER)
q� ElectrostaticHBDA (TLSER)


Table 2. TLSER parameters


No. Compound Vmc pI eb qÿ ea q�


1 Cyclohexane 1.0643 0.1055 0.1278 0.0101 0.1461 0.0051
2 Hexane 1.1988 0.0993 0.1248 0.0218 0.1450 0.0045
3 Heptane 1.3652 0.1010 0.1254 0.0217 0.1455 0.0045
4 Triethylamine 1.3301 0.1009 0.1507 0.4324 0.1520 0.0055
5 Tetrachloromethane 0.9058 0.1172 0.1128 0.0703 0.1911 0.0000
6 Butoxybutane 1.6382 0.1014 0.1361 0.3452 0.1478 0.0177
7 Toluene 1.0192 0.1207 0.1524 0.1007 0.1756 0.0598
8 Benzene 0.8457 0.1205 0.1513 0.0593 0.1744 0.0593
9 Ethoxyethane 0.9046 0.0995 0.1361 0.3423 0.1455 0.0071


10 Chlorobenzene 0.9951 0.1241 0.1490 0.1118 0.1794 0.0777
11 Tetrahydrofuran 0.7895 0.1020 0.1374 0.3277 0.1471 0.0209
12 Bis(2-methoxyethyl)ether 1.4066 0.1034 0.1355 0.3579 0.1502 0.1280
13 Trichloromethane-d 0.7540 0.1114 0.1160 0.1122 0.1849 0.0876
14 Dichloromethane 0.6046 0.1036 0.1203 0.1602 0.1773 0.0555
15 Pyridine 0.7936 0.1200 0.1483 0.2299 0.1780 0.0835
16 Nitrobenzene 1.0079 0.1316 0.1421 0.3288 0.1860 0.0851
17 1,2-Dichlorobenzene 0.7858 0.1046 0.1210 0.1967 0.1789 0.0489
18 Cyanobenzene 0.9969 0.1276 0.1471 0.0867 0.1833 0.0696
19 Propanone 0.6401 0.0980 0.1376 0.2847 0.1715 0.0234
20 1,4-Dioxane 0.8547 0.1050 0.1387 0.3230 0.1478 0.0327
21 2-Methyl-2-propanol 0.8943 0.0975 0.1338 0.3180 0.1442 0.1764
22 Dimethyl sulfoxide 0.7219 0.1045 0.1471 0.7204 0.1734 0.0500
23 Cyanomethane 0.4529 0.0937 0.1173 0.1146 0.1622 0.0209
24 Nitromethane 0.4740 0.1092 0.1298 0.3348 0.1818 0.0498
25 2-Propanol 0.7144 0.0962 0.1331 0.3200 0.1450 0.1781
26 Butanol 0.9082 0.0969 0.1322 0.3249 0.1449 0.1804
27 Ethanoicacid 0.5249 0.0956 0.1294 0.3651 0.1696 0.2161
28 Ethanol 0.5435 0.0924 0.1322 0.3234 0.1429 0.1799
29 Methanol 0.3647 0.0860 0.1310 0.3291 0.1402 0.1803
30 Deuteriumoxide 0.1782 0.0630 0.1233 0.3256 0.1237 0.1628
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Oneof thequestionsthatcanbe,andin fact hasbeen,
raisedis theexactnatureof the informationcontainedin
eachof thesedescriptors,andwhetheror not thereis any
‘cross-informationcontent,’that is, for example,do any
of the polarity scales contain acidity or basicity
information, and presentingthat information in funda-
mentalchemicalmeaning.The relevanceof thesescales
is shownin arecentpaper,whereseveralof thesesolvent
scaleswereappliedto polymerproperties.50 The unique
natureof theLSERmethodologyascontainedwithin the
TLSERpermitsthis issueto beaddressed,andto provide
fundamental descriptions in terms of readily under-
standable parameters and descriptions. This study
examinesthe ReichardtET


N, the Swainacidity (E) and
basicity(B) parameters,theKoppelPalmpolarity (Y) and
polarizability (P) parameters,the molar refraction(MR)
and the Gutmann acceptor number (AN) and donor
number(DN).


As has been noted in previous TLSER work, the
MNDO algorithm has been found to provide better
regressionsand is more in line with chemicalintuition
than has currently been found with either AM1 or
PM3.37,51 This hasbeenattributedto the natureof the


error functionswithin MNDO andAM1/PM3. Although
larger, the error within MNDO is generallysystematic
and,assuch,canbe factoredout into the interceptin a
LFERregression.Theerrorin AM1 or PM3,on theother
hand,is randomand,althoughmuchsmaller,cannotbe
removed through regression analysis. Therefore,
althoughAM1 and PM3 are much betterfor ‘absolute’
computationsof properties,MNDO shouldstill preferred
when performing LFER or QSAR, and is usedin the
generationof all descriptorsin this paper.


Although the TLSER parametersare computedfor
gas-phase,isolated molecules,it has been shown that
these computed parametersare very applicable to
correlations involving multiple solutes. Although the
LSERmethodologyhasrequireddifferentparametersfor
a compoundwhenbehavingasa solutevs a solvent(for
associated solvent), this can be attributed to the
experimentalnatureof theLSERparameters.In thecase
of computeddescriptors,of course,thereis nodistinction
between solute and solvent, the parametersbeing
computedin the gasphaseonly. Wherethe perturbation
(solutevs solvent)is an effect of the solvation,the gas-
phasegeneratedparametersshouldbe valid, and there-


Table 3. Solvent scales


No. Compound AN DN ET
N Y P MR B E p* b a


1 Cyclohexane — 0.0 0.006 0.254 0.256 27.2 0 0.000 0.00 0.00 0.00
2 Hexanea 0.0 0.0 0.009 0.235 0.236 34.5 0 0.06 ÿ0.08 0.00 0.00
3 Heptane 0.0 0.0 0.012 0.235 0.236 34.5 0 0.00 ÿ0.08 0.00 0.00
4 Triethylamine 1.4 61.0 0.043 0.321 0.243 33.8 650 0.00 0.14 0.71 0.00
5 Tetrachloromethane 8.6 0.0 0.052 0.292 0.274 26.4 00 0.00 0.28 0.00 0.00
6 Butoxybutane — 19.0 0.071 0.407 0.242 41.0 285 0.000 0.24 0.46 0.00
7 Toluene — 0.1 0.099 0.315 0.293 31.1 58 1.30 0.54 0.11 0.00
8 Benzene 8.2 0.1 0.111 0.300 0.295 26.3 48 2.10 0.59 0.10 0.00
9 Ethoxyethane 3.9 19.2 0.117 0.526 0.217 22.4 280 0.00 0.27 0.47 0.00


10 Chlorobenzene — 3.3 0.188 0.606 0.306 31.0 38 0.00 0.71 0.07 0.00
11 Tetrahydrofuran 8.0 20.0 0.207 0.681 0.247 20.0 287 0.00 0.58 0.55 0.00
12 Bis(2-methoxyethyl)ether 10.2 20.0 0.231 0.667 0.231 24.0 238 0.00 0.53 0.41 0.00
13 Trichloromethane-db 23.1 4.0 0.256 0.559 0.252 21.3 14 3.28 0.58 0.00 0.44
14 Dichloromethane 20.4 1.0 0.269 0.729 0.256 16.4 23 2.70 0.82 0.00 0.185
15 Pyridine 14.2 33.1 0.302 0.790 0.299 24.2 472 0.00 0.87 0.64 0.00
16 Nitrobenzene 14.8 4.4 0.324 0.918 0.322 32.8 67 0.00 1.01 0.39 0.00
17 1,2-Dichloroethane 16.7 0.0 0.327 0.757 0.266 21.0 40 3.00 0.81 0.00 0.00
18 Cyanobenzene 15.5 11.9 0.333 0.890 0.308 31.4 155 0.00 0.90 0.41 0.00
19 Propanone 12.5 17.0 0.355 0.868 0.220 16.2 224 2.10 0.71 0.48 0.80
20 1,4-Dioxane 10.8 14.8 0.383 0.287 0.254 21.6 237 4.20 0.55 0.37 0.00
21 2-Methyl-2-bropanol 27.1 38.0 0.389 0.767 0.234 22.0 247 5.20 0.41 1.01 0.68
22 Dimethylulfoxide 19.3 29.8 0.444 0.941 0.283 20.1 362 3.20 1.00 0.76 0.00
23 Cyanomethane 19.3 14.1 0.460 0.924 0.211 11.1 160 5.20 0.75 0.31 0.19
24 Nitromethane 20.5 2.7 0.481 0.926 0.233 12.5 65 5.10 0.85 0.134 0.22
25 2-Propanol 33.5 36.0 0.546 0.852 0.230 17.7 236 8.70 0.48 0.95 0.76
26 Butanol 36.8 29.0 0.586 0.842 0.242 22.1 231 10.30 0.47 0.88 0.79
27 Ethanoicacid 52.9 20.0 0.648 0.631 0.227 13.0 139 14.60 0.64 0.495 1.12
28 Ethanol 37.1 32.0 0.654 0.886 0.221 12.9 235 11.60 0.54 0.77 0.83
29 Methanol 41.3 30.0 0.762 0.913 0.203 8.2 218 14.90 0.60 0.62 0.93
30 Deuteriumoxidec 54.8 33.0 0.991 0.963 0.206 3.7 156 21.80 1.09 0.18 1.17


a Exceptfor AN andDN, parametersarefor heptane.
b Parametersfor trichloromethane.
c Parametersfor water.
d Scaledby a factor of 0.01.
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fore thesameparametersfor soluteandsolventshouldbe
valid. Where the perturbationcausesa difference in
solvation,then the TLSER model is probablynot valid
and should not be used, nor should any gas-phase
generateddescriptors.


METHODOLOGY


Thedatafor thecomputedsolventscalesweretakenfrom
theoriginal sources52–56ascollatedin apreviousTLSER
paper.47 All geometries were optimized using the
MNDO algorithmof MOPAC v6.0.57,58 All TLSER pa-
rameterswere extractedusing the in-housedeveloped
MADCAP.59 Structureswere entered and optimized
geometries examined using both PCMODEL and
MMADS.59–61 All statistical analysis was performed
using MINITAB. 62 Cross-validatedR-squared (Rcv


2)
wasdeterminedusingCODESSA.


All correlationsreportedadhereto three conditions.
First,thecross-correlationof descriptorsis minimized,as
determinedby the varianceinflation factor (VIF).63 A
value of 1.0 is indicative of no correlationamongthe
independentvariables.A valueof under5.0is considered
acceptable,andover10.0indicatesanunstableregression
where the cross-correlationcould yield statistically
meaninglesscorrelations.Second,all independentvari-
ablesin theregressionhaveasignificanceof at least95%
(basedon Student’stwo-tailed t-score).Third, outliers


are removedonly if the normalizedresidual(observed
minus predicted values) is greater than two standard
deviations.


RESULTS AND DISCUSSION


The propertiescorrelatedusingthe TLSER aregiven in
Table1. Table2 givestheTLSERparametersfor eachof
the30 compoundsstudiedin this paperandTable3 lists
thesolventscalevaluesfor eachof thecompounds.Table
4 lists the resultingTLSER regressionsfor eachof the
eight solvent scales examined in this study. The
parametersmay be nominally divided into polarity/
polarizability (ET


N, Y, P, MR), acidity (AN, E) and
basicity (DN, B). However,as will be describedin the
ensuingsections,there is significant ‘cross content’ of
informationin mostof thesolventscales.


In addition to the coefficients for each of the
parametersusedin eachrelevantregression,Table4 also
lists the necessarystatisticalparametersfor eachpara-
meter and/or regression. For each parameter, the
coefficient, t-score and VIF are presentedfor each
statistically significant parameter(basedon the two-
tailed t-scoreat the 95%level). For eachregression,the
numberof datapoints(N), thevalueof theF statistic(F),
the standarddeviation for the regression(SD), and the
cross-validatedR2 (Rcv


2) is provided.


Table 4. TLSER regressions for solvent scalesalog (property) = aVmc� bpI� c�b� dqÿ � e"a� fq� � g


Parameter a b c d e f g N R F SD Rcv
2


ET
N ÿ0.3662 ÿ4.0 n/a 0.3202 n/a 1.5164 0.8585 29 0.961 72 0.07468 0.8783


ÿ7.35 ÿ3.30 3.28 6.26
1.3 1.3 1.2 1.4


DN n/a n/a n/a 41.356 ÿ307.36 73.42 47.760 27 0.917 40 5.534 0.7875
5.57 ÿ4.91 4.21
1.1 1.1 1.2


AN n/a ÿ651.16 n/a n/a 326.68 174.41 20.580 25 0.972 120 3.846 0.9112
ÿ6.95 4.85 14.47


2.8 2.6 1.2
Y ÿ0.3337 n/a n/a 0.962 3.070 1.369 0.1027 25 0.914 25 0.1144 0.738


ÿ4.15 4.75 2.24 3.01
1.3 1.3 1.2 1.7


MR 22.659 181.85 n/a n/a n/a n/a ÿ15.584 28 0.975 241 2.036 0.9253
16.56 5.80
1.2 1.2


P n/a 2.0718 0.9021 n/a n/a n/a ÿ0.0868 28 0.925 74 0.126 0.8200
8.80 3.80
1.2 1.2


E ÿ11.844 n/a n/a n/a ÿ102.69 36.374 27.722 18 0.956 49 1.896 0.8253
ÿ6.02 ÿ3.50 4.63


1.1 1.4 1.5
B n/a N/A 2638 547.48 ÿ2591.60 N/A 66.10 25 0.928 44 45.54 0.7993


2.58 8.93 ÿ4.84
1.1 1.1 1.1


a In eachcase,thevaluesgiven are,from top to bottomarecoefficientvalue,t-scoreandVIF.
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Table 6. Observed, predicted and residual values for MR


No. Observed Predicted Residual


1 27.2 27.7 ÿ0.5
2 34.5 29.6 4.9
3 34.5 33.7 0.8
5 26.4 32.9 ÿ6.5
6 41.0 40.0 1.0
7 31.1 29.5 1.6
8 26.3 25.5 0.8
9 22.4 23.0 ÿ0.6


10 31.0 29.5 1.5
11 20.0 20.9 ÿ0.9
13 21.3 21.8 ÿ0.5
14 16.4 17.0 ÿ0.6
15 24.2 24.2 ÿ0.0
16 32.8 31.2 1.6
17 21.0 21.2 ÿ0.2
18 31.4 30.2 1.2
19 16.2 16.7 ÿ0.5
20 21.6 22.9 ÿ1.3
21 22.0 22.4 ÿ0.4
22 20.1 19.8 0.3
23 11.1 11.7 ÿ0.6
24 12.5 15.0 ÿ2.5
25 17.7 18.1 ÿ0.4
26 22.1 22.6 ÿ0.5
27 13.0 13.7 ÿ0.7
28 12.9 13.5 ÿ0.6
29 8.2 8.3 ÿ0.1
30 3.7 ÿ0.1 3.8


Table 7. Observed, predicted and residual values for Koppel
Palm Y


No. Observed Predicted Residual


1 0.254 0.213 0.041
2 0.235 0.175 0.060
3 0.235 0.121 0.114
4 0.321 0.455 ÿ0.134
5 0.292 0.549 ÿ0.257
6 0.407 0.366 0.041
7 0.315 0.481 ÿ0.166
8 0.300 0.494 ÿ0.194
9 0.526 0.587 ÿ0.061


10 0.606 0.535 0.071
11 0.681 0.635 0.046
12 0.667 0.614 0.053
13 0.559 0.647 ÿ0.088
14 0.729 0.675 0.054
15 0.790 0.720 0.070
16 0.918 0.770 0.148
17 0.757 0.646 0.111
19 0.868 0.722 0.146
21 0.767 0.794 ÿ0.027
24 0.926 0.893 0.033
25 0.852 0.861 ÿ0.009
26 0.842 0.804 0.038
28 0.886 0.918 ÿ0.032
29 0.913 0.975 ÿ0.062
30 0.963 0.959 0.004


Table 5. Observed, predicted and residual values for ET
N


No. Observed Predicted Residual


1 0.006 0.051 ÿ0.045
2 0.009 0.030 ÿ0.021
3 0.012 ÿ0.038 0.050
4 0.043 0.073 ÿ0.030
5 0.052 0.108 ÿ0.056
6 0.071 ÿ0.016 0.087
7 0.099 0.118 ÿ0.019
8 0.111 0.168 ÿ0.057
9 0.117 0.243 ÿ0.126


10 0.188 0.143 0.045
11 0.207 0.291 ÿ0.084
12 0.231 0.232 ÿ0.001
13 0.256 0.298 ÿ0.042
14 0.269 0.351 ÿ0.082
15 0.302 0.280 0.022
16 0.324 0.189 0.135
17 0.327 0.283 0.044
19 0.355 0.352 0.003
20 0.383 0.272 0.111
21 0.389 0.504 ÿ0.115
22 0.444 0.476 ÿ0.032
23 0.460 0.380 0.080
24 0.481 0.424 0.057
25 0.546 0.578 ÿ0.032
26 0.586 0.510 0.076
27 0.648 0.722 ÿ0.074
28 0.654 0.660 ÿ0.006
29 0.762 0.754 0.008
30 0.991 0.888 0.103


Table 8. Observed, predicted and residual values for Koppel
Palm P


No. Observed Predicted Residual


1 0.256 0.247 0.009
2 0.236 0.232 0.004
3 0.236 0.236 0.000
4 0.243 0.258 ÿ0.015
5 0.274 0.258 0.016
6 0.242 0.246 ÿ0.004
7 0.293 0.301 ÿ0.008
8 0.295 0.299 ÿ0.004
9 0.217 0.242 ÿ0.025


10 0.306 0.305 0.001
11 0.247 0.248 ÿ0.001
12 0.231 0.250 ÿ0.019
13 0.252 0.249 0.003
14 0.256 0.236 0.020
15 0.299 0.296 0.003
16 0.322 0.314 0.008
17 0.266 0.239 0.027
18 0.308 0.310 ÿ0.002
20 0.254 0.256 ÿ0.002
21 0.234 0.236 ÿ0.002
22 0.283 0.262 0.021
23 0.211 0.213 ÿ0.002
24 0.233 0.257 ÿ0.024
25 0.230 0.233 ÿ0.003
26 0.242 0.233 0.009
27 0.227 0.228 ÿ0.001
28 0.221 0.224 ÿ0.003
29 0.203 0.210 ÿ0.007
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Nominal polarity/polarizability parameters


Rows1, 4, 5 and6 of Table4 showtheregressionsof the
solventscalesthathavebeenattributedto solventpolarity
or polarizability. Tables5, 6, 7 and8 list the observed,
predictedandresidualvaluesfor eachof thecompounds
(non-outliers) used in the developing each of the
regressions.For the ET


N, chlorobenzenewas identified
as an outlier and removed from the final regression.
Tetrachloromethane, bis(2-methoxyethyl)etherandcya-
nobenzenewere likewise identified as outliers and
removed. For molar refractivity, triethylamine and
bis(2-methoxyethyl) ether were removed as outliers.
For P, propanoneanddeuteriumoxidewereremoved.


Althoughtherearesimilaritiesin eachof thesescales,
basedon the TLSER, there are also significant differ-
ences.ET


N andMR include both the molecularvolume
andthe polarizability index,while Y andP useonly the
Vmc and P usesonly pI. As hasbeendemonstratedby
Abraham,andshownpreviouslyfor theTLSER,volume
and polarizibility taken together are indicative of
dispersioneffects.


ET
N alsohasa significantcontributionfrom both the


electrostaticacidity and basicity. This is indicative of
dipolar effectsanda permanentdipolarity contribution.
That q� is more than twice assignificant(basedon the
Student’s t-score,as provided in Table 4) as qÿ also
indicatesthat thereare additional acidity factorsbeing
includedin thissolventscale.This indicatesthatalthough


ET
N containsnot only a measureof the polarity of a


solvent,it alsocontainsinformationconcerningpolariz-
ability, in additionto acidity. Therefore,theseadditional
effectsmustbe takeninto accountwhenET


N is usedin
explainingsolvent-basedphenomena.


Table 9. Observed, predicted and residual Values for
Gutmann AN


No. Observed Predicted Residual


2 0.0 0.1 ÿ4.1
3 0.0 3.1 ÿ3.1
4 1.4 6.7 ÿ5.3
5 8.6 5.5 3.1
8 8.2 9.4 ÿ1.2
9 3.9 4.6 ÿ0.7


11 8.0 5.9 2.1
13 23.1 23.7 ÿ0.6
14 20.4 20.7 ÿ0.3
15 14.2 15.2 ÿ1.0
16 14.8 10.5 4.3
17 16.7 19.4 ÿ2.7
18 15.5 9.5 6.0
19 12.5 16.9 ÿ4.4
20 10.8 6.2 4.6
21 27.1 35.0 ÿ7.9
22 19.3 17.9 1.4
23 19.3 16.2 3.1
24 20.5 17.5 3.0
25 33.5 36.4 ÿ2.9
26 36.8 36.3 0.5
27 52.9 51.4 1.5
28 37.1 38.5 ÿ1.4
29 41.3 41.8 ÿ0.5
30 54.8 48.4 6.4


Table 10. Observed, predicted and residual values for
Swain E


No. Observed Predicted Residual


2 0.06 ÿ1.20 1.26
7 1.30 ÿ0.21 1.51
9 2.10 1.95 0.15


13 3.28 2.99 0.29
14 2.70 4.37 ÿ1.67
17 3.00 1.82 1.18
19 2.10 3.38 ÿ1.28
20 4.20 3.61 0.59
21 5.20 8.74 ÿ3.54
22 3.20 3.18 0.02
23 5.20 6.46 ÿ1.26
24 5.10 5.25 ÿ0.15
25 8.70 10.85 ÿ2.15
26 10.30 8.65 1.65
27 14.60 11.95 2.65
28 11.60 13.15 ÿ1.55
29 14.90 15.56 ÿ0.66
30 21.80 18.83 2.97


Table 11. Observed, predicted and residual values for
Gutmann DN


No. Observed Predicted Residual


1 0.0 3.6 ÿ3.6
2 0.0 4.4 ÿ4.4
3 0.0 4.3 ÿ4.3
6 19.0 17.9 1.1
7 0.1 2.3 ÿ2.2
8 0.1 1.0 ÿ0.9
9 19.2 17.7 1.5


10 3.3 2.9 0.4
11 20.0 17.6 2.4
12 20.0 25.8 ÿ5.8
13 4.0 2.0 2.0
14 1.0 4.0 ÿ3.0
16 4.4 10.4 ÿ6.0
17 0.0 4.5 ÿ4.5
18 11.9 0.1 11.8
19 17.0 8.5 8.5
20 14.8 18.1 ÿ3.3
21 38.0 29.5 8.5
22 29.8 27.9 1.9
23 14.1 4.2 9.9
24 2.7 9.4 ÿ6.7
25 36.0 29.5 6.5
26 29.0 29.9 ÿ0.9
27 20.0 26.6 ÿ6.6
28 32.0 30.4 1.6
29 30.0 31.5 ÿ1.5
30 33.0 35.2 ÿ2.2
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For Y likewise, there is an electrostaticdipolarity
contributionindicatedby the two positivecontributions
from q� andqÿ. Like theReichardtparameter,thereis an
additionalaciditycontribution,buttheaciditycomponent
in Y appearsto be primarily covalentand not electro-
static,asis evidencedby thecontributionof eb. NeitherP
or MR has an electrostatic dipolar or an acidity
contribution.MR appearsto bealmostentirelydispersion
based,which is consistentwith the previousliterature.
The primary contribution in P appears to be the
polarizability, with a small contribution from basicity.
The former is consistentwith the original intent of the
KoppelPalmdescriptor.


Nominal acidity scales


The third and seventh rows of Table 4 show the
regressionsfor the GutmannAN and Swain E, respec-
tively. Tables9 and10 list the observed,predictedand
residual values for thesetwo scales.In both of these
regressions,the electrostatic acidity is the primary
contribution.For the AN, the covalentacidity alsoplays
an importantand contributory role. In the E, however,
increasedcovalentacidity reducesthe Swain E value.
Thenegativecontributionsfrom thepI (AN) andVmc (E)
indicate that delocalizationand dispersionreduce the
acidity. Therefore,while the AN provides a complete
descriptionof theacidity,while theSwainE is appearsto
bemeasuringonly theelectrostaticacidity component.


Nominal basicity scales


Rows2 and8 of Table4 showtheregressionfor thetwo
basicityscales,GutmannDN andSwainB, respectively.
Tables 11 and 12 lists the observed,predicted and
residualvaluesfor thesetwo basicity parameters.Only
triethylaminewas identified as an outlier and removed
from theDN regression.Triethylamine,pyridine,carbon
tetrachloride,cyanobenzeneand acrylonitrile were out-
liers for B. For DN, the primary contributionappearsto
be from a dipolarity contribution,asis evidencedby the
fairly equalcontributionof the(bothpositive)qÿ andq�.
The primary basicity appearsto be covalent,andarises
from the negative coefficient of ea. A negative ea
indicates that lower acidity increasesthe DN value,
which is consistentwith the conceptof DN. B, on the
otherhand,hasnopositiveaciditycoefficient,i.e. thereis
not dipolarity contribution, and the entire contribution
comes from covalent or electrostatic basicity, or a
negative acidity contribution. Therefore, although B
appearsto be a completely basicity-basedparameter,
DN onceagainappearsto containnot only a basicity(or
negative acidity) contribution, but also electrostatic
dipolarity.


CONCLUSION


Katritzky et al.48 havedevelopedsimilar regressionsto
eachof thesesolventscalesusingadifferentapproach.A
direct comparisonof the Katritzky method with the
TLSER is not possiblebecauseof thedifferent datasets
usedto developthe regressionand the useof AM1 vs
MNDO.


The TLSERhasbeenshownin this studyto correlate
with severalcommonlyusedsolventpolarity,acidity and
basicityscales.Further,the TLSER is providesnot only
an equation useful for the prediction of solvent
parameters,but also a mechanism for probing the
fundamental properties which constitute the various
solventscales.This latter capability is possiblebecause
theTLSERparametershavea specifictheoreticalunder-
pinning and provide specificmeaningat the molecular
level.
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ABSTRACT: The kinetics and products of the pyrolytic reaction of six tosyl arenecarboxaldoximes were studied over
the temperature range ca 334 – 401 K to yield the following Arrhenius logA/sÿ1 andEa / kJ molÿ1, respectively:
10.92 and 98.25 for tosyl benzaldoxime and 10.83 and 100.4 form-nitro-, 10.66 and 97.53 forp-chloro-, 11.80 and
107.8 for m-chloro-, 11.60 and 101.5 forp-methyl- and 10.84 and 97.75 forp-methoxybenzaldehydeO-[(4-
methylphenyl)sulphonyl]oxime. At 500 K, the oxime compounds were found to be 9.4� 103 – 2.7� 104-fold more
reactive than their hydrazone analogues. Copyright 1999 John Wiley & Sons, Ltd.


KEYWORDS: sulphonyl hydrazones; sulphonyl oximes; pyrolysis; kinetics; mechanism; structural effects;
molecular reactivity


INTRODUCTION


In Part 1,1 we reported the first kinetic and mechanistic
study on the non-catalysed thermal elimination reaction
of a number of tosyl arenecarboxaldehyde hydrazones.
The reactions were found to be unimolecular and to
involve a cyclic six-membered transition state. The study
also featured Hammett correlation of the effects of
substituents on the H-bond donor acidity of the
hydrazone hydrogen [Scheme 1 (i)]. This analysis
parallels an earlier finding from the pyrolysis of a
heterocyclic hydrazone system where the development of
aromatic character of an incipient pyridyl ring was
considered to be an important factor in directing the
elimination pathway [Scheme 1 (ii )].2


The mechanism of the present pyrolytic reaction of the
arenecarboxaldoximes follows an identical pathway. The
Arrhenius parameters and relative rates suggest that the
polarity of the oxime N—O bond (a) and the concomitant
charge development are the major contributors to the
relatively high reactivity observed for these compounds,
rather than the protophilicity of bond (b) or the H-bond
donor acidity of (c) (see Scheme 2). It has been noted
previously1 that kinetic and mechanistic investigations on
the pyrolysis of sulphonyl hydrazones are available but
only for reactions in solution.3–5 This is also the case for
the oximes.6


RESULTS AND DISCUSSION


First-order rate constants were calculated individually for
tosyl benzaldoxime (1) andm-nitro- (2), p-chloro- (3), m-
chloro- (4), p-methyl (5) andp-methoxybenzaldehydeO-
[(4-methylphenyl)sulphonyl]oxime (6) over a range of
temperature of�46 K. Each rate coefficient is an average


Scheme 1. Six-membered transition state


Scheme 2. Oxime elimination fragments
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of at leastthreekinetic runswith deviation�� 2%.The
rate constants and the temperaturesat which the
measurementsweremadearegivenin Table1.Arrhenius
plotsof thekinetic datashowedstrict linearity for �95%
reaction.A representativeplot was includedin Part 1.1


The log A/sÿ1 and Ea/kJ molÿ1 data are also given in
Table1; thevaluesarecorrectto within �0.15and�1.0,
respectively.


The present thermal elimination reactions were
ascertainedto behomogeneous,polarandunimolecular.
It is noteworthythat the reactionsare free from radical
and catalytic pathways.7 The reactionswere testedfor
their homogeneousfirst-ordernatureeither by introdu-
cing a changeof up to sixfold in substrateconcentration
or a changeof up to 50% in reactionvolume.The strict
linearity of the Arrheniusplots over the reactionrange


(�95%) and temperature span (46–50 K) further
substantiatesthe homogeneousfirst-order kinetics of
the reactions.


The reactions are deemed free of reactor-surface
effectssincean increasein the ratio of reactorsurface-
to-reactor volume of approximatelyninefold did not
produceany significantchangein rateconstants,within
experimentalerror. The reactionsurfacewas varied by
usingemptyreactiontubesandtubespackedwith glass
helices.The Arrheniuslog A/sÿ1 (11.3� 0.5) andEa/kJ
molÿ1 (103� 5) valuesarewhat might be expectedfor
polar pyrolytic reactions. The polar nature of the
reactions is further confirmed by the results of the
Hammett correlation.1 The first-order kinetics and
product analysis of the reaction coupled with the
expectedthermodynamicstability of the incipient frag-


Table 1. Kinetic data, rate coef®cients (103 k/sÿ1) at 380 K and Arrhenius parameters for pyrolysis of p-CH3C6H4SO3N=CHAr
oximes


Compound Ar T/K 104 k/sÿ1 Log A/sÿ1 Ea/kJ molÿ1 103 k/sÿ1 (380K)


1 C6H5 335.0 0.40 10.92 98.25 2.60
343.3 1.51 �0.19 �1.32
354.0 2.67
361.6 5.38
367.0 8.12
375.0 16.5
385.0 40.6


2 m-NO2C6H4 351.3 0.83 10.83 100.4 1.07
367.6 3.54 �0.01 �0.05
373.9 6.58
378.0 8.74
384.7 15.5
397.2 45.1


3 p-ClC6H4 338.9 0.40 10.66 97.53 1.80
345.9 2.08 �0.26 �1.8
367.6 6.76
374.8 12.2
378.5 15.4
385.0 24.8


4 m-ClC6H4 353.1 0.68 11.80 107.8 0.93
369.0 3.49 �0.24 �1.7
384.4 14.3
392.1 24.5
401.0 57.0


5 p-CH3C6H4 334.2 0.53 11.60 101.5 4.44
346.0 1.83 �0.25 �1.78
355.8 5.24
360.5 8.10
371.1 21.0
376.9 31.6
384.6 67.2


6 p-CH3OC6H4 345.0 1.10 10.84 97.75 2.53
354.6 2.70 �0.28 �1.20
363.6 6.49
365.1 8.40
372.3 12.6
375.4 16.6
384.0 34.5
389.1 54.0
395.2 83.2
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mentsof pyrolysispoint to a reactionwhich is unimol-
ecular in nature. The quantitative estimation of the
compositionof the reactionmixture was carriedout in
presenceof a thermallystableinert internalstandardand
usinghigh-performanceliquid chromatography(HPLC)
with UV–visible detection.Further, parallel reactions
were carried out in the presenceand absenceof free-
radical scavengers.The rateswere not changedby the
additionof radicaltrapsto the reactionmixture.


The elimination fragments in the pyrolysate were
identifiedusingon-line gaschromatography–massspec-
trometry(GC–MS),Fouriertransform(FT) IR pyroprobe
and1H NMR spectroscopy.Eachof theoximes1–6gave
p-methylbenzenesulphonic acid and the corresponding
cyanoarenecompound(Scheme2). All the reactionsof
the substratesunder study were free from secondary
decompositionprocesses.


To facilitate comparisonof molecular reactivities,
ratesof reactionwere calculatedat 500K for both the
hydrazoneand oxime series.The rate coefficientsand
relativeratesof oximes1, 2, 3 and6 andtheir hydrazone
counterpartsaregivenin Table2. Theresultsin Tables1
and2 allow the following conclusionsto bedrawn.


The oximes are consistentlymore reactive than the
hydrazones,showing large relative rate differencesof
9.44� 103 – 2.70� 104-fold.


The greater reactivity of the oximes over the
hydrazonesis attributedto thedifferential in thepolarity
of theoxime(N—O) bondcomparedwith thehydrazone
(N—NH) bond.Therelativecontributionto themolecu-
lar reactivity of eachof the threebondsinvolved in the
electron flow describedby the curved arrows in the
eliminationpathway(Scheme2) hasbeendocumentedin
earlierstudies.8–11 It hasbeennotedin thesestudiesthat
anyoneof bonds(a), (b) or (c) in Scheme2 couldbethe
prime contributor to molecular reactivity, or that the
overall reactivity is a productof synergismof two or all
threebonds.Non-synchronousbondbreakingwould be
the reasonfor polarity of the concertedtransitionstate,
and an effective larger relative contribution from a
particular bond might under favourablestructuralcon-
straintsleadto a linear Hammettcorrelation.11,12


The effectsof aryl substituentson the H-bonddonor
acidity of the aldehydic hydrogen is evident in the
hydrazoneseries,and hasprovideda suitableset for a
Hammettcorrelationanalysis.1 The value of the Ham-
mett reactionconstantfor thepyrolysisof thehydrazone


compoundsis � = 0.125� 0.025.This observationmight
be the result of an appreciablecontribution to overall
molecularreactivity from bond(c).


The effect of structureon reactivity in gas-phaseand
vapour-phasepyrolytic reactionshas been reviewed.13


Molecular reactivity in the oxime compoundsis domi-
natedby thegreaterpolarity of theN—O s-bond(a) and
the associatedresidual charge developed across the
bond.


In eachanalogoushydrazone–oximepair where the
structuraldifferencebetweenthe two systemsis asso-
ciatedwith bond(a), the increasein reactivityof ca 104-
fold could be attributedprimarily to the polarity of this
bond.Wherea changein reactivity of this magnitudeor
higherhasbeenobtainedin reactionsof similar nature,
the reasoncould be traced to a switch in the bond
affecting the change9,11 and a non-linear Hammett
correlationhasbeenreported.11 Failureto obtaina linear
Hammettcorrelationfor thepresentoximeseriesparallel
to that reportedfor the hydrazonecompoundsmight be
dueto thisstructuralmodification,wherethecontribution
to reactivity from bond (a) is consideredto dominate,
thussupersedinganyeffectivecontributionfrom H-bond
donor acidity associatedwith bond (c). A review is
available14 in which the relationshipbetweennon-linear
Hammett structure–reactivity patternsand changesin
effectivemolecularstructureandassociatedreactivity,or
changein therate-controllingstepof areactionor change
in themechanisticpathwayof thereactionis outlinedand
discussed.


EXPERIMENTAL


Synthesis


Benzaldehyde, p-chlorobenzaldehyde, m-chloro-
benzaldehyde, p-methylbenzaldehyde and p-meth-
oxybenzaldehyde O-[(4-methylphenyl)sulphonyl]-
oxime.6 To a rapidly stirred solution of 3 mmol of
benzaldoximein 20ml of dry diethyl ether,3 mmol of
powderedsodiumamidewereaddedandthemixturewas
stirred for about5 h. The mixture was filtered and the
precipitatewaswashedseveraltimeswith diethyl ether.
p-Toluenesulphonylchloride (0.36g, 2.5mmol) in 5 ml
of diethyl ether was slowly addedto a rapidly stirred
slurry of the sodiumsalt of the oxime in 5 ml of diethyl


Table 2. Rate coef®cients (k/sÿ1) at 500 K and relative rates (krel) of oxime and hydrazone analogues: p-CH3C6H4SO2XN=CHAr


Parameter Ar
C6H5 m-NO2C6H4 p-ClC6H4 p-CH3OC6H4


k/sÿ1 (oxime) 4.53 2.20 2.96 4.25
104k/sÿ1 (hydrazone) 1.68 2.33 1.95 1.99
krel 26 964 9 442 15 179 21 794
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ether.The salt producedwas removedby filtration and
10ml of hexanewereaddedto the filtrate. On cooling,
theoximeof thearenesulphonatecrystallizedoutandwas
filtered. Recrystallization from 1:1 (v/v) mixture of
diethyl etherand hexanegavethe pure product in 55–
60%yield.


m-Nitrobenzaldehyde O-[(4-methylphenyl)sulpho-
nyl]oxime. The sodium salt of m-nitrobenzaldoxime
waspreparedasdescribedabove.Thissaltis dissolvedin
5 ml of 1:1acetone–watermixtureandthenaddedslowly
with stirring to a cooledsolutionof p-toluenesulphonyl
chloride in 2 ml of acetone.From the mixture kept at
ÿ15°C, the oxime sulphonateesterseparatedout, was
filtered, washedwith 50% acetonesolution and recrys-
tallized from hexane–diethyletherto give pureyield of
about50%.


Characterization


All melting-pointsareuncorrected.6 1H NMR spectraand
resultsof theelementalanalysisof thecompoundsunder
studyareasfollows.


Benzaldehyde O-[(4-methylphenyl)sulphonyl]oxime
(1): m.p. 84–86°C (found: C, 60.66; H, 4.86; N, 4.65;
S, 11.65. C14H13NO3S requiresC, 61.09; H, 4.72; N,
5.09;S, 11.63%);1H NMR (80MHz; CDCl3), � 2.44(s,
3H,CH3), 7.26–7.98(m, 9H, ArH), 8.23(s,1H,HC=N).
m-Nitrobenzaldehyde O-[(4-methylphenyl)sulphonyl]-
oxime (2): m.p. 112 –113°C (Found:C, 52.02;H, 4.05;
N, 8.47; S, 10.61. C14H12N2O5S requiresC, 52.5; H,
3.75; N, 8.75; S, 10.0%); 1H NMR (80MHz;
CD3COCD3), � 2.46 (s, 3H, CH3), 7.45–8.50(m, 8H,
ArH), 8.74 (s, 1H, HC=N). p-ChlorobenzaldehydeO-
[(4-methylphenyl)sulphonyl]oxime(3): m.p.109–110°C
(Found: C, 54.25; H, 3.82; N, 4.03; S, 10.99.
C14H12NO3SCl requiresC, 54.28; H, 3.87; N, 4.52; S,
10.34%); 1H NMR (80MHz; CDCl3), � 2.44 (s, 3H,
CH3), 7.25–7.99(m, 8H, ArH), 8.19(s,1H, HC=N). m-
Chlorobenzaldehyde O-[(4-methylphenyl)sulphonyl]-
oxime (4): m.p. 90–92°C (Found:C, 54.08;H, 3.87;N,
4.15;S,10.39.C14H12NO3SClrequiresC,54.28;H, 3.87;
N, 4.52;S, 10.34%);1H NMR (80MHz; CDCl3), � 2.44
(s, 3H, CH3), 7.25–7.86(m, 8H, ArH), 8.25 (s, 1H,
HC=N). p-Methylbenzaldehyde O-[(4-methylphenyl)-
sulphonyl]oxime(5): m.p.108–110°C (Found:C, 62.49;
H, 5.21; N, 4.52; S, 11.22. C15H15NO3S requiresC,
62.28;H, 5.19;N, 4.84;S, 11.07%);1H NMR (80MHz;
CDCl3), � 2.35(s,3H,CH3), 2.42(s,3H,CH3), 7.18–7.99
(m, 8H, ArH), 8.18 (s, 1H, HC=N). p-Methoxybenzal-
dehydeO-[(methylsulphonyl)]oxime (6): m.p.99–101°C
(Found: C, 59.26; H, 4.86; N, 4.21; S, 11.01.
C15H15NO4S requiresC, 59.02; H, 4.91; N, 4.59; S,
10.49%); 1H NMR (80MHz, CDCl3), � 2.43 (s, 3H,
CH3), 3.82(s,3H, H3CO),6.93–7.99(m, 8H, ArH), 8.16
(s, 1H, HC=N).


Kinetic and product analysis


Instrumentation. The pyrolyser was a CDS custom-
madeunit. It consistedof an insulatedaluminiumblock
to ensurea low temperaturegradientand resistanceto
high temperature,a Pyrex reaction vessel to fit in a
groovealongthecylindrical axisof theblock,aplatinum
resistancethermometeranda thermocoupleconnectedto
a microprocessor.The temperatureof the block was
controlled by means of a Eurotherm 093 precision
temperature regulator. The temperaturesetting was
achievedwith a digital switchwhich allowstemperature
read-outaccurateto�0.5°C. The actualtemperatureof
the reactorgroovewasmeasuredby meansof a Comark
microprocessorthermometer.Comparativequantitative
analysesof reaction mixtures were carried out using
HPLCwith anLC-8 column(25cm� 4.6mm.i.d.) anda
UV–visible detector(Bio-Rad, ShimadzuSPD-10AV).
Sampleswere injectedusing a Supelco5mm precision
syringe.


Characterizationof the substratesand the constituent
fragmentsof thepyrolysatesincludedelementalanalysis,
GC–MS,FT-IR and1H NMR spectroscopicanalysis.The
GC–MS Instrumentwas a Finigan MAT INCOS XL
quadrupole mass spectrometer.FT-IR spectra were
measuredusing a Perkin-Elmer model 2000 spectro-
meter,1H NMR spectrawererecordedon a BrukerAC-
80 spectrometerandtheelementalanalyserwasa LECO
CHNS-932unit.


Kinetic runs and data analysis. Dilute (ppm) standard
solutions of the substratesin a suitable solvent (e.g.
acetonitrile)werepreparedandaninternalstandard(e.g.
chlorobenzene)was addedto eachsolution. Care was
taken to ensurethat both the solvent and the internal
standardwerenotpyrolysableundertheconditionsof the
reaction. Further, the standardsolutions used in the
kinetic runs always comprised a mixture where the
substrategavea peakwhich was one third higher than
thatof theinternalstandardin theanalyticalHPLCtrace.
Preparationof a standardsolutionallows severalkinetic
runsto beperformedon thesamereactionmixture.


A sample(0.2ml) of thestandardsolutionwasplaced
in a reactiontube (9 ml) and the contentswere sealed
under vacuum. The tube was placed swiftly in the
pyrolyser, which had been preheatedto a threshold
temperaturethattogetherwith aconvenientreactiontime
would allow only 10–20%pyrolysis.Thecontentsof the
reactiontubewerethenanalysedusingHPLC. For each
substrate,the ratecoefficientrepresentsanaveragefrom
triplicate runswith rateagreementto within�2%. Rates
weremeasuredat regularintervalsof 5–10°C overa 46–
50K temperaturerangeandup to �95%reaction.


Rateswerereproducedusingemptyreactiontubesand
tubespackedwith glasshelicesin order to increasethe
reactorsurfaceby up to aboutninefold.This precaution
wasto testfor reactorsurfaceeffects.Further,rateswere
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measuredin the presenceand absenceof free-radical
scavengers(e.g. cyclohexene) to confirm the non-
involvementof free-radicalpathways.


The rate coefficients were calculated using the
expression kt = lna0/a for first-order reactions. The
Arrheniusparameterswere obtainedfrom a plot of log
k vs 1/T (K), anexampleof which wasshownin Part1.1


Theeliminationrateconstantat T (K) is given by


logk � logA�sÿ1� ÿ Ea�kJ molÿ1�=4:574T�K�


Product analysis. The products analysed were for
pyrolysesconductedat temperaturescommensuratewith
those of the kinetic measurements.No secondary
decompositionwasobservedfor any of the compounds
studied.In boththekinetic runsandproductanalysis,the
initial conversionof 10–20% and reaction extent of
�95%pyrolysishavebeenmaintained.
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ABSTRACT: A new type of alkylamines possessing high nitrogen inversion–rotation (NIR) barriers is described (in
general, these are hindered cyclic amines). The increase in barrier values for these amines is caused by an increase in
steric interactions in the NIR transition state due to restrictions forN-substituent rotation (usually steric repulsion of
N-substituents is decreased on going to a planar NIR transition state of alkylamines). Since these compounds may be
essentially different in structure, a comparison between the NIR barriers of homologs is proposed as a criterion for the
assignment of amines to this type. According to this criterion, the NIR barriers are drastically increased (3–
5 kcal molÿ1) on going from NMe or NH (usual amines) to more bulkyN-alkylhomologs (amines of the third type).
Structures of some of these amines were predicted and their NIR barriers were estimated by MM3. Copyright 1999
John Wiley & Sons, Ltd.


KEYWORDS: molecular mechanics; inversion–rotation barriers; alkylamines


INTRODUCTION


Nitrogen inversion–rotation (NIR) barriers formost
alkylamines in aprotic solvents do not exceed the
9 kcal molÿ1 limit 1–3 (although many authors consider
this as nitrogen inversion, in most cases an NIR process is
actually occurring3,4). Substantially higher NIR barriers
were reported for different methyl-substitutedN-methyl-
piperidines in aqueous5a,b and organic solutions,5c but
they rather relate to other intramolecular conformational
transformations.4 Also, experimental values for azeti-
dines (9–10 kcal molÿ1)6 should be considered as kinetic
characteristics of a concerted ring inversion–NIR process
(and not NIR).7


Thus, when NIR barriers are>11 kcal molÿ1, in the
absence of stabilization of a nitrogen pyramid via a strong
N…H bond (e.g. an intramolecular H-bond8), they may
be defined as high NIR barriers. Two types of compounds
with high NIR barriers are known among a variety of
alkylamines: (1) aziridines (with barriers of>16 kcal
molÿ1)6 and (2) azanorbornanes (with barriers of>13
kcal molÿ1).9,10 In both cases specific effects cause this
increase: abnormal angle strain in the aziridine case8 and
strain together with the ‘bicyclic effect’ in the azanorbor-
nane case.9,10 In general, azanorbornanes belong to the
class of polycyclic amines whose backbone disallows a
concerted ring inversion–nitrogen inversion–process.7 A
drastic increase in NIR barriers is predicted for such
systems.7


However, high NIR barriers (12.1 and
11.7 kcal molÿ1)11,12 were indicated by NMR for other
bicyclic amines, which do not belong to either of these
two types, namely azabicyclononane1a and triptycyl-
amine2a, respectively (see Fig. 1). For piperidines3 and


Figure 1. Amines 1a,b±10 and corresponding NIR barrier
values (kcal molÿ1, in parentheses). For 9d and the NH
compounds these are the barriers of isolated N inversion.
Experimental barriers are marked with asterisks
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6a the MM3 force field estimatedthe NIR barriersas4,7


12.1 and 15.3kcalmolÿ1 (for the problems of the
assignmentof the NMR-measuredbarrier for 3,13a see
Ref.4). Thehigh barrierfor 1a wasexplainedvia a large
energy contribution of the rotational component of
NIR.11 While 2a possessesan additionalNIR barrierof
lower energy(9.6kcalmolÿ1),12 themeasuredhigh NIR
barrier for 1a is the only NIR barrier for this system.
Henceamines1a,3 and6acanbeclassifiedasbelonging
to a third type of alkylamineswith a high NIR barrier.
This typemaybedefinedasalkylaminesfor which (a)an
increasedheight of the NIR barrier is causedby an
increasedcontribution of steric interactionsof the N-
substituentsin theNIR transitionstateand(b) thisbarrier
is thelowestNIR barrieramongtheNIR barriersinherent
to the lowestenergystableconformer.


Indeed, when an N-alkyl substituentof an amine
rotates during NIR, an energy-loweringreorientation
(sequentialrotation,conrotationor disrotation)of other
substituents obviously occurs to avoid tight steric
contacts.Thesecontactsareusuallyminimal in the NIR
transitionstatesincethe distancebetweenthe a-carbon
atoms of the N-substituentsis maximal for a planar
nitrogengeometry.A situationis possiblein which this
reorientationis restricted.For instance,in the small and
mediumsizesaturatedazacyclesandmoresoin bicycles,
the C—N rotation of two endocyclic fragments is
essentially limited, whereas the third, exocyclic N-
substituentcan rotatefreely. Hencerepulsionof the N-
substituentsmayincreaseevenin the lowestenergyNIR
transition state relative to this repulsion in the stable
pyramidalconformation.


The above definition considers the lowest energy
conformeralthoughit doesnot necessarilyundergoNIR
most rapidly. For instance, the higher energy twist
conformersof piperidinespossesslower NIR barriers
thantheminimalenergychairconformer.4,7Ourchoiceis
basedon a practical convenience:experimentalNIR
barriersrelate to conformationaltransformationsof the
minimal energyconformers.


It is difficult to definea priori structuralfeaturesof this
amine type since the above-mentioned‘high-energy’
combination of N-substituentsmay be different for
variousamines.Neopentylamines1a, 3 and6a turn out
to betheonly examplesof thethird typeof alkylamines.
Nevertheless,thepresenceof anN-neopentylsubstituent
in anaminesystemdoesnotnecessarilyleadto highNIR
values,e.g. the highestNMR-measuredvalueslie in the
8.3–9.7kcalmolÿ1 range for the open-chain tertiary
mono-,di- andtrineopentylamines.13b


It was demonstratedrecently that, unlike someother
computational methods (e.g. MM2- or AM1-based
calculations;for a criticism seeRefs. 10 and 16), the
MM3 force field14,15providesa goodestimationof NIR
barriers.7,10,16For instance,restrictionof selectedatom
motion in theMM2 block diagonalmatrix minimization
is usedfor modelingof transitionstateswith anassumed


geometry(see,e.g.,Ref. 11 for the NIR transitionstate)
but the still usedMM2 programhas no tool to prove
whetherthis structureis a transitionstateandobviously
whetherit is the first-ordertransitionstate.In contrast,
convenientfeaturesof the MM3 package,namely full
matrix minimization option as well as normal mode
vibrationalanalysis,permitoneto find transitionstateson
conformationalpathwaysand also to determinetheir
order10,16,17andto establishformal geneticrelationships
betweenthese transition statesand the corresponding
conformers.4,7Therefore,in orderto prove‘the third type
of amines’conceptand to revealcharacteristicfeatures
for theseamines,we haveundertakenan MM3-assisted
searchandanalysisof othersystemsof this type.


RESULTS AND DISCUSSION


Finding of NIR transition states using the simple
methodology (a) (construction of a planar nitrogen-
containingfragmentfollowed by full matrix minimiza-
tion;10 seeExperimental)turned out not to be straight
forward in some cases(e.g. for amines 2b and 6b).
Furthermore,sincemore than one NIR barrier may be
presentfor anamine(e.g.for amine2a12), this approach
becomesproblematicfor thefindingof thelowestenergy
transitionstate.Therefore,we employedalso two other
MM3-based methodologies for calculation of NIR
barriers: rotational procedure(b) and conformational
searchfollowed by full matrix minimization (c)7,16 (see
Experimental for the details). The last calculation
methodologyis necessaryalso for the finding of lowest
energystableconformers(e.g.for amines4b, 5a,6b, 11–
13 and16a,b). Four-andfive-memberedazacycleshave
been not consideredbecausethose are the ‘no NIR
systems’or belongto aminesof type(2) whentheserings
arestructuralcomponentsof nitrogen-bridgedpolycycles
(seeaboveandalsoRef. 16).


We succeededin finding new high NIR barrier
systems,namelyhinderedamines5a, 6b and 7a, 8a,b,
9a,b and16a. Somewereashigh as16kcalmolÿ1 (see
Figs1 and2 for calculatedbarriervalues).However,no
simple structure–highbarrier relationshipmay be de-
duced from these data. We can only maintain that
trialkylaminesof type (3) shouldusually havea mono-
or polycyclic backbonewhich is a-branchedrelative to
the amine nitrogen. Indeed, most of the high-barrier
systemsconsideredpossessthis branchingwhile usual
NIR values were measuredfor different cyclic and
bicyclic alkylamineswithout this structuralfeature.18–20


We reportedrecentlyaboutsecuremeshingfor rotation
of the syn-periplanar-oriented tert-butyl groups in
norbornane systems.21 However, even this spatial
proximity of rotatinggroupsis not essentialfor NIR in
bis-endo-substitutednorbornanes11and12 (amineswith
only onea-branching):thecalculatedbarriersaresimilar
to a low value for the exo–endo-bis-substitutedcom-
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pound13 (seeFig. 2). Also, no concertedNIR–NIR and
no concertedNIR–ISR(tert-butyl) processeswerefound
for diamine12 and amine11, respectively.Only an N-
neopentyl compound,unbranchedpiperidine 3,13a be-
longsto type(3) of alkylamines.On theotherhand,NIR
barriers for somea-branchedcycles, N-neopentylazat-
wistanes13aand14, areestimatedas‘usual’ values.One
findsalsothat:


(a) A neopentylsubstituentis often a ‘high-barrier
inducer’ (e.g. piperidines1a, 3, 5a and 6a and bicycle
16a). OnenotesthatthecorrespondingN-Me compounds
1b, 5b and6c5 possessmuchlower barriers.In contrast,
the correspondingvaluesfor neopentylcompounds4a
and13aarenotundulyhighalthoughtheyarehigherthan
for N-Me andN-Et analogs4b and13b, respectively.For
neopentyl compound 9d NIR does not occur and
pyramidal inversion is an isolatedprocess5,16 (without
C—N rotation)with a barrierof 7.0kcalmolÿ1.


(b) Althougha-branchingfor two of theN-substituents
is essentialto provide a high NIR barrier (seeabove),
branchingfor thethird substituentmaybea (amine9a) or
b (amines1a,4a,5a,6b and16a) or maybeabsent(e.g.
amines7, 8a,b and9b with a primary N-substituent).


(c) Systemrigidity doesnotdeterminetheheightof the
barrier.Whereasrigid N-Me piperidines7a, 8b and 9a
with diequatorial 2,6-substituentsbelong to the high-
barriersystems,the calculatedNIR barrier for the even
morerigid N-methylazaadamantane10 with diequatorial
methyl groups is similar to the values for flexible N-
methylpiperidines5b and6c.


(d) A piperidinecycle is not an attributeof an amine
systemof type (3) (e.g. see Fig. 2 for the calculated
barrierfor azabicyclo[4.4.1]undecatetraenesystem16a).


Therefore, we can conclude that sole backbone
structure(atom connectionorder) does not determine
theNIR barrierheight.Stericrepulsionof N-substituents
in the NIR transition state dependson, e.g., their
stereochemistry.For instance, N-neopentylpiperidines
1a and 5a which containcis-2,6-substituentsof diaxial
and diequatorialorientation,respectively,possesshigh


NIR barriers.trans-2,6-Substitutedanalogs4a and 13a
with equatorial–axialand dipseudoaxialorientations,
respectively,have appreciably lower barriers. Never-
theless,cis-stereochemistryof a-substituentstogether
with thepresenceof abulky N-substituentalsocannotbe
a characteristicstructuralfeaturefor aminesof type (3):
e.g.no NIR wasfoundfor diequatoriallysubstitutedcis-
piperidine9d (seeabove).Hencestructuralcriteria for
the third typeof aminesareproblematic.


This situation is similar to the case of type (2)
alkylamines which also may be defined in structural
terms only approximately.The 7-azabicyclo[2.2.1]hep-
tane backbone does not provide slow NIR: tert-
butylazanorbornanepossessesthe correspondingbarrier
of 6.1kcalmolÿ1 at room temperature.10 Since a tert-
butyl substituentis aknown‘NIR barrierreducer’,1,10we
give herean exampleof an N-methylazanorbornaneof
low NIR barrier(seeFig. 2 for 17).


Therefore,we proposea ‘non-structural’criterion for
aminesof type (3) which is basedon comparisonof the
NIR barrierof a high NIR barriersystemwith that of a
lesshinderedanalog.It is well knownfor alkylamines1,10


that an increasein sterichindrancelowersNIR barriers
(e.g. for N-methylamine5b and N-tert-butylamine5c).
However,for aminepairs1a–1b,5a–5b,6b–6c,6a–6b,
8a–8b,9a–9band16a–16b(morehinderedsystem–less
hinderedsystem)the barriervaluesrise with increasein
the bulk of the N-substituent.This phenomenonshould
takeplacewhen intramolecularrepulsivesteric interac-
tions for an amine are increasedin the NIR transition
state.Sincethiscorrespondsto theabovedefinitionof the
third typeof aminesystems,adecreasein NIR barrierson
goingfrom amorehinderedsystemwith ahighbarrierto
alesshinderedsystemwith alowerbarrierappearsto bea
reasonablecriterion for the third type of amines.Thus,
amines1a, 5a, 6b and7a, 8a,b, 9a,b and16a belongto
type (3) of amines. This situation (a higher barrier
correspondsto a morehinderedsystem)may alsooccur
within the‘usual’ NIR barrierrange(e.g. amines13aand
13b andtheMe3N casementionedbelow).


It is convenientto comparea high NIR barrieramine
containinganN-alkyl substituentwith thoseof theN-Me
or NH analogin order to prove the attribution of this
amine to type (3). According to the above-mentioned
criterion, N-Me and NH aminespossesslower NIR (or
nitrogeninversionin thecaseof NH compounds)barriers
than their N-alkyl homologsof type (3). Moreover,the
barriersfor theseNH compoundshave‘usual’ valuesfor
inversion barriers.For instance,the calculatedbarriers
for theNH analogs7b, 8cand9cof theN-Me-containing
high-barriersystems7a, 8b and9b lie in the range6.3–
7.7kcalmolÿ1 (seeFig. 1). The calculatedgeometryof
thecorrespondingNH andN-Me compoundsis similar in
the stable conformation and in the transition state.
Therefore,the 4.0–5.5kcalmolÿ1 increasein the NIR
valuesfor thehigh-barriertertiaryamines7a, 8b and9b
with respectto the secondaryanalogsis causedonly by


Figure 2. Amines 11±17 and calculated NIR barrier values
(kcal molÿ1, shown in parentheses)
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an increasein stericinteractionswith themorebulky N-
substituent.


Flattening of a nitrogen pyramid, which rises with
increasein crowding, was mentionedas an NIR rate-
acceleratingfactor.1,22 The insufficiency of only this
explanationis revealedevenunderconsiderationof the
simplestmethylamines(their experimentalbarriersare
reviewed in Ref. 22): more flattenedMe3N possesses
about a twofold higher NIR barrier than Me2NH and
MeNH2.


22 Hence, the �4 kcalmolÿ1 discrepancyon
going from Me2NH and MeNH2 to Me3N is causedby
synchronousrotationof threemethylgroupsduringNIR
in Me3N (this concertedrotation is revealedwhen the
stableconformation–theNIR transitionstatepathwayfor
Me3N, is modeledby MM3 via stepwiseflatteningof the
nitrogen-containingfragmentfollowed by minimization
in eachstep23).


Now wecanalsoexplainwhy noaminestructure–NIR
barrier height relationshipcan be evaluatedfor alkyl-
amines.The caseof aminesof type (3) andalsoMe3N
andamines15a and15b demonstratehow largemay be
therotationcontributionin theNIR barriers.It is obvious
that for otheralkylaminesrotationof N-substituentsalso
contributesto thebarrier,althoughto asmallerextent.In
otherwords,thedifferencein theNIR barrierheightsfor
alkylaminesis determinedbothby thenitrogenpyramid-
ality in stableconformationsof theseaminesandsteric
interactionsof N-substituents,which appeareddue to
their rotation during NIR, in the correspondingNIR
transitionstates.While thetendencyof thefirst NIR rate-
acceleratingfactor (thepyramidalitydecrease)is simply
predictablevia aminestructure(seeabove),thereis no
trendfor the rotationcontribution.This secondfactor is
case-specific,asthe exampleof alkylaminesof type (3)
shows.


EXPERIMENTAL


The1994versionof theMM3 program14,15wasusedfor
molecularmechanicscalculations.The Vibplot program
from theMM3 packagewasemployedfor normal-mode
vibrational analysis.The minimum energystablecon-
formerswerefound via MM3-supportedconformational
search (option 8). Transition states were found as
describedin (a)–(c).Their belongingto NIR (or to other
transitionstates)andtheirorderswereprovedby normal-
modevibrationalanalysisasfollows: coordinatesderived
by theVibplot programfrom theeigenvectors(produced
by option 5 of the MM3 program)of vibrationalmodes
with imaginary frequency were employed as starting
coordinatesfor full minimization(option3).Forstructure
comparisonthemoleculargraphicsprogram(Xmol) was
used.


(a) Amine structureswith a planar amino fragment
werebuilt by the following algorithm:orientationof the
moleculeto placetheN atomandtwo cyclic C-a atomsin


thexy-plane;changeof thez-coordinateof the third C-a
atom to zero and block diagonalminimization of this
structurewith restrictedmotionalongthez-coordinatefor
theN atomandthreeC-a atoms;full matrixminimization
(option3).


(b) For calculation of NIR barriersvia a rotational
procedurethe Driver option wasused(NDRIVE =ÿ1).
TheexocyclicN-substituentwasrotatedgraduallyin the
range ÿ180 to 180° (1° rotation step). Full matrix
minimization (option 3) was further employedfor the
high-energypointsof rotation(NIR transitionstateswere
distinguishedfrom theC–N rotationtransitionstatesvia
normalmodevibrationalanalysis;seeabovefor details).


(c) Stochasticsearchfollowed by full matrix mini-
mization (option 9) was used for locating the NIR
transitionstatesandcorrespondingstableconformations.
Stochasticsearch(400 pushesfor amine 12 and 200
pushesfor other amines)was performedstarting from
arbitrary amine conformations.Establishmentof the
formal relationshipbetweenconformersand transition
states was performed via normal-mode vibrational
analysis(seeabove).
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Singlet and triplet states in the reactions of nitrenium ions
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ABSTRACT: Nitrenium ions (R—N—R�) are reactive intermediates which are isoelectronic with carbenes. Like the
more familiar carbenes, nitrenium ions have low-energy singlet and triplet states. Recent experiments have been
directed at understanding how singlet and triplet nitrenium ions differ in their chemical reactivity. Singlet nitrenium
ions typically react rapidly with nucleophiles whereas the triplet nitrenium ions tend to abstract H atoms. Several
specific cases are discussed including the parent system, NH2


�, and several arylnitrenium ions. Copyright 1999
John Wiley & Sons, Ltd.


KEYWORDS: nitrenium ions; singlet state; triplet state; carbenes; photochemistry


INTRODUCTION


Nitrenium ions1–3 have the general formula RR'N�,
making them nitrogen analogs of carbenes (RR'C). The
nitrenium ions differ from the more familiar nitrenes
(R—N) in that they are divalent and cationic rather than
univalent and neutral. Like the nitrenes and carbenes,
nitrenium ions are extremely reactive species and this
presents some interesting challenges to the experimen-
talist.


One long-standing motivation for studying nitrenium
ions comes from the field of chemical toxicology. It has
been proposed that DNA damage caused by enzymati-
cally activated aromatic amines proceeds via arylnitre-
nium ion intermediates. This type of DNA damage can,
under certain circumstances, convert a healthy cell into a
cancer cell. This proposal has been discussed at length in
a number of recent articles and reviews3–10and it will not
be considered further here other than to note that the
relevant reactions appear to be characteristic of the
singlet state (see below).


This review will focus instead on a much more
neglected aspect of nitrenium ions: their singlet and
triplet states and how these different electronic con-
figurations influence their chemical reaction mechan-
isms. It will be of special interest to evaluate recent
progress from both computational chemistry and experi-
mental chemistry. Time and space considerations
prohibit a comprehensive survey of all calculations and


experiments. Instead, several selected examples will be
presented where both theory and experiments have been
applied to the same systems with special emphasis on
work from the author’s own laboratory. The reader
should realize that a number of interesting recent
computations and experiments on nitrenium ions will
escape mention herein.


It will become apparent from the following discussion
that much work remains to be done in uniting theory and
experiment. A general problem that arises in comparing
electronic structure calculations with mechanistic experi-
ments in solution is that the two methods emphasize
different types of information. The sort of data that are
readily accessible from experiments (shapes and posi-
tions of UV–visible absorption bands, rate constants for
reactions and distributions of stable products) are
notoriously difficult to calculate to the requisite accuracy.
Likewise, the sort of parameters that can be calculated to
high accuracy (bond lengths, bond angles, singlet–triplet
energy gaps, heats of formation) are extremely difficult to
measure experimentally, especially when the species in
question is a highly reactive intermediate.


GENERAL CONSIDERATIONS


Nitrenium ions, like carbenes and nitrenes, have two low-
energy electronic states, a singlet state and a triplet
state.11–14 This follows because nitrenium ions possess
two non-bonding electrons and two non-bonding orbitals.
This is illustrated in Fig. 1(A). In the triplet state the
electrons have parallel spins and are distributed between
the two non-bonding orbitals,s and p. In the singlet state
the electrons have antiparallel spins and occupy thes
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orbital (i.e. s2), leaving the p orbital vacant. (Singlet
stateshavingsp andp2 configurationsarealsopossible
but theyaregenerallymuchhigherin energy.)


The differencein the energybetweenthe singletand
triplet states(singlet–tripletgapor D Est) is determined
by the energydifferencebetweenthe two non-bonding
orbitals.Giventhebentgeometryshownin Fig. 1(A), the
p ands orbitalswill havedifferentenergiesasindicated
in Fig. 1(B). In theabsenceof anyspecialconsiderations,
thes orbital, havings character,will be lower in energy
thanthep orbital.It mightseemfrom casualinspectionof
theorbital energydiagramin Fig. 1(B) thatthes2 singlet
statewouldinevitablybethelowestenergyconfiguration.
However,this simple diagramfails to accountfor two
additional effects.First, electronsrepel eachother and
these electrostatic forces will tend to favor the sp
configuration. Also, parallel electron spins gain a
favorable electron exchange interaction (as seen in
Hund’srule). This too will tendto favor the triplet state.
If theorbital energyspacingis smallerthantheexchange
andcoulombicforces,then the triplet will be the lower
energystate.If the orbital energyspacingis larger than
theseforces,thena singletgroundstatewill result.Thus,
any structuralchangesthat destabilizethe p orbital or
stabilize the s orbital will favor the singlet state.
Likewise, changesthat destabilizethe s or stabilizethe
p orbital will favor the triplet state.


It is difficult to measuredirectly singlet–tripletenergy
gapsin carbenes,nitrenesor nitrenium ions. In certain


cases this has been accomplished using gas-phase
photoionization spectroscopy.Interpretation of these
spectracan be complicatedby hot bandsor in cases
where a large number of vibrational modes obscure
resolutionof the electronicstates.For this reason,these
experimentsaremostsuccessfullyappliedto very small
and/orhighly symmetricmolecules.Application of this
techniqueto largerspecies(e.g.phenylnitrene15) is still
far from routine.


Triplet states,beingparamagnetic,give characteristic
EPRsignals.16,17Detectionof a triplet EPRspectrumis a
goodindicationeither that the triplet stateis the ground
stateor thatD Est is verysmall.Thisexperimenthasbeen
usedto assigntriplet groundstatesto variouscarbenes
andnitrenes.Unfortunately,this methodgenerallydoes
not providea numericalvaluefor thesinglet–tripletgap.
Moreover,if thesingletstateis thegroundstate,nosignal
of any sort is observable.Of course,the samenegative
resultcouldalsomeanthat thespeciesin questionis too
short-lived to be detectableor that spin relaxation
processesbroadenthesignalto thepoint whereit cannot
bedetected.An EPRspectrumof a triplet nitreniumion
hasnot yet beenreported.


The third way in which experimentalevidencefor
eithersingletor triplet statescanbe obtainedis through
chemicaltrappingexperiments.Generally,singletstates,
havingbothanon-bondingpairof electronsandanempty
orbital, behaveas Lewis acids or Lewis bases.They
therefore tend to participate in chemical reactions
involving shifts of electron pairs. For example,both
nitrenes18 and carbenes19 can act as bases,abstracting
protonsvia their non-bondingpair. In contrast,triplet
states,havingtwo semi-occupiedorbitals,tendto behave
asradicals.Forexample,triplet carbenes20 andnitrenes21


both abstractH atoms,a reactionthat is very typical for
free radicals.


THE PARENT NITRENIUM ION, NH2
�


Theparentsystemis uniqueamongnitreniumionsin that
its singlet–tripletenergygaphasbeencharacterizedboth
by theory and by experiment,with both approaches
convergingon the samenumerical value. As early as
1979,PeyerimhoffandBuenker22calculated(MRD-CI) a
D Est of �29.9kcalmolÿ1 (apositivesignmeansthatthe
triplet is lower in energy)(1 kcal= 4.184KJ). This early
predictionhaswithstoodthe testof time. It wasverified
experimentally by the mass-selectivephotoionization
spectroscopystudy of Gibson,et al,23 who measureda
value of 30.1� 0.2kcalmolÿ1. Additional ab initio
calculationsby Pople and Schleyer24 and van Huis et
al.25 and also density functional theory calculationsby
Crameret al.14 are essentiallyin agreementwith these
values.Analysis of the IR spectrum26 of NH2


� reveals
thatit is quasi-linear.Thatis, themoleculeis bentwith an
equilibrium bond angle of 153°. However, the energy


Figure 1. A simpli®ed picture of (A) the non-bonding orbitals
and (B) their relative energies for the singlet and triplet states
of a typical nitrenium ion
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requiredto bendit to the lineargeometryis lessthanthe
zero-pointvibrationalenergy.Henceit canbeconcluded
with reasonablecertainty that NH2


� is a quasi-linear
ground-state triplet with an energy gap of
�30kcalmolÿ1.


The carbeneanalogto NH2
�, methyleneor CH2, is


also a ground-statetriplet,27 but its D Est is only
�9 kcalmolÿ1. Crameret al.14 attributedthis to contrac-
tion of the MOs around the more electronegative
nitrogen,which leadsto increasedcoulombicrepulsion
in thesingletstateof NH2


� andforcestheelectronsinto
separateorbitals.In contrast,CH2 hasmorediffuseMOs
and the electronsfeel less coulombic repulsion in the
singletstate.


While the most precisestructuraland energeticdata
come from gas-phasestudies of NH2


�, the only
information availableconcerningits reactionpathways
comesfrom photochemicalstudiesin solution.Takeuchi
andco-workers28–30first examinedthebehaviorof NH2


�


generatedfrom the photolysisof 1-amino-2,4,6-triphe-
nylpyridinium tetrafluoroborate(1) ions. It was found
thatphotolysisof thelatterin toluene(PhCH3) containing
10–50%trifluoroaceticacid (TFA) gives o-, p- and m-
toluidines (i.e. aminotoulenesthat result from the


additionof anNH2
� to toluene),2,4,6-triphenylpyridine,


bibenzyl (PhCH2CH2Ph) and o- and p-benzyltoulenes
(Scheme1).


Theseearlierworkersattributedthe toluidine isomers
to reactionsof the initially formed singlet NH2


� with
toluene.28 Bibenzyl and the benzyltolueneswere attrib-
uted to reactionsof triplet NH2


� (presumablyfrom H
atomtransferfrom tolueneto the triplet andsubsequent
couplingof the benzyl radicals).Their work focusedon
the presumedsinglet products. It was found that the
relativeyields of theo-, p- andm-toluidinesdependson
the gegenion of the pyridinium salt in addition to
substitutionson the pyridine leaving group. On this
basis, it was concludedthat the singlet state was not
formedfreely in solution,but ratherit reactedvia some
loosecomplexwith thepyridineleavinggroupand/orthe
gegenion.


Experimentscarriedout in our laboratories31,32arein
generalagreementwith thebasicresultsof Takeuchiand
co-workers.Furtherstudieswerecarriedout in order to
ascertainthe origins of bibenzyl and the benzyltoluene
isomers.We notedthatwhereasbibenzylis oftenseenas
the coupling product from two benzyl radicals, the
formationof thebenzyltoluenesfrom radicalcouplingis
apparentlyunprecedented.33–35This leadusto proposea
modification to Takeuchiand co-workers’ mechanism,
shown in Scheme2. The singlet (1NH2


�) abstractsa
hydridefrom tolueneto give NH3 alongwith thebenzyl
cation(PhCH2


�). Thelatterattacksanunreactedtoluene
to give eithero- or p-benzyltoluene.In competitionwith
hydride transfer, 1NH2


� also can relax to the lower
energytriplet 3NH2


�. The triplet in turn abstractsan H
atomfrom toluene,aspreviouslysuggested.Thisprocess
givesPhCH2


., which finally dimerizesto give bibenzyl.
This mechanismis supportedby two experiments:


1. Addition of anon-reactivediluentfavorstheformation
of the triplet product(bibenzyl)at the expenseof the
singletproducts(toluidinesandbenzyltoluenes).This
experiment is easily understood by reference to
Scheme2. The hydridetransferstephasa ratethat is
proportionalto theconcentrationof thetrap(toluene),
whereastheintersystemcrossingrateis independentof
the trap. Thus, diluting the toluenecausesa greater
fractionof the initial 1NH2


� ionsto relax to the lower


Scheme 1. Photochemistry of 1-aminopyridinium ions


Scheme 2. Mechanism of the reaction of the parent nitrenium ion with toluene
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energy3NH2
�. Table1 showsthat the behavioris in


factconsistentwith thesepredictions.Addition of 50%
(v/v) CCl4 or 50% (v/v) hexafluorobenzene(C6F6)
causesboth a decreasein the yields of the benzyl-
toluenesand an increasein the yield of bibenzyl.
Although not indicated in Table 1, the yields of
toluidines are affected in a similar way to the
benzyltoluenes.


2. Photolysisvia triplet energytransferfavorsformation
of the triplet product,bibenzyl.When1 is photolyzed
via a triplet sensitizer (9-fluorenone),light is first
absorbedby the sensitizer, which rapidly suffers
intersystemcrossingto its excited triplet state and
then relays the energy to compound1, creating its
triplet excited state.Spin conservationdictatesthat
decompositionof triplet excited1 will give the triplet
nitrenium ion 3NH2


�. Hence triplet sensitization
providesa methodby which 3NH2


� canbe produced
bypassingthe singletmanifold. This predictsthat the
yield of bibenzylwouldbeincreasedat theexpenseof
benzyltoluenes.Table1 showsthat this is indeedthe
case.Theyield of bibenzylincreasesfrom 23 to 53%
andthe yield of benzyltoluenesdecreasesfrom 24 to
14%.


While this result also supports the mechanismin
Scheme 2, there remains a question as to how
benzyltoluenesare formed at all undertriplet sensitiza-
tion. There are two possibilities. First, the triplet-
sensitizedirradiationsemployedwavelengths>320nm.
At thesewavelengths,thesensitizerabsorbsthemajority
of light. However,it is impossibleto preventsomedirect
absorptionby theprecursor1. Hencethesingletproducts
couldbetheconsequenceof undesireddirect irradiation.
The secondpossibility is that the benzyltoluenescome
from reactionsof thetriplet. FollowingScheme2, 3NH2


�


abstractsan H atom from tolueneto give PhCH2
. and


NH3
�.. The benzyl cation would then result from a


secondaryelectron transfer between these two inter-
mediates(i.e. PhCH2


.�NH3
�. → PhCH2


� � NH3). We
favor the former explanation.The dilution experiment
establishesa limit on the amountof benzyltoluenesthat
couldcomefrom the triplet pathway.


In any case,thesetwo experimentsmakeit clear that


bibenzyl and the benzyltoluenesarise from different
pathways.Benzyltoluenesform from the initially gener-
ated state and bibenzyl forms from a subsequent
intermediate.If they were both formed from benzyl
radicaldimerization,thenconstantratiosof thetwo types
of products would form regardlessof the reaction
conditions.


ARYLNITRENIUM IONS


In contrastto theparentsystem,it is generallyagreedthat
arylnitreniumions (e.g. PhNH�) are ground-statesing-
lets. In thecaseof PhNH�, ab initio calculationsat both
the post-Hartree–Fock11,36 and the DFT14 levels con-
vergedonaDEst of caÿ20kcalmolÿ1. Qualitativelythis
is explainedby donationof electrondensity from the
filled p-orbitals of the aromaticring into the vacantp
orbital at thenitreniumcenter.Thiseffectdelocalizesthe
chargeto theortho andpara positionsof thephenylring
asdepictedby theresonancehybridsin Eqn.(2). In terms
of theMOsin Fig. 1(B), this interactionraisestheenergy
of the p non-bondingorbital andthusfavors the singlet
state.


Fromthis argumentit further follows thatsubstituting
the aromatic ring with p-donating groupswill further
stabilizethesingletanddestabilizethe triplet. Likewise,
addition of p-withdrawing groupswill tend to decrease
the orbital splitting andthusfavor the triplet state.This
latterpredictionwill becomeimportantwhenweconsider
nitreniumion 2g (seebelow).


The computational results above also reveal an
unexpectedfeature of triplet arylnitrenium ions. The
triplet state of phenylnitrenium ion is not a planar
structure.Instead,theN—H bondis perpendicularto the
aromaticring (Fig. 2). In contrast,thesingletpossessesa
planarstructureand a shortenedC—N bond (1.311Å)
consistentwith its cyclohexadienylimine cationcharac-
ter.This finding holdstrueat all levelsof theorystarting
with AM1 semiempiricalcalculations11,37–39all theway
upto DFT calculations(BVWN5/cc-pVTZ//BVWN5/cc-
pVDZ).40 Apparentlythe triplet behavesasa protonated
triplet nitrene.TheC—N bondis longerandshowsonly a
very low barrier to rotation. The non-planarminimum
can be explainedby a slight steric bias causedby the
orthoH atoms.In sum,calculationsonarylnitreniumions


Table 1. Stable product distributions from generation of
NH2


� in the presence of PhCH3 with 10% tri¯uoroacetic acid


Conditionsa Bibenzyl (%)
Benzyltoluenes


(%)


PhCH3 23 24
1:1 (v/v) PhCH3–C6F6 85 5
1:1 (v/v) PhCH3–CCl4 80 6
PhCH3–triplet sensitizerb 52 14


a 10%trifluoroaceticacidadded.Irradiationswerecarriedoutusingthe
>295nm outputof a medium-pressureHg lamp.
b 9-Fluorenonewas used as a triplet sensitizer and wavelengths
>320nm wereemployed.


Figure 2. Geometries of the singlet and triplet states of
phenylnitrenium ion
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showthatthereis a low-energysingletstatethatis planar
andpossessesthering bondalternationalongwith ashort
C—N bond distance that would be expected for a
cyclohexadieneimine cation.This is accompaniedby a
non-planartriplet wherethe chargeis localizedand the
C—N bond is more or lesssingle. In the simplestcase
(PhNH�) thetriplet is higherin energythanthesingletby
ca 20kcalmolÿ1.


Arylnitrenium ions havebeenstudiedextensivelyin
connectionwith their involvement in carcinogenesis.
Relativelyfew studies,however,hadaddressedtheissue
of their spinstatesuntil investigationsof N-tert-butyl-N-
(2-acetylphenyl)nitrenium(2a) were carriedout several
yearsago.41 Thisparticulararylnitreniumion waschosen
for study mainly because there was a previously
characterizedmethodfor its generation.42 The mechan-
ism of its photochemicalformation is complex and a
detaileddiscussionis availableelsewhere.41 Herewewill
focuson thekey resultsthatfirst revealedthedichotomy
between the singlet and triplet state chemistry and
comparethis behaviorto thenitro derivative2g.


Directphotolysisof theprecursor3a in CH2Cl2 solvent
containing2.7M CH3OH gives the adductN-tert-butyl-
N-(2-acetyl-4-methoxyphenyl)amine(5a) in nearlyquan-
titative yield (Scheme3). The origin of this productcan
bereadilyunderstoodby referenceto Fig. 2. Thesinglet
state,having significantpositive chargein the position
para to the nitreniumcenter,43 reactswith nucleophiles
(i.e. lewis bases)at that position.The stableproduct is
formed from nucleophilic attack at the para position
followed by a net protonshift from the para positionto
thenitrogenatom.


Theseresultscanbecomparedwith thestableproducts
obtained via triplet sensitization.In the presenceof
0.12M CH3OH, a73%yield of thesamemethoxyadduct
is detectedalongwith 24% of the parentamine[N-tert-
butyl-N-(2-acetylphenyl)amine(4a), Table2]. However,


asthe concentrationof CH3OH is increasedthe yield of
the methoxyadductactuallydecreases!In neat(24.7M)
CH3OH, theyield decreasesto 32%.Simultaneouslythe
yield of the parent amine increaseswith increasing
CH3OH concentration.This apparentcontradiction is
explainedasfollows: (1) CH3OH canact asan H atom
donor through its methyl hydrogensand also as a
nucleophilethroughits O—H group;(2) the triplet state
nitreniumion prefersto abstractH atoms(a one-electron
process)rather than suffer nucleophilic attack (a two
electron process); and (3) the singlet state of the
nitreniumion is lower in energythanthe triplet stateor
elsecloseenoughin energyto be thermallyaccessible.


Following themechanismin Scheme3, we seethatat
high concentrationsof CH3OH, the triplet will be
kinetically trappedby H atom transfer,a processthat
ultimately yields theparentamine4a. As theconcentra-
tion of CH3OH is reduced,alargerfractionof theinitially
formed nitrenium ions survive the H atom transfer
processandrelax to the lower energysingletstate.The
singlet is then trapped via nucleophilic addition of
CH3OH.


Theresultsof theexperimentswith 2a establishedthat
singlet-andtriplet-statenitreniumionsreactvia different
mechanismsand yield different stable products. The
singletis attackedby nucleophilesandthetriplet tendsto
reactvia H atomtransfer.Furthermore,thefact thatthere


Scheme 3. Mechanism of the methanol trapping of the N-tert-butyl-N-(2-acetylphenyl)nitrenium ion 2


Table 2. Yields of methoxy adduct 5a and parent amine 4a
from triplet sensitized photolysis of 3a


[CH3OH] (M)
Methoxyadduct5a


(%)
Parentamine4a


(%)


0.12 73 24
1.18 57 42
2.69 44 51


24.7 32 66


Copyright  1999JohnWiley & Sons,Ltd. J. Phys.Org. Chem.12, 589–596(1999)


SINGLET AND TRIPLET STATESIN REACTIONSOF NITRENIUM IONS 593







is a kinetically viable pathwayfrom the triplet to the
singletimpliesthatthesingletis lower in energythanthe
triplet. This is consistentwith theoreticalstudieswhich
predictthesespeciesto beground-statesinglets.11


Derivativesof 2 with variousring substituents(Br, Cl,
CH3, CN, Ph) have also beenexamined.44–47 They all
showsimilar trappingbehavior.The predominantstable
productsresultfrom nucleophilictrappingonthecarbons
of thearomaticring (e.g.5) Again this is consistentwith
the singlet being the lowest energystate.More recent
attention has turned to the diphenylnitrenium ion
(Ph2N


�).48,49 Although an extensive analysis of its
singlet–tripletstatedynamicsis not complete,it is clear
that the major decaypathwaysoccur from the singlet
state.For example,Ph2N


� reactsrapidly with nucleo-
philessuchashalides,alcohols,waterandaminesgiving
adductsanalogousto 5. Again,thisbehavioris consistent
with DFT calculationswhich hold that this speciesis a
ground-statesingletwith aDEst of ÿ11.6kcalmolÿ1.


Finally, we turnourattentionto the4-nitro-substituted
arylnitreniumion 2g, which we shall argueis a ground-
statetriplet.50 Scheme4 presentsour mechanismfor the
photolysisof its precursor3g. The stableproductsfrom
this nitreniumion arequalitativelydifferent to that seen
from the unsubstitutedarylnitrenium ion 2a. Only two
typesof productsareobserved,theparentamine4g and
an iminium ion 8. The latter productarisesfrom a 1,2-
migrationof amethylgroupfrom thetert-butyl residueto
the electron-deficientnitrenium ion center. This was
shownto be a characteristicproductof the singletstate
through a comparisonof direct and triplet-sensitized
irradiations.Interestingly,no nucleophilicadductsana-
logousto 5 couldbedetectedevenwhenneatmethanolor
27M H2O wereaddedastraps.Apparentlythe 1,2 shift
leading to 8 is faster than addition of any external
nucleophile.


Laserflashphotolysisof nitreniumion 2g’s precursor
(3g) givesatransientabsorptionspectrumthatis assigned
to its excitedtriplet state.Thisspeciesappearswithin the
10nswindow of the laserpulseandits decayrateis not
affectedby H atomdonors(trapsfor thetriplet nitrenium


ion) or nucleophiles(trapsfor thesingletnitreniumion).
However,addition of O2, a quencherof excited triplet
states,doesreduceits lifetime. In the absenceof O2 the
excitedtriplet stateof 3gdecayswith alifetime of 300ns.
The formationof the excitedtriplet stateof 3g indicates
that intersystemcrossingin the precursor(i.e. process
kisc) effectivelycompeteswith excitedstatering opening
(kso).


We were unableto detecta transientabsorptionthat
couldbeattributedto eitherthesingletor triplet stateof
nitreniumion 2g. However,its lifetime andreactionrates
couldbemonitoredthroughtheuseof a probesubstrate.
Addition of triphenylmethane(Ph3CH) causedformation
of the trityl radical (triphenylmethyl,Ph3C


.) only when
3g was also present in the reaction medium. The
appearanceof the trityl radical absorptionband51 at
340nm could be monitoredusinglaserflashphotolysis.
Oneimportantconsequenceof this experimentis that it
confirmeda previousassumptionthat the parentamine
arisesfrom sequentialhydrogenabstractions.


A kinetic waveformfrom this experimentis shownin
Fig.3.50Thisparticulartracewastakenat370nm.At this
wavelength,both the trityl radicalandtheexcitedtriplet
stateof 3g absorb.Following the laserpulse,thereis a
rapiddecayin absorptionof theexcitedtriplet stateof 3g
(duemainly to processkto). This is followedat latertimes
by thegrowthof the trityl radical(throughprocesskH2).
Carefulkinetic analysisof the growthof trityl radicalat
variousPh3CH concentrationsrevealsa delay between
disappearanceof the excited triplet stateof 3g and the
appearanceof thetrityl radical.Thisdelaycorrespondsto
the lifetime of the unseennitrenium ion 2g. In the
absenceof the trap, the lower limit of the nitreniumion
lifetime is calculatedto be>2ms.


Thisverylonglifetime shouldbesufficientto allow for
spin equilibration. Carbenes,for example, reach spin
equilibrium in times usually of the order of 1 ns or
less.21,52–54The implication of this result,coupledwith
the assumptionthat the radical productsderive from
triplet statereactions,is eitherthat2g mustbea ground-
statetriplet or that the singletandtriplet statesmustbe


Scheme 4. Photochemical generation and trapping of nitrenium ion 3
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closeenoughin energythatthesingletstatecanreactvia
anequilibriumwith thehigherenergytriplet. If thelatter
casewereoperative,we would haveexpectedto observe
some singlet products (i.e. iminium ion 8) when the
triplet is selectivelygenerated.


To test for rapid spin equilibration, triplet energy
transferexperimentswerecarriedout in CH2Cl2 solvent
using9-fluorenoneas the sensitizer.Theseexperiments
producednodetectableyieldsof 8. Thisresultleadsto the
conclusionthat 2g is a ground-statetriplet. The only
alternativethatwouldbeconsistentwith ourobservations
wouldbethatthesingletis thegroundstate,but for some
reasonthere is an unexpectedlylarge kinetic barrier to
spin inversion.


N-tert-Butyl-N-(2-acetyl-4-nitrophenyl)nitrenium ion
2g is an interestingcasebecauseit appearsto be an
exampleof aarylnitreniumion with atriplet groundstate.
This is readily understoodfrom qualitative considera-
tions. Removalof p-electrondensityfrom the aromatic
ring tends to favor the triplet state over the singlet.
Although 2g itself has not been the subject of a
computationalinvestigation,a recentpaperby Sullivan
et al.55 on para-substituted phenylnitenium ions is
relevant.High-levelDFT calculationsverify thequalita-
tive predictionthat p-acceptorssuchasnitro andacetyl
substituents stabilize the triplet state by 2.0 and
5.3kcalmolÿ1, respectively, compared with PhNH�.
The mono substitutedphenylnitrenium ions were all
calculated to have singlet ground states. However,
possible synergistic effects of disubstitution and the
steric effect of the bulky tert-butyl group might be
responsiblefor makingthe triplet thegroundstatein the
caseof 2g. Furthercomputationalstudiesof theseeffects
areclearly warranted.


CONCLUSIONS


Recentwork hasshownthe singlet and triplet statesof


nitrenium ions can be distinguishedvia characteristic
chemicalreactions.Thesingletsreactvia hydridetransfer
and addition to nucleophiles.Triplets reactvia H atom
abstraction.Generally,quantummechanicalcalculations
at various levels have proved to be a good qualitative
guideto predictingsinglet–tripletenergygaps.Thusthe
parentsystem,NH2


�, is almostcertainlya ground-state
triplet. Experimentaldatain thegasphaseandin solution
aregenerallyin agreementwith that.Aromaticnitrenium
ionsarepredictedby ab initio methodsandalsoDFT to
be ground-statesinglets. This prediction is generally
consistentwith most experimentaldata. However, no
experimentto datehasdirectly addressedthemagnitude
of thesinglet–tripletgapin arylnitreniumions.
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A caveat on the oxidation of 2,8-diphenyl-1,9,10-
anthyridine to 2,8-diphenyl-5(10H)-1,9,10-anthyridone
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ABSTRACT: Crystallization of 2,8-diphenyl-1,9,10-anthyridine (1a) from various organic solvents afforded the
corresponding anthyridone (2a). The conversion of anthyridine to anthyridone was monitored by1H NMR
spectroscopy in deuterated solvents. It is found that the transformation is facile at ambient temperature and this could
be relevant in triply hydrogen-bonded complexes of1a with neutral and cationic molecules. Copyright 1999 John
Wiley & Sons, Ltd.
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INTRODUCTION


Heterocycles with multiple hydrogen bonding groups
have attracted attention recently because of their utility in
the non-covalent self-assembly of supramolecular struc-
tures and in host–guest chemistry.1 The arrays of
complementary donor and acceptor hydrogen bonding
sites in these molecules are useful building blocks for
aggregation into well defined architectures.2,3 Zimmer-
man and co-workers4 have shown that 2,8-diphenyl-
1,9,10-anthyridine (1a) forms complexes with comple-
mentary neutral molecules mediated through the
DDD:AAA (D = donor, NH group; A = acceptor, py-
ridine N-atom) triple-point hydrogen bond recognition
motif whereas 2,8-diphenyl-5(10H)-1,9,10-anthyridone
(2a) binds through the DAD:ADA motif. Anslyn and co-
workers5 have carried out non-aqueous titrations on the
DDD:AAA complexes of1awith cationic host molecules
and found that recognition is mediated through hydrogen-
bonded complex formation and not solely by proton


transfer. Anthyridine and other heterocycles have gained
importance as covalently bonded scaffolds in molecular
recognition and crystal engineering.1–3


We have recently examined the crystal structure of
2,3,7,8-tetraphenyl-1,9,10-anthyridine (1b), recrystal-
lized from toluene and chlorobenzene.6 The low-
temperature structure of the PhMe and PhCl solvates of
1b exhibit similarities in their packing features and their
comparison shows that the moderately activated (Ph)C—
H…p(Ph) interactions found in these structures (2.54 A˚ ,
� = 151°; 2.61 Å, � = 143°) have the characteristics of
weak hydrogen bonds of the C—H…O 7 and C—H…N
type. In continuation of this study, crystallization of1a
from common organic solvents did not afford crystals of
anthyridine but instead a new compound, anthyridone2a,
was isolated. It was found that1a is partially or
completely converted to2a during recrystallization over
a period of 2–3 weeks at ambient temperature. While
these experiments were in progress, we became aware
that complexes of1a have been studied in acidic
medium.5b In order to understand the factors that promote
the1a → 2a transformation, the reaction was monitored
by 1H NMR spectroscopy at 200 MHz in deuterated
solvents (CDCl3, CD3OD and CDCl3 filtered through
basic alumina) atÿ10 and 25°C. This study serves as a
cautionary note about the instability of diphenylanthy-
ridine and its derivatives.


EXPERIMENTAL AND RESULTS


Materials


2,8-Diphenyl-1,9,10-anthyridine (1a) was synthesized
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via the Friedla¨nder condensation route of Caluwe and
Majewicz8 and characterized by its NMR spectrum. The
compound failed to yield X-ray quality crystals from
various organic solvents such as benzene, chlorobenzene,
chloroform, dichloromethane, ethanol, nitromethane and
toluene. Examination of the powders obtained after
crystallization showed the compound to be largely or
completely 2,8-diphenyl-5(10H)-1,9,10-anthyridone
(2a), based on its IR and NMR spectra and comparison
with an authentic sample.8


NMR spectroscopy


The NMR experiments were carried out by dissolving
anthyridine1a in a suitable deuterated solvent (CDCl3,
CD3OD) as a 0.15M solution and maintaining the tube at
the desired temperature (ÿ10 or 25°C). 1H NMR
(200 MHz) spectra were recorded at regular intervals
(Table 1) and the transformation of1a to 2a was
monitored by integration of the well separated aromatic
signals (Table 2). Experiments were conducted under
four different conditions of solvent and temperature: (i)
CDCl3 at ÿ10°C; (ii) CDCl3 at 25°C; (iii) ‘neutral’
CDCl3 atÿ10°C (CDCl3 filtered through basic alumina
to remove traces of HCl); and (iv) CD3OD atÿ10°C. The
progress of the reaction in CDCl3 was monitored at
regular intervals by integration of signals for2aat� 8.05–


8.20 (m, 4 H) and 7.76 (d, 2 H) against the signals for1a
at � 8.43–8.58 (m, 4 H) and 8.04 (d, 2 H). The NMR
spectra for conditions (i) and (iv) are available from the
epoc website at http//www.wiley.com/epoc.


1a is stable for 1 day atÿ10°C but new peaks begin to
appear by the third day which are clearly visible by the
fifth day and intensify by the eighth day. From then
onwards, the anthyridone concentration builds up stead-
ily and 2a is the major component of the mixture by day
40. The conversion to2a is complete and clean by day
100, that is, a solution of1a in CDCl3 is completely
converted to2a in 3 months at sub-zero temperature.
Since recrystallization and complexation experiments
were also carried out at ambient temperature, the reaction
was examined at 25°C (condition (ii)). The transforma-
tion to2awas found to be over four times faster, showing
50% conversion in 6 days and complete transformation to
2a in 21 days.


Traces of HCl were removed from CDCl3 by filtration
through basic alumina prior to use (neutral CDCl3,
condition (iii)).9 The removal of acid from CDCl3 was
found to slow the reaction 2–3-fold based on comparison
with the spectra for condition (i). Thus, the transforma-
tion of 1a to 2a may be suppressed at sub-zero
temperature under neutral conditions. Although the data
are qualitative and reaction kinetics were not measured,
the results clearly show the progress of the reaction and
the acceleration due to heat and acid.


Table 1. NMR spectra recorded for the reaction 1a → 2a in deuterated solvents


Solvent Temperature (°C) Time period (days)


CDCl3
a ÿ10 1 3 5 8 15 22 40 100


CDCl3
a 25 6 21


CDCl3
b ÿ10 4 7 25


CD3ODc ÿ10 2 4 7 14 21 39 100


a CDCl3 purchased from Aldrich and used as received.
b CDCl3 filtered through basic alumina to remove HCl.
c CD3OD purchased from Aldrich and used as received.


Table 2. 1H NMR chemical shifts (�, 200 MHz) of 1a and 2a recorded in CDCl3 and CD3OD


� (ppm)a


1a 2a


8.78 (9.22) 9.50b (9.32)b


(s, 1 H, C5-H) (br s, 1 H, N10-H)
8.58–8.43 (8.55–8.40) 8.79 (8.75)


(m, 4 H,o-H of Ph ring) (d,J = 8 Hz, 2 H, C4- and C6-H)
8.40 (8.60) 8.20–8.05 (8.50–8.35)


(d, J = 8 Hz, 2 H, C4- and C6-H) (m, 4 H,o-H of Ph ring)
8.04 (8.26) 7.76 (8.25)


(d, J = 8 Hz, 2 H, C3- and C7-H) (d,J = 8 Hz, 2 H, C3- and C7-H)
7.65–7.50 (7.65–7.50) 7.70–7.50 (7.65–7.45)
(m, 6 H,m/p-Ph H) (m, 6 H,m/p-Ph H)


a Values in parentheses are those recorded in CD3OD.
b Small variation in� value of NH proton.
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The effect of a protic solvent was examined next in
CD3OD (condition (iv)). The study in this case, however,
was complicated by the low solubility of1a in CD3OD
and because the NMR signals for the two compounds do
not appear as well separated, non-overlapping signals.
Moreover, the transformation in CDCl3 was found to be
clean whereas in CD3OD new unidentified peaks
appeared around� 7.90. Despite the broadened signals,
the baseline noise and the impurity signals, it can be
inferred that the progress in CD3OD is analogous to that
recorded in CDCl3.


The above experiments were performed with diphe-
nylanthyridine 1a and it should be mentioned that
tetraphenylanthyridine1b behaves similarly, except that
the transformation to2b is slower. The difference
between the two rates is sufficiently significant that we
were able to obtain single crystals of1b from toluene and
chlorobenzene6 in less than 2 weeks without appreciable
decomposition to2b whereas such a procedure was not
successful with1a. Even in the case of1b, solvents in
which crystallization takes a longer time proved to be
problematic. It is likely that the additional phenyl rings in
1b slow the conversion to anthyridone2b compared with
1a→ 2a. Further, it was noted that the NMR signals in1b
and also in thep-tolyl derivative of1ado not show much
variation in chemical shift values. The NMR traces
displayed on the epoc website could therefore be used as
a guide to monitor the transformation in related systems.


The mechanistic details of the above oxidation were
not investigated, but a parallel may be drawn with
the formation of 1-methyl-2-pyridone from 1-methyl-
pyridinium salts by hydrolysis and oxidation.10 This
example, however, is a simple precedent and the
mechanism of the reaction1a → 2a will have to be
confirmed independently.


CONCLUSION


This NMR study of the transformation of 2,8-diphenyl-
1,9,10-anthyridine (1a) to 2,8-diphenyl-5(10H)-1,9,10-
anthyridone (2a) shows that the reaction is facile at
ambient temperature and atmospheric conditions. Based
on these results, tetraphenylanthyridine (1b) is less
susceptible to spontaneous oxidation than1a. Further,
the reaction may be suppressed by exclusion of moisture
and acid and by conducting the experiments at low
temperature. These results should be of great interest to
supramolecular chemists using 1,9,10-anthyridines for
molecular recognition because the oxidation of anthy-
ridine to anthyridone changes the AAA hydrogen
bonding array to an ADA motif.


Additional material


NMR spectra of the conversion of1a to 2a in CDCl3 and
CD3OD (conditions (i) and (iv)) are available from the
epoc website at http://www.wiley.com/epoc.
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Silylation of substituted benzhydroxamic acids: NMR
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dimethylsilyl derivatives
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ABSTRACT: Twelvepara- andmeta-substituted benzhydroxamic acids were subjected to exhaustive silylation with
N-(tert-butyldimethylsilyl)-N-methyltrifluoroacetamide (with 1% oftert-butyldimethylsilyl chloride as a catalyst). In
all cases only one product was isolated. According to the assigned NMR spectra (13C,15N, and29Si), the product is the
Z-O1, O4-bis(tert-butyldimethylsilyl) derivative of substituted benzhydroximic acid, independently of the nature of
the para or metasubstituent. For structure determination, the29Si shifts and1J(13C, 13CN) coupling constants are
decisive. The chemical shifts (13C, 15N, 29Si) show dependences on the substituent constants of various kinds: even
the13C shift of the sixth atom from the benzene ring varies with substitution. The13C and15N chemical shifts of the
C=N moiety exhibit opposite dependences on the substituent; the29Si shifts of the two silicon atoms are almost
equally sensitive to the substituent effects despite their different distances from the substituent. Copyright 1999
John Wiley & Sons, Ltd.


KEYWORDS: silylation; substituent effect;tert-butyldimethylsilyl derivatives; benzhydroxamic acid; benz-
hydroximic acid;13C NMR; 15N NMR; 29Si NMR; chemical shifts


INTRODUCTION


Silylation of various OH and NH compounds has been
used broadly as a tool in structure determination, ex-
ploiting the structurally sensitive29Si NMR shifts.1 In
silylation of the hydroxamic acids, the problem is not the
structure of the parent compounds but of the products.
Four mono-derivatives,1–4, are possible (Scheme 1;
tautomers of1 are not included) Of these, only1 has been
isolated,2 although the structure was not strictly proven.
Of the three possible bis-derivatives5–7, two were
isolated from acethydroxamic acid: the originally
claimed3 structures5 and 6 were reassigned4 to 6 and
7. The single isolated bis-derivative from benzhydroxa-
mic acid was originally given2,5 the structure5, but was
recently recognized6 as 6. Structure 5 from benz-
hydroxamic acid is accessible by unambiguous synthesis7


from N,O-bis(trimethylsilyl)hydroxylamine. Similarly,5
and 6 (or 7) were obtained together from substituted


aliphatic hydroxamic acids.8 Silylation thus proceeds
differently to alkylation of hydroxamic acids. In typical
experiments, 1 was always the single product of
monoalkylation.9 Further alkylation yielded a mixture
of the N, O-bis-derivative 5 and the (Z)-O1,O4-bis-
derivative 6: their abundance varies strongly with the
reaction conditions.10 In other cases, the configuration of
the C=N (6 or 7) was not determined,11 or only one
product was isolated,12 sometimes of questionable
structure.9,13


Evidently, the course of the silylation reaction depends
strongly on the structure of the hydroxamic acid. Even
remote substituents on the benzene rings can change
certain properties of hydroxamic acids profoundly, e.g.
the structure of their anion14,15or their crystal structure.15


For this reason, in the present study we aimed to examine
whether the substituents in themetaandpara positions
also affect the structure of the silylation product, i.e.
whether6 remains the only product. At the same time, it
was of interest to follow substituent effects on selected
NMR parameters, e.g. chemical shifts of different nuclei
at different distances from the substituent. For technical
reasons (greater stability against hydrolysis in prolonged
experiments) we chose thetert-butyldimethylsilyl group
as the silyl substituent, T = Si(CH3)2C(CH3)3 (Scheme
1).
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EXPERIMENTAL


The parent substituted benzhydroxamic acids were
prepared by standard procedures as described else-
where.16 tert-Butyldimethylsilyl (TBDMS) derivatives
of substituted benzhydroxamic acids were prepared by
stirring the neat acid with a 2.6-fold excess ofN-(tert-
butyldimethylsilyl)-N-methyltrifluoroacetamide
(MTBSTFA) with 1% oftert-butyldimethylsilyl chloride
(Aldrich) in a closed flask at 100°C for 4 h, followed by
the removal of the unreacted reagent and other side-
products under reduced pressure. The isolated com-
pounds were identified and checked by1H and13C NMR
spectroscopy. (1H NMR spectra were not analyzed in
terms of coupling constant and chemical shift values of
aromatic protons; the splitting pattern was used to check
the position of the substituent.)


The NMR spectra were measured in dry chloroform-d
solutions containing 1% (v/v) of hexamethyldisilane
(HMDSS) as a secondary reference. The reported (13C
and 29Si) chemical shifts were obtained from diluted
solutions. The concentration of the sample was reduced
until the13C chemical shift of HMDSS was� =ÿ2.48�
0.02, relative to the central line of the solvent at
76.99 ppm (see Ref. 1 for the details of this standard
procedure). A high sample concentration (ca 33%, v/v)
was used in15N NMR and INADEQUATE measure-
ments.1H, 13C and 29Si NMR spectral measurements


were performed on a Varian UNITY-200 spectrometer
(operating at 50.3 MHz for13C and at 39.7 MHz for29Si
NMR measurements),15N spectra were measured on a
Varian UNITY 500 spectrometer (at 50.667 MHz). In all
cases the standard software (APT, INADEQUATE and
INEPT pulse sequences) was used. The spectra were
recorded in the temperature range 22–24°C. The 29Si
NMR spectra were measured by the INEPT with the
pulse sequence optimized17 for TMS derivatives, i.e. for
coupling to nine protons and a coupling constant of
6.5 Hz. The signal loss in the case of TBDMS derivatives
was negligible.17 Acquisition (2.0 s) was followed by a
relaxation delay of 5 s. During the acquisition period
WALTZ decoupling was used and FID data (16K) were
sampled for a spectral width of 4000 Hz. Zero filling to
32K and a mild exponential broadening were used in the
data processing. The29Si p/2 pulses were at the maxi-
mum 17ms long whereas the1H p/2 pulses were 17ms in
a 5 mm switchable probe. The29Si spectra were
referenced to the line of HMDSS at� =ÿ19.79. The
13C NMR spectra were measured using a spectral width
of 16000 Hz. WALTZ decoupling was applied during
both acquisition (1 s) and relaxation delay (2–5 s). Zero
filling to 64K and 1–3 Hz line broadening were used in
data processing.


Aromatic carbon chemical shifts were assigned by a
combination of additive increments (using the values
from Ref. 18) and the shifts assigned for the parent (Z)-O-


Scheme 1. Structures of hydroxamic acid derivatives
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trimethylsilyl trimethylsilylbenzohydroximate through a
2D INADEQUATE experiment.19 It is noteworthy that
the 2D INADEQUATE experiment when performed on
similarly para-substituted aromatic rings could be
misleading. In these compounds some of the coupled
pairs of nuclei (C-1' and C-2'; C-3' and C-4') have
chemical shifts symmetrically disposed around the center
of the aromatic region and the other pairs are strongly
coupled. Hence, in the usual set-up of a 2D experiment,
all the double-quantum coherences show up in the middle
of theF1 axis and can be easily mistaken for axial peaks
or noise in the 2D spectrum.


Our attempts to assign experimentally the13C lines of
TBDMS groups failed because the long-long range
13C–13C coupling constants involved are small and we
were not equipped to perform13C–29Si correlation
experiments. However, a comparison with the shifts in
the model, 6(Z)-O4-ethyl tert-butyldimethylsilylbenz-
hydroximate, � (13C) = 18.14, allowed us to assign
tentatively the quaternary carbon line at a lower chemical
shift value to the quaternary carbon in the TBDMS group
bonded to O—N (O1) in the studied compound with
X = H. Since the shifts vary slowly with varying
substituent and the shifts of the two quaternary carbons
differ by at least 0.3 ppm, we tentatively extended this
assignment to the whole series of studied compounds.
Similar assignment of the methyl carbon lines was not
possible as the shift in the model compound
[�(13C) = 26.16] was in the middle between the shifts
observed in the bis(tert-butyldimethylsilyl) derivative
with R = H.


When a fluorine-containing substituent was present,
the13C–19F couplings were used to check the assignment


of aromatic carbon lines. The surprising19F–15N
coupling across six bonds, observed in the15N NMR
spectrum of thep-fluoro derivative, was verified by
repeated measurements with internal nitromethane used
as a lineshape standard.


Coupling constants1J(13C, 13CN) were determined by
1D INADEQUATE20 experiments performed on the
concentrated solutions using an acquisition time of 2 s.


RESULTS AND DISCUSSION


Structure determination


The determined NMR parameters are summarized in
Tables 1 and 2. In a recent paper6 we demonstrated that
the product of silylation of the parent benzhydroxamic
acid (X = H) is the (Z)-O1,O4-disilyl derivative of
benzhydroximic acid,6 [both for T = Si(CH3)2 C(CH3)3


and T = Si(CH3)3]. The benzhydroximic structure fol-
lowed from the29Si chemical shifts, which showed that
each of the two silicon atoms is bonded to an oxygen
atom. The configuration (Z) was deduced from the values
of 1J(13C, 13CN) coupling constants in the silylation
product and in model compounds with defined con-
figuration. Supporting evidence came from the15N
chemical shift, which in the silylation product is shifted
some 120 ppm downfield from the shift in the parent
hydroxamic acid. Moreover, the13C chemical shift of
C=N is about 10 ppm upfield from the shift of the C=O
carbon. In all the compounds studied here the29Si, 15N
and 13C (C=N) chemical shifts have values close to
those in the compound with X = H, and changes in these


Table 1. NMR parameters of substituted (Z)ÿO1, O4-bis(tert-butyldimethyl-
silyl)-benzhydromimic acids, 6a


Substituent X �(29Si(O1)) �(29Si(O4)) �(15N)b 1J(13C,13CN) (Hz)b


4-N(CH3)2 26.15 22.09 ÿ83.7c 77.8
4-NHSiMe2CMe3 26.26 22.14d ÿ83.4e —f


4-OCH3 26.86 22.83 ÿ81.8 76.9
4-CF3 28.34 24.33 ÿ73.5 75.5
4-NO2 29.10 25.10 ÿ70.5g 75.8
H 27.33 23.17 ÿ78.0 75.2
4-CH3 27.05 22.92 ÿ79.3 —f


4-F 27.51 23.57 ÿ79.5h 76.5
4-Cl 27.79 23.82 ÿ77.4 —f


3-NO2 28.86 25.16 ÿ73.6i 76.9
3-OCH3 27.40 23.26 ÿ76.9 75.1
3-Cl 28.05 24.07 ÿ75.3 75.7


a Unless indicated otherwise, the values of chemical shifts, on the� scale, are from dilute
solutions.
b Values from concentrated solutions.
c Other N atÿ330.3 ppm.
d Other Si at 8.11 ppm.
e Other N atÿ314.2 ppm.
f Not measured.
g Other N atÿ11.0 ppm.
h Line split in to a doublet byJ = 1.4 Hz.
i Other N atÿ10.0 ppm.
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values follow reasonable dependences on the nature of
the substituent, to be discussed below. The values of
1J(13C, 13CN), which do not exhibit an obvious depen-
dence on the substitution, lie within 2.5 Hz from the
values found in R = H derivative. They are 1.1–3.7 Hz
larger than the value found in the model compound with
Z configuration (which has the coupling another 7 Hz
larger than that found in the model withE configura-
tion).6 One can conclude that all these compounds have
the same structure (and configuration) of the (Z)-O1,
O4-bis-derivative6. For analogous reasons we extend the
assignment6 of 29Si NMR lines [i.e. low-field line to
Si(O1) and high-field line to Si(O4) in the compound with
X = H )] to all the compounds studied here.


The 29Si NMR spectra of some silylation products
measured in concentrated solutions revealed the presence
of some silicon-containing impurity, but the amount
never exceeded 5% (and was usually much less) of the
main product listed in Tables 1 and 2. The impurity
presented itself as a pair of weak29Si lines of equal
intensity and shifted by 0.1–0.4 ppm to high field from
the lines of the main product. As we were not able to
isolate and identify them fully, we can therefore
speculate that these side-products are theE isomers7.
(In the case of trimethysilylation of acetohydroxamic
acid, which produced the two isomers in comparable
amounts, the lines of theE isomer were shifted byÿ0.58
and 1.36 ppm from the low-and high-field lines of theZ
isomer, respectively.4 Different shift differences between
the isomers in benzene derivatives can be caused by
magnetic anisotropy of the benzene ring.) In conclusion,
we accept the presence of minute amounts of7 as being
possible, and we can exclude the presence of the
N,O-isomer5 in detectable amounts.


The formation of benzhydroximic acid derivatives
reported here might be related to the properties of the


silylation reagent, MTBSTFA, which is known to silylate
enolizable carbonyl groups.21 However, other workers
have reported silylated hydroximic acids as products of
much milder silylation of hydroxamic acids by hexam-
ethyldisilazane.3,4,22


The different course of the reaction as compared with
alkylation can be attributed mainly to steric effects. Even
in the alkylation reaction, the amount ofN,O-dialkyl
derivative decreases with increasing size of the alkyl
group:10 in the case of the bulkytert-butyldimethylsilyl
group the amount of5 can decrease to an undetectable
level. On the other hand, theN-silyl derivative 5 could
always be relatively less stable than the corresponding
N-alkyl derivative as a consequence of the low energy of
the N—Si bond.23 Although this bond energy is not
exactly constant, it is ca 160 kJ molÿ1 lower than the
O—Si bond energy;24 the corresponding difference
between the N—C and O—C bonds is only 40 kJ molÿ1.


Substituent-induced chemical shifts


The chemical shifts of29Si, 15N and 13C nuclei were
correlated with various reactivity parameters derived
from the reactivity25 or directly from NMR shifts.26 In
Table 3 we give only the most significant results. We are
aware that our series of compounds is not sufficiently
large to provide sufficient results to draw conclusions
about the substituent dependence of the individual shifts.
However, in most cases it is sufficient for comparison
with other series and for discussing the proportionality
constants. The compound with the substituent
NHSi(CH3)2 C(CH3)3 was obtained as a byproduct. Its
NMR shifts could be included only in correlations with
other shifts or with the constantssm,p since the constant
sp could be estimated.


Table 2. 13C NMR chemical shifts in substituted (Z)ÿO1, O4-bis(tert-butyldimethylsilyl)benzhydroximic acids, 6a


Substituent X C=N C-1' C-2' C-3' C-4' C-5' C-6' CH3 C CH3Si


4-N(CH3)2
b 153.36 120.85 127.44 111.43 151.24 111.43 127.44 26.52/26.09 19.04/18.63ÿ3.22/ÿ4.92


4-NHSiMe2CMe3
c 153.24 122.33 127.53 115.86 149.14 115.86 127.53 26.51/26.33 19.03/18.62ÿ3.18/ÿ4.27


4-OCH3
d 152.81 125.71 127.76 113.37 160.62 113.37 127.76 26.47/25.98 19.01/18.61ÿ3.20/ÿ4.93


4-CF3
e 151.95 136.72 126.48 125.03 131.14 125.03 126.48 26.39/25.91 18.96/18.59ÿ3.18/ÿ4.97


4-NO2 151.53 139.44 126.94 123.37 148.32 123.37 126.94 26.34/25.88 18.94/18.58ÿ3.16/ÿ4.98
H 152.92 133.18 126.29 128.00 129.39 128.00 126.29 26.46/25.96 19.01/18.61ÿ3.17/ÿ4.93
4-CH3


f 153.05 130.37 126.25 128.71 139.40 128.71 126.25 26.46/25.96 19.00/18.61ÿ3.22/ÿ4.94
4-Fg 152.23 129.32 128.18 114.98 163.60 114.98 128.18 26.43/25.94 18.97/18.60ÿ3.18/ÿ4.96
4-Cl 152.22 131.73 127.56 128.25 135.36 128.25 127.56 26.41/25.92 18.96/18.58ÿ3.20/ÿ4.97
3-NO2 151.17 135.19 121.3 148.24 123.96 129.04 131.83 26.36/25.88 18.92/18.58ÿ3.19/ÿ4.98
3-OCH3


h 152.76 134.57 111.33 159.25 115.54 129.02 118.81 26.44/25.95 18.99/18.60ÿ3.18/ÿ4.95
3-Cl 151.91 135.09 126.4 134.01 129.38d 129.28d 124.37 26.40/25.91 18.94/18.57ÿ3.21/ÿ4.96


a The values of chemical shifts on the� scale are from dilute solutions.
b 40.31 ppm, CH3N.
c 26.03 ppm, CH3; 17.94 ppm, C;ÿ4.92 ppm, CH3Si.
d 21.33 ppm, CH3.
e 1J(C,F) = 272.0,2J(C,F) = 32.7,3J(C,F) = 3.9,4J(C,F) = 0 Hz,� (CF3) = 124.06 ppm.
f 55.16 ppm, CH3.
g 1J(C,F) = 249.0,2J(C,F) = 21.5,3J(C,F) = 8.3 and4J(C,F) = 2.9 Hz.
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The29Si shifts are most important. The data in Table 3,
lines 1 and 3, confirm that these shifts are relatively
sensitive to substitution and behave regularly, i.e. they
follow the naive expectations for the dependence of the
chemical shift on the assumed electron density as
expressed by the Hammett constants,27 sp, Eqn. (1):


� � �� � ��m;p �1�


The slopes for Si(O1) and Si(O4) chemical shifts are
not significantly different despite the fact that Si(O4) is
one bond closer to the substituent. However, a direct
correlation between the two chemical shifts (Table 3, line
5) reveals slightly greater sensitivity of Si(O4) towards
substituent effects. This close mutual correlation of the
two 29Si nuclei also indicates that the NMR shifts are
controlled by some subtle effects not included in any
reactivity parameters. As expected, the slopes (lines 1
and 3) are much smaller than those found in similar
dependences in substituted phenlytrimethylsilanes (2.7)28


and phenoxytrimethylsilanes (4.8).29 This type of depen-
dence was observed on the terminal nuclei at a distance
from the substitution and not directly conjugated, for
instance on13C(H3) in the COOCH3 group.30


The fit can be somewhat improved by dual substituent


parameter (DSP) treatment,25 Eqn. (2) (see Table 3, lines
2 and 4):


� � �� � �F�F� �R�R �2�


However, the improvement is merely apparent and is
due mainly to the necessary restriction onpara sub-
stituents. (The number of ourmeta substituents is too
small for a separate correlation.) The proportionality
constants forsF andsR do not differ significantly from
each other, hence separation intosF and sR has not
helped and one could use the constantssp, equal to the
sumsF� sR.


The13C shifts within the C=N group are characterized
by negative slopes of their dependences on substituent
constant, as found similarly in all compounds with a
multiple bond adjoining the benzene ring (in DSP
treatment at least the slopes at the inductive term are
negative).26 Negative slopes in these correlations (as in
Table 3, lines 6–8) were interpreted by a model in which
the double bond behaves as an isolated unit polarized by
the distant substituent.31,32In this way, a charge can arise
at the position nearer to the substituent. Traditional DSP
treatment32 (Table 3, line 7) yields a good fit but the
negative value ofsR is not easy to explain within the


Table 3. Statistics of the correlations of substituent-induced shifts in hydroximic acid derivatives 6


No. Response function Explanatory variables Regression coefficientsa SDb Rb Nb


1 �29Si(O1) sm,p 1.83(9) 0.15 0.988 12
2 �29Si(O1) sF, sR 2.03(14), 2.24(13) 0.084 0.997 8c


3 �29Si(O4) sm,p 1.96(13) 0.22 0.977 12
4 �29Si(O4) sF, sR 2.35(10), 2.11(9) 0.058 0.999 8c


5 �29Si(O4) �29Si(O1) 1.08(3) 0.10 0.995 12
6 �13C(=N) sm,p ÿ1.29(16) 0.27 0.927 12
7 �13C(=N) sF, sR ÿ2.01(8),ÿ0.91(8) 0.050 0.998 8c


8 �13C(=N) Bp, Cpd ÿ2.06(8),ÿ0.09(3) 0.049 0.998 8c


9 �13C(=N) �13C(=N)e 0.67(5) 0.15 0.981 8c


10 �15N sm,p 7.89(63) 1.05 0.969 12
11 �15N sF, sR 6.8(18), 12.2(16) 0.96 0.977 8c


12 �15N Dp, Epd 11.4(10),ÿ1.8(5) 0.62 0.992 8c


13 �13C(1') sm,p 10.9(1.2) 1.93 0.948 12
14 �13C(1') sF, sR 5.0(9), 19.8(8) 0.55 0.997 8c


14 �13C(1') �13C(1)f 1.09(2) 0.28 0.999 6c


16 �13C(4') �13C(4)f 1.007(16) 0.41 0.999 6c


17 �13C(SiO4)g sm,p ÿ0.071(8) 0.014 0.939 12
18 �13C(SiO1)g sm,p ÿ0.033(6) 0.008 0.899 12
19 �13C(SiO1)g �13C(SiO4)g 0.46(5) 0.006 0.953 12
20 �13Ch sm,p ÿ0.109(6) 0.010 0.985 12
21 �13Ci sm,p ÿ0.197(48) 0.079 0.795 12


a Standard deviation in parentheses.
b Standard deviation from the regression, correlation coefficient and number of observations, respectively.
c Only para substituents.
d Components of PCA.26


e Compounds ArCH=NC6H5.
35


f Compounds ArCH=NCH2C6H5.
36


g Quaternary carbon.
h Not assigned methyl carbons oftert-butyl groups at higher shift values.
i Not assigned methyl carbons oftert-butyl groups at lower shift values.
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framework of the above model. We undertook26 instead a
pricipal component analysis (PCA) of eight long series:
its superiority over DSP was particularly in differen-
tiating meta and para derivatives. The fit we obtained
here with the components determined by PCA [Eqn. (3)]
(Table 3, line 8)


� � �� � �Bp� Cp �3�


is not better than in DSP (line 7): there is only a
simplification that in the PCA the components are not
given any physical meaning. The difference between
DSP and our PCA could be seen only in a comparison
with meta derivatives, which are not available in
sufficient number. In Table 3, line 9, the13C shifts are
compared directly with the most similar reaction series
found in the literature, substituted benzalbenzylamine,33


ArCH=NCH2C6H5. The correlation is not particularly
good, confirming the PCA results26 that the behavior of
various series cannot be described by one parameter.


The above analysis applies also to15N shifts. This
atom represents the opposite end of the C=N double
bond and according to the above model the substituent
shifts of 15N=C nitrogen should be in the opposite
direction than those of13C=N carbon. Table 3, lines
10–12, confirms this. In this case, correlation with PCA
components26 is much better than with DSP. In general,
the PCA components derived solely from NMR shifts
should give a better correlation thansF and sR. Note,
however, that theDp andEp-components26 were derived
from compounds with a C=C bond only and apply
excellently to C=N studied here. About as good as DSP
is also the simple correlation withsm,p; its slope (7.9) fits
nicely between those in analogous correlations holding
for benzamides (4.5) and benzonitriles (10.5) as calcu-
lated from the data in Ref. 34.


The problem of aromatic carbon chemical shifts was
analyzed many times with the approximate results that
the shifts in the four positions,ipso, ortho, metaandpara,
are controlled by different factors and have almost
nothing in common.34,35 Our rather small series cannot
contribute significantly to this problem. We attempted
only a correlation with the13C shifts reported36 for a
closely related series of substituted benzalanilines,
ArCH=NC6H5 (Table 3, lines 14 and 16). As expected,
the correlation is very good and the slope is near to unity.


We could assign only tentatively the chemical shifts of
the central carbons of thetert-butyl groups and not for
any of the methyl carbons of the TBDMS groups.
However, since the latter fall into distinct series of values,
it seems safe to assume that each of the series is due to
one type of the methyl group and hence, although not
assigned, can be correlated with the substituent constants.
While the shifts of CH3Si carbon atoms do not exhibit
any correlation withsm,p, carbon atoms of the methyl
groups from thetert-butyl groups show such correlations
despite the fact that they are even further remote from the


substituent. Moreover, the negative slopes are in absolute
value larger in these correlations than the similarly
negative slopes in the correlations that hold for the
assigned central quaternary carbon atoms of thetert-butyl
groups. The most direct proof of the existence of a
substituent effect is the mutual correlation between the
chemical shifts of the two quaternary carbons (Table 3,
line 19); its standard deviation is below the experimental
error.


On pure aliphatic side-chains, an alteration of the sign
of r was observed together with strong attenuation:37 on
the third atom the substituent effect was already
negligible. An observable substituent effect on the fourth,
fifth, and sixth atoms from the benzene ring is unique,
evidently the electron-attracting group C=N is important
in addition to the polarizable O—Si linkage.


CONCLUSIONS


Exhaustive silylation of substituted benzhydroxamic
acids yields only one product indepently of substitution.
The products, (Z)-O1,O4-bis(tert-butyldimethylsilyl)
derivatives of substituted benzhydroximic acids, served
as good models for studying the substituent-induced
NMR shifts. Of the dependences observed, those of
distant13C atoms deserve particular attention.
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6. J. Schraml, M. Kvı´čalová, L. Soukupova´ and V. Blechta,Magn.


Reson. Chem.37, 427 (1999).
7. F. D. King, S. Pike and D. R. M. Walton,J. Chem. Soc., Chem.


Commun.351 (1978).
8. V. P. Kozyukov, A. E. Feoktistov and V. F. Mironov,Zh. Obshch.


Khim. 58, 1056 (1988).
9. J. H. Cooley, W. D. Bills and J. R. Throckmorton,J. Org. Chem.


25, 1734 (1960).
10. J. E. Johnson, J. R. Springfield, J. S. Hwang, L. J. Hayes, W. C.


Cunningham and D. L. McClaugherty,J. Org. Chem.36, 284
(1971).


11. P. M. Beart and A. D. Ward,Aust. J. Chem.27, 1341 (1974).
12. M. Chehata, F. Bocabeille, G. Thuillier and P. Rumpf,C. R. Acad.


Sci.268, 445 (1968).
13. Z. Eckstein, B. Apomowicz and B. Krawczynska,Przem. Chem.


57, 241 (1978).


Copyright  1999 John Wiley & Sons, Ltd. J. Phys. Org. Chem.12, 668–674 (1999)


NMR SPECTRA OF SILYLATED BENZHYDROXAMIC ACIDS 673







14. O. Exner, M. Hradil and J. Mollin,Collect. Czech. Chem.
Commun.58, 1109 (1993).
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ABSTRACT: Literature values of the Ostwald solubility coefficient of gases and vapours in propan-1-ol at 298 K
were combined with additional values calculated from solubilities in propan-1-ol and vapour pressures to yield a total
of 79 logLPrOHvalues at 298 K. Seventy-seven of these values were correlated through the general solvation equation
to give the regression


logLPrOH� ÿ0:028ÿ 0:185R2 � 0:648�2
H � 4:022��2


H � 1:043��2
H � 0:869 log L16


n� 77; r2 � 0:9976;SD� 0:12;F � 6073


A correlation equation was also constructed for the transfer of solutes from water to propan-1-ol. Both equations
suggest that propan-1-ol as a solvent is less dipolar, more acidic and less basic than methanol or ethanol, but the
differences between the three alcohols are very small. Comparison with equations for transfer to wet alcohols shows
that the addition of water to alcohols has little effect on their dipolarity/polarizability or hydrogen bond basicity, but
considerably increases the hydrogen bond acidity. The wet alcohols are more hydrophilic (less hydrophobic) than the
dry alcohols. Copyright 1999 John Wiley & Sons, Ltd.


KEYWORDS: propan-1-ol; hydrogen bond acidity; hydrogen bond basicity; solubility


INTRODUCTION


We have recently shown that the solubilities of gases and
vapours in water,1 methanol2 and ethanol3 can be
correlated through the general solvation equation


logSP� c� rR2� s�2
H � a��2


H � b��2
H


� l logL16 �1�


where SP in the dependent variable is a property of a
series of solutes in a given system and the independent
variables are solute descriptors as follows:4 R2 is excess
molar refraction,p2


H the dipolarity/polarizability,
P


a2
H


the overall or summation hydrogen bond acidity andP
b2


H the overall or summation hydrogen bond basicity.
In the final descriptor,L16 is the Ostwald solubility
coefficient on hexadecane at 298 K,5 defined as


L � concentration of solute in solution/
concentration of solute in the gas phase


�2�


The coefficients in Eqn. (1) are of considerable


interest, as they refer to properties of the solvent phase.
In particular,s will reflect the phase dipolarity/polariz-
ability, a will be proportional to the solvent hydrogen
bond basicity (since solutes that are acidic will interact
with solvents that are themselves basic) andb will be
proportional to the solvent hydrogen bond acidity;l is the
resultant of two effects, (i) the work of creating a cavity
in the solvent and (ii) general dispersion interactions
between the solute and solvent. The former is an
endoergic effect leading to a negativel coefficient, and
the latter is an exothermic effect leading to a positivel
coefficient. For all non-aqueous solvents the general
dispersion effect predominates, and sol is positive. The
magnitude ofl can be taken as a measure of the solvent
lipophilicity/hydrophobicity.


When Eqn. (1) was applied to logL values in methanol
and ethanol,2,3 the regression coefficients suggested that
these alcohols are just as basic as water (in a hydrogen
bond sense) but that they are much weaker hydrogen
bond acids. Indeed, the two alcohols were slightly weaker
hydrogen bond acids than chloroform,6 as can be seen by
the regression coefficients in Table 1. These conclusions
from Eqn. (1) were not in agreement with solvatochromic
studies on water and the alcohols, and so it seemed useful
to extend the scope of Eqn. (1) to other alcohols for which
there were enough data. In addition, any method for the
prediction of gas–propan-1-ol partition coefficients,


JOURNAL OF PHYSICAL ORGANIC CHEMISTRY
J. Phys. Org. Chem.12, 675–680 (1999)


Copyright  1999 John Wiley & Sons, Ltd. CCC 0894–3230/99/090675–06 $17.50


*Correspondence to:Michael H. Abraham, Department of Chemistry,
University College London, 20 Gordon Street, London WC1H 0AJ,
UK.







LPrOH, would be of interest in chemical engineering. A
survey of the literature showed that there were enough
data on propan-1-ol as a solvent to set up a statistically
significant regression equation, and that is the main
purpose of this paper. A second aim was to combine the
log LPrOH values with corresponding logLW values for
water solvent, through the equation


logPPrOH=W � logLPrOHÿ logLW �3�


and so to obtain values of logPPrOH/W for the transfer of
solutes from water to propan-1-ol. These logPPrOH/W


values can then be correlated through the alternative
solvation equation


logSP� c� rR2� s�2
H � a��2


H � b��2
H


� �Vx �4�


where the final descriptor is the McGowan volume7 in
units of (cm3 molÿ1)/100.


The coefficients in Eqn. (4) again relate to the solvent
properties, this time relative to those for water, and so
will provide another set of data on propan-1-ol. Just like
the l coefficient in Eqn. (1), the� coefficient is also the
resultant of (i) the cavity and (ii) the general dispersion


interaction effects, but now relative to these effects in
water. For all water–solvent systems we have studied, the
� coefficient is positive, owing to both a greater cavity
effect in water and a larger general dispersion effect in
the solvent. The magnitude of the� coefficient can be
taken as a measure of the solvent hydrophobicity.


RESULTS AND DISCUSSION


Values of log LPrOH for inorganic gases have been
determined by Boet al.8 and for a number of organic


compounds by Parket al.;9 most of the other values were
calculated from reported activity coefficients, as shown
in Table 2. For a number of solids, logLPrOH and logLW


could be obtained from the solubility in propan-1-ol10–16


and in water,17–20and the saturated vapour pressure of the
solid at 298 K,21 as the vapour concentration,CG (Table
3). The relevant equations are


logPPrOH=W � logLPrOHÿ logLW


� logSPrOHÿ logSW �5�
logLPrOH� logSPrOHÿ logCG �6�
logLW � logSW ÿ logCG �7�


whereSPrOHandSW are molar solubilities. Data for these
solids are important, because the range of descriptor
values is considerably increased. For all the solutes, a
total of 79 log LPrOH values could be obtained. The
required descriptors in Eqn. (1) were available for all
except fluoromethane, and 3-methylpyridine was a
pronounced outlier. Descriptors for most of the solutes
have been listed already,1–6 and values for the remaining
solutes are given in Table 4. Data for the 77 solutes led to
the correlation equation


where the sd values for the coefficients are given in
parentheses. Eqn. (8) is statistically good and could be
used to predict further logLPrOH values for solutes with
known descriptors. Since we have all the descriptors in
Eqn. (8) available for ca 3000 solutes, this might be of
considerable use.


Comparison of the descriptors in Eqn. (8) with those
listed in Table 1 shows that there is little difference in
solubility properties amongst the three alcohols studied to
date. Propan-1-ol is slightly less dipolar/polarizable than
methanol or ethanol, and since propan-1-ol is likely to be
the most polarizable, this implies that propan-1-ol is less


Table 1. Coef®cients in Eqn. (1) for gas±solvent partitions


Solvent c r s a b l


Water ÿ1.271 0.822 2.743 3.904 4.814ÿ0.213
Methanol ÿ0.004 ÿ0.215 1.173 3.701 1.432 0.769
Ethanol 0.012 ÿ0.206 0.789 3.635 1.311 0.853
Propan-1-ol ÿ0.028 ÿ0.185 0.648 4.022 1.043 0.869
Chloroform 0.168 ÿ0.595 1.256 0.280 1.370 0.981
Hexadecane 0 0 0 0 0 1


logLPrOH� ÿ0:028�0:025� ÿ 0:185�0:062�R2 � 0:648�0:087��2
H � 4:022�0:092���2


H


� 1:043�0:084���2
H � 0:869�0:010� logL16


n� 77; r2 � 0:9976; SD� 0:12; F � 6073


�8�
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Table 2. Values of log LPrOH, log LW and log PPrOH/W for
solutes at 298 K


Solute logLPrOH log LWa


log PPrOH/Wb


Helium ÿ1.56
c ÿ2.02 0.46


Neon ÿ1.41
c ÿ1.96 0.55


Argon ÿ0.61
c ÿ1.47 0.86


Krypton ÿ0.16
c ÿ1.21 1.05


Xenon 0.38
c ÿ0.97 1.35


Hydrogen ÿ1.12
c ÿ1.72 0.60


Oxygen ÿ0.66
c ÿ1.51 0.85


Nitrogen ÿ0.88
c ÿ1.80 0.92


Nitrous oxide 0.44
d ÿ0.23 0.67


Carbon monoxide ÿ0.75
d ÿ1.62 0.87


Carbon dioxide 0.35
e ÿ0.08 0.43


Methane ÿ0.29
c ÿ1.46 1.17


Ethane 0.45
d ÿ1.34 1.79


Butane 1.45
f ÿ1.52 2.97


Pentane 1.81
g ÿ1.70 3.51


Hexane 2.28
g ÿ1.82 4.10


2-Methylpentane 2.15
h ÿ1.84 3.99


Heptane 2.74
g ÿ1.96 4.70


2,4-Dimethylpentane 2.43
h ÿ2.08 4.51


Octane 3.17
g ÿ2.11 5.28


2,2,4-Trimethylpentane 2.69
i,,j ÿ2.12 4.81


2,3,4-Trimethylpentane 2.95
h ÿ1.88 4.83


Nonane 3.55
k ÿ2.30 5.85


2,5-Dimethylheptane 3.40
h ÿ2.191 5.59


Cyclopropane 1.15
m ÿ0.55 1.70


Cyclopentane 2.12
i,n ÿ0.88 3.00


Cyclohexane 2.55
i,o ÿ0.90 3.45


Ethylcyclohexane 3.28
h ÿ1.591 4.87


Cycloheptane 3.13
i,n ÿ1.391 4.52


Ethene 0.38
p ÿ0.94 1.32


Fluoromethane ÿ0.02
q


0.16 ÿ0.18
Tetrafluoromethane ÿ0.76


c ÿ2.29 1.53
Tetrachloromethane 2.75


r ÿ0.06 2.81
1-Chlorobutane 2.63


s


0.12 2.51
2-Chloro-2-methyl-


propane
2.06


t ÿ0.80
u


2.86


2-Bromo-2-methyl-
propane


2.34
t ÿ0.59


t


2.93


Iodoethane 2.56
v


0.54 2.02
CFCl2CFCl2 2.67


w ÿ0.64 3.31
Tetrahydrofuran 2.90


x


2.55 0.35
1,4-Dioxane 3.27


y


3.71 ÿ0.44
Butanone 3.07


z


2.72 0.35
Pentane-2,4-dione 3.69


s


Dimethyl carbonate 2.73
aa


2.731 0.00
Methyl propanoate 2.85


ab


2.15 0.70
Methyl butanoate 3.28


ab


2.08 1.20
Ammonia 1.76


d


3.15 ÿ1.39
Dimethylamine 2.19


d


3.15 ÿ0.96
Trimethylamine 2.56


ac


2.35 0.21
Triethylamine 3.50


v


2.36 1.14
Nitromethane 2.85


y


2.95 ÿ0.10
Methanol 3.15


ad,ae


3.74 ÿ0.59
Ethanol 3.51


z


3.67 ÿ0.16
Propan-1-ol 3.98


af


3.56 0.42
Propan-2-ol 3.67


ag


3.48 0.19
Butan-1-ol 4.47


ad,ae


3.46 1.01
Pentan-1-ol 4.97


ad,ah


3.35 1.62
Decan-1-ol 7.13


ai


2.67 4.46
Sulfur hexafluoride ÿ0.13


c ÿ2.23 2.10
Tetramethyltin 2.52


aj ÿ1.53
aj


4.05
Tetramethyltin 4.47


aj ÿ1.62
aj


6.09
Tetraethyllead 4.69


aj ÿ1.49
aj


6.18


Table 2. Continued


Solute logLPrOH log LWa


log PPrOH/Wb


Benzene 2.78
ak


0.63 2.15
Toluene 3.31


z


0.65 2.66
trans-Stilbene 7.31


al


2.78 4.53
Naphthalene 5.19


am


1.73
am


3.46
Acenaphthene 6.25


am


2.36
am


3.89
Anthracene 7.36


am


3.03
am


4.33
Phenanthrene 7.30


am


2.80
am


4.50
Pyrene 8.40


am


3.50
am


4.90
Benzyl chloride 4.41


y


1.38 3.03
Benzyl bromide 4.70


y


1.90 2.80
Methyl 4-amino-


benzoate
8.14


am


6.56
am


1.58


4-Nitrobenzyl chloride 6.26
ac


3.77
l


2.49
4-Aminobenzoic acid 1.04


am


2-Hydroxybenzoic acid 7.59
am


5.35
am


2.24
4-Hydroxybenzoic acid 8.40


am


6.78
am


1.62
Methyl 4-hydroxy-


benzoate
8.93


am


6.84
am


2.09


Pyridine 3.99
y


3.44 0.55
3-Methylpyridine 4.65


an,ao


3.50 1.15
Thiophene 2.72


ap


1.04 1.68


a Values from Refs 1 and 22, unless shown otherwise.
b From Eqn. (3).
c Ref. 8.
d From the Solubility Data Project.
e Ref. 23.
f Ref. 24.
g Ref. 25.
h Ref. 26.
i Ref. 27.
j Ref. 28.
k Ref. 29.
l Calculated value, using Eqn. (i) in Ref. 1.
m Ref. 30.
n Ref. 31.
o Ref. 32.
p Ref. 33.
q Ref. 34.
r Ref. 35.
s Ref. 36.
t Ref. 37.
u Revised value.
v Ref. 38.
w Ref. 39.
x Ref. 40.
y Ref. 41.
z Ref. 9.
aa Ref. 42.
ab Ref. 43.
ac Ref. 44.
ad Ref. 45.
ae Ref. 46.
af Activity coefficient taken as unity.
ag Ref. 47.
ah Ref. 48.
ai Ref. 49.
aj Ref. 50.
ak Ref. 51.
al Ref. 52.
am From Table 3.
an Ref. 53.
ao Ref. 54.
ap Ref. 55.
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dipolar. The hydrogen bond basicity of propan-1-ol is
slightly higher than expected, being even larger than that
of water. The hydrogen bond acidity of the alcohols
decreases steadily from methanol to propan-1-ol, with all
three alcohols being very much less acidic than water. As
might be expected, the lipophilicity/hydrophobicity of
propan-1-ol, judged by thel coefficient, is higher than for
the other alcohols, but considerably less than that for
chloroform, for example. Overall, the coefficients in Eqn.
(8) are comparable to those for methanol or ethanol. The
very large hydrogen bond basicities shown by the
alcohols, witha coefficients close to that for water, and


the low hydrogen bond acidities of the alcohols are
therefore not ‘one-off’ artifacts, but are consistent
observations, within the formalism of Eqn. (1).


The values of logLW required to calculate logPPrOH/W


through Eqn. (3) are available, mostly from reported
collections of data,1,22 and are given in Table 2 together
with log PPrOH/W values. Apart from the two compounds
not used in Eqn. (8), pentane-2,4-dione had to be
excluded, as we had no logLW value, and so we were
left with 76 values of the water–propan-1-ol partition
coefficient. Application of Eqn. (4) led to the correlation
equation


logPPrOH=W � 0:148�0:036� � 0:436�0:063�R2 ÿ 1:098�0:091��2
H � 0:389�0:092���2


H


ÿ 3:893�0:095���2
H � 4:036�0:043�Vx


n� 76; r2 � 0:9952; SD� 0:13; F � 2892


�9�


Table 3. Calculation of log LPrOH, log LW and log P PrOH/W for some solid solutes at 298 K


Solute LogSPrOH Log SW Log CG Log LPrOH Log LW Log PPrOH/W


Naphthalene ÿ0.15
a ÿ3.61


b ÿ5.34
c


5.19 1.73 3.46
Acenaphthene ÿ0.65


d ÿ4.54
b ÿ6.90


c


6.25 2.36 3.89
Anthracene ÿ2.10


e ÿ6.43
f ÿ9.46


c


7.36 3.03 4.33
Phenanthrene ÿ0.67


a ÿ5.17
g ÿ7.97


c


7.30 2.80 4.50
Pyrene ÿ1.25


h ÿ6.15
b ÿ9.65


c


8.40 3.50 4.90
Methyl 4-aminobenzoate 0.20


i ÿ1.38
i


7.94
j


8.14 6.56 1.58
4-Aminobenzoic acid 1.04


k


2-Hydroxybenzoic acid 0.32
l ÿ1.91


m ÿ7.27
j


7.59 5.35 2.24
4-Hydroxybenzoic acid 0.15


n ÿ1.48
n ÿ8.25


j


8.40 6.78 1.62
Methyl 4-hydroxybenzoate 0.26


n ÿ1.83
n


8.67
j


8.93 6.84 2.09


a Ref. 10.
b Refs. 17–19.
c Ref. 21.
d Ref. 11.
e Ref. 12.
f Ref. 18.
g Ref. 20.
h Ref. 13.
i Ref. 14.
j Calculated from Eqn. (i), Ref. 1.
k Ref. 56.
l Ref. 15.
m Ref. 57.
n Ref. 16.


Table 4. Descriptors for some solutes


Solute R2 p2
H P


a2
H P


b2
H Vx Log L16


Dimethyl carbonate 0.142 0.61 0.00 0.55 0.6644 2.447
Methyl 4-aminobenzoate 1.028 1.52 0.32 0.59 1.1724 6.085
2-Hydroxybenzoic acid 0.890 0.84 0.71 0.38 0.9904 4.721
4-Hydroxybenzoic acid 0.930 0.90 0.81 0.56 0.9904 4.867
Methyl 4-hydroxybenzoate 0.900 1.37 0.69 0.45 1.1313 5.665
4-Aminobenzoic acid 1.075 1.57 0.90 0.65 1.0315 —
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The statistics of Eqn. (9) are fairly good, in view of the
fact that the error in the experimental logPPrOH/W value
will include errors in both the logLPrOH and log LW


values. The coefficients in Eqn. (9) now refer to the
difference in properties of water and propan-1-ol. The
positive r coefficient shows that dispersive interactions
involving propan-1-ol are more important than those
involving water. The negatives coefficient indicates that
propan-1-ol is less dipolar/polarizable than is water; since
propan-1-ol is more polarizable than water it is hence
much less dipolar, at least as regards solubility inter-
actions. The smalla coefficient in Eqn. (9) confirms our
deduction from Eqn. (8), namely that propan-1-ol is
about as basic (in the hydrogen bond sense) as water, and
the very negativeb coefficient shows again that solvent
propan-1-ol is a very much weaker hydrogen bond acid
than is solvent water. Finally, the largev coefficient is in
line with that observed for numerous water–solvent


partitions,58,59 and shows that propan-1-ol is somewhat
hydrophobic.


We have previously compared2,3 the hydrogen bond
acidities and basicities of alcohols as obtained by the
methods we use here with those obtained by the sol-
vatochromic method of Kamlet, Taft and co-workers.60,61


There is little to add to this comparison, save that the
hydrogen bond propensities of propan-1-ol as deduced
through Eqns (8) and (9) are in line with those of
methanol and ethanol.


However, there are now enough data to compare
coefficients in Eqn. (4) for partition between water and
dry alcohols with those obtained for practical partitions
between water and wet alcohols.58,59Coefficients in Eqn.
(4) are given in Table 5 for water–solvent partitions,
together with the molar solubility of water in the water-
saturated alcohols.59 There is no great change in ther and
a coefficients on going from the dry to the wet alcohols,
so that the presence of water in the wet alcohols has no
effect on the hydrogen bond basicity of the solvent,
possibly because water is itself of similar basicity to
alcohols.1–3 There are much larger effects on the other
three coefficients, as shown in Fig. 1. Note that in Fig. 1,
the zero coefficients for water at the point (0,0) are
correct, because by definition they are all zero for transfer
from water to water itself. However, the assignment of a
carbon number of zero to water is arbitrary, and therefore
so is the position of the point for water on thex-axis. This
does not affect the general conclusions in any way.
Addition of water to the alcohols makes thes coefficient
slightly less negative, that is, the wet alcohols are slightly
more dipolar than the dry alcohols. However, similar
addition of water makes theb coefficient, that reflects the
difference in hydrogen bond acidity of water and the
alcohols, very much less negative, so that the wet
alcohols are much stronger hydrogen bond acids than the
dry alcohols. An almost mirror-image effect is shown by
the change in thev coefficient; the wet alcohols have
lower coefficients than expected from consideration of
the dry alcohols, and so are less hydrophobic/lipophilic
than expected. As the length of the alcohol chain
increases, the solubility of water in the alcohol decreases,
and the effect of water levels off. Indeed, from Fig. 1, we
might predict that the solubility properties of dry decan-


Table 5. Coef®cients in Eqn. (4) for partition from water to dry and wet alcohols


Solvent c r s a b v [H2O]a


Methanol 0.329 0.299 ÿ0.671 0.080 ÿ3.389 3.512
Ethanol 0.208 0.409 ÿ0.959 0.186 ÿ3.645 3.928
Propan-1-ol 0.148 0.436 ÿ1.098 0.389 ÿ3.893 4.036
Pentan-1-ol, wet 0.175 0.575ÿ0.787 0.020 ÿ2.837 3.249 3.36
Hexan-1-ol, wet 0.143 0.718 ÿ0.980 0.145 ÿ3.214 3.403 3.32
Octan-1-ol, wet 0.088 0.562ÿ1.054 0.034 ÿ3.460 3.814 2.36
Decan-1-ol, wet 0.008 0.485ÿ0.974 0.015 ÿ3.798 3.945 1.65


a Molar concentration of water in the water-saturated alcohol, from Ref. 59.


Figure 1. Plots of the coef®cients in Eqn. (4) for partitions
between water and dry alcohols (n = 1±3) and for
partitions between water and wet alcohols (n = 5±10)
against the carbon number of the alcohol: *, �-coef®-
cient; &, s-coef®cient; ^, b coef®cient. Closed symbols
are for the dry alcohols and open symbols for the wet
alcohols
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1-ol will be close to those of wet decan-1-ol. In particular,
the hydrogen bond acidity of wet and dry decan-1-ol
should be nearly the same, as should the hydrophobicity/
lipophilicity.


In conclusion, we have shown that Eqns (1) and (4) can
be applied to new sets of data on gas–propan-1-ol and
water–propan-1-ol partitions. The correlation equations
obtained are in accord with those we have found
previously for methanol and ethanol, and can be used
to deduce solubility-related properties of propan-1-ol,
and to compare these properties with those of other dry
and wet alcohols.
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ABSTRACT: The gas-phase continuous wave IR laser photolysis of ethylene oxide (oxirane) was examined in the
presence of SiF4 as a sensitizer molecule. Acetaldehyde, ethylene, acetylene, methane and carbon monoxide are the
resultant gaseous products detected by IR spectroscopy. No significant reaction occurs in the absence of this
sensitizing agent or at laser frequencies not resonant with transitions of both oxirane and SiF4. The dependence of the
photolysis on laser fluence, gas (total and/or sensitizer) pressure and laser wavelength was examined. The data are
consistent with the involvement of highly vibrationally excited oxirane molecules produced by a combination of
collisional and radiative processes. The product distribution is consistent with recentab initio predictions. Copyright
 1999 John Wiley & Sons, Ltd.


KEYWORDS: ethylene oxide; laser photolysis; sensitizer


INTRODUCTION


The thermal reactivity of oxirane has been examined
under a number of different experimental conditions and
several different primary reaction mechanisms have been
proposed. Among the earliest studies, Mueller and
Walters1 reported on the thermal reaction of several
hundred torr of oxirane at temperatures up to 700 K.
These authors speculated that hydrogen abstraction by
methyl radicals was responsible for a large fraction of the
decomposition of the starting material. Croccoet al.2


employed temperatures as high as 1200 K and suggested
that the critical reaction, initiating the chain decomposi-
tion of oxirane, was the formation of formaldehyde and
methylene radicals directly from a ring-opened oxirane.
Neufeld and Blades3 used approximately 1 atm of oxirane
and temperatures up to 750 K. They reported that the
observations were consistent with the initial formation of
an excited acetaldehyde molecule via thermally induced
isomerization, followed by either stabilization of the
primary product or subsequent decomposition to methyl
and formyl radicals. Benson4 also reported kinetic data
consistent with the initial formation of a hot acetaldehyde
intermediate and proposed a complex reaction scheme to
account for all of the remaining products. Finally,
Lifshitz and Ben-Hamou5 used a shock tube to study
high-pressure reactions of ethylene oxide at temperatures


up to 1200 K. These studies produced, in addition to
acetaldehyde and alkenes, methane and carbon mon-
oxide. The authors proposed that the last two products
result from the direct rearrangement/dissociation of the
intermediate acetaldehyde.


Our high-level ab initio results6 indicate that the
primary step in the dissociation of oxirane is isomeriza-
tion along the ground-state potential surface to acetalde-
hyde. Reaction products are predicted to derive from
decomposition along either the singlet or, after inter-
system crossing, triplet acetaldehyde surfaces. The
former leads to production of CH4 and CO, while the
primary products of the latter would be the CH3 and HCO
radicals which would undergo secondary chemistry.
Relative rates, as a function of total oxirane energy,
were also predicted.


The use of CO2 lasers in the initiation of unimolecular
processes is well known. While both pulsed and
continuous wave (cw) lasers have been employed,
relatively few cw examples are known. Tardieu de
Maleissye and co-workers7 reported on the SF6-sensi-
tized reaction of ethane and in a series of experiments8–10


Pola and co-workers employed SF6 sensitization to the
decomposition of small fluoro-substituted molecules. The
use of sensitizers in IR laser photochemistry typically
results in a loss of molecular specificity in the deposition
of the laser energy. The chemistry often becomes
indistinguishable from that of (homogeneous) high-
temperature pyrolysis.11


Typically, IR lasers are viewed as initiating photo-
chemistry via the excitation of vibrational degrees of


JOURNAL OF PHYSICAL ORGANIC CHEMISTRY
J. Phys. Org. Chem.12, 681–687 (1999)


Copyright  1999 John Wiley & Sons, Ltd. CCC 0894–3230/99/090681–07 $17.50


*Correspondence to:J. J. BelBruno, Department of Chemistry, Burke
Chemical Laboratory, Dartmouth College, Hanover, New Hampshire
03755, USA.







freedom. One suggestion for improving the prospects of
IR laser-induced chemistry12 is to use the excitation of
translational in addition to internal modes to permit


passage over the reaction barrier. We have reported13 the
CO2 laser-induced, SF6-sensitized reaction of ethylene
sulfide to yield CS2, CH4 and C2H4. Both the sensitizer12


Figure 1. FTIR spectrum of the mixture of SiF4 and oxirane: (a) after and (b) prior to irradiation at 1032 cmÿ1. The reactants and
products are identi®ed in both spectra
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and the reactant molecule14 had significant absorption
coefficients at the P(20) line of the CO2 laser (944 cmÿ1).
Therefore, irradiation of a cell containing both SF6 and
thiirane caused direct excitation of both molecules. The
rapid equilibration of the sample mixture via the many
collisions occurring during the course of irradiation
resulted in the efficient production of vibrationally
excited thiirane via resonant V–V (SF6–thiirane) energy
transfer collisions. In this type of process, the vibration-
ally hot organic molecule may absorb additional laser
photons, leading to the formation of products not readily
accessible by thermal activation alone. The same
technique was used in the current work and provided a
means of verifying theab initio predictions.


As may be seen from the discussion above, the
previous studies of the gas-phase pyrolysis of ethylene
oxide have been complicated by the possibility of
reaction at the cell walls. The use of sensitizers in
conjunction with cw CO2 radiation provides an environ-
ment in which the chemistry is homogeneous. The
technique also offers the advantage of a ‘steady-state’
method by employing cw rather than pulsed lasers. The
goals of the work described in this paper were twofold:
first, to provide a test of the homogeneous dissociation
mechanism of oxirane and ourab initio results, and
second, to explore further the utility of the sensitizer
technique, which has been limited to only a handful of
chemical systems.


EXPERIMENTAL


An Apollo Lasers Model 122 CO2 laser was employed.
The beam,�8 mm in diameter, was passed unfocused
through the photolysis cell. For most of the reported
experiments, the laser was tuned to the P(40) line,
although photolysis at other frequencies was attempted
and noted in the results. The laser output was measured
with a surface calorimeter and ranged from 4 to 12 W.
The laser was operated in an electronically chopped
mode such that a single cycle of the output was obtained.
In this mode, the irradiation time is adjustable and was
determined with a storage oscilloscope and a pyroelectric
detector.


The photolysis cells were constructed of 316-type
stainless steel and fitted with KBr windows for both
photolysis and analysis. The data reported in the tables
and figures were collected with a cell 8.25 cm in length
and 3.8 cm in diameter. The cell was evacuated by a
rotary pump prior to sample introduction and was filled
from a stainless-steel vacuum line. Oxirane was pur-
chased as a gaseous sample of research purity from Fluka
Chemical and used as received. The sensitizers (SiF4 and
SF6) and background gas (N2) were purchased from
Matheson Gas Products and used as received. Sample
pressures were measured via capacitance manometers
(Baratron).


Reactions were typically run using a single exposure of
3 s to the laser output. This time represents an experi-
mental compromise and was chosen in order to minimize
the effects of secondary processes while obtaining
accurately measurable yields of products. In studies
involving variables other than laser fluence, the laser
output was set to 12 W. Initial concentrations and
products were determined using quantitative IR absorp-
tion spectroscopy on a Perkin-Elmer 1600 Series Fourier
transform (FT) IR instrument. All FTIR spectra were
recorded using 16 scans and maximum resolution
(2 cmÿ1) over the range 400–4000 cmÿ1. Spectra were
recorded prior and subsequent to laser exposure and the
composition of the sample was determined, using
difference spectra, from calibration data. The character-
istic peaks for acetaldehyde, acetylene and ethylene were
easily distinguished from all other absorption bands.
Some spectral overlap occurs for the CO and CH4 bands.
The difference spectra permit quantitative measurements.


RESULTS


Most of the data discussed in this paper were obtained by
irradiation of the SiF4–oxirane mixture at 1027 cmÿ1.
Unless noted otherwise, all experimental data refer to
irradiation at this frequency. This frequency overlaps15a


the �3 triply degenerate Si–F stretching mode of SiF4,
which is centered at 1032 cmÿ1. Oxirane also exhibits a
weak absorption15b at this frequency assigned to the�8


CH2 rocking motion. Therefore, for excitation with the
P(40) line of the laser, both the target molecule and the
sensitizer transitions were resonant or nearly resonant
with the laser wavelength. However, owing to the relative
absorption coefficients and pressures, most of the input
energy was initially deposited into the SiF4 manifold.
Figure 1 shows the IR spectrum of the photolysis mixture
after (a) and prior to (b) irradiation. The spectral region
4000–400 cmÿ1 is included in this figure so that the
products may be assigned. Absorbances due to CO, C2H4,
CH4, C2H2, acetaldehyde, unreacted oxirane and SiF4 are
noted on the spectrum. These bands were identified from
the IR spectra of the pure materials. The nature of the
products and their relative ratios were invariant with
changing experimental conditions. The typical product
distribution is given in Table 1. The results in the table
are based on the fraction of the total carbon reacted (as
oxirane). The most significant product is CO, the yield
of which is approximately equal to that of all other
carbon-containing products. There is a small, difficult to
quantify, yield of acetaldehyde estimated as<5%, and
also involatile solid product. We conclude that, with
these constraints and within the experimental errors
(�5%), that all of the reaction products have been
identified.


A reasonable measure of the reactivity of oxirane
under these experimental conditions is the per cent
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depletion (per second) of the starting material for a given
set of conditions; a quantity analogous to the conversion
per flash (CPF) in pulsed CO2 photolysis. This is defined
as 100%� (DP/Pinitial)oxirane/photolysis time, whereDP
is the quantity of starting material reacted under the
experimental conditions. The per cent depletion is, in
effect, a rate, since the exposure time has been kept
constant. It is critical to keep in mind that the depletion
yield is averaged over the entire volume of the reaction
vessel (that is, we measure the total change in oxirane or
product concentration in the cell), while the reaction
itself mainly occurs along the path of the CO2 laser whose
beam diamter is much smaller than that of the cell. Figure
2 presents data on reactivity as a function of the initial
concentration of oxirane. Each point represents a separate
experiment and multiple runs at nearly identical pressures
indicate an estimated error of 10% at pressures greater
than 10 Torr. Using 60 Torr of sensitizer gas, the rate of
depletion is seen to increase approximately linearly with
increasing initial concentration of reactant at pressures
less than 25 Torr, but to decrease at higher pressures. The


effect of increasing laser fluence on reactivity is shown in
Table 2. At laser powers greater than the threshold, the
reactivity increases sharply, but levels off at laser powers
greater than�8 W.


Increasing the sensitizer gas pressure served to
decrease the oxirane reactivity. The experimental results
are shown in Fig. 3. In these experiments, the irradiation
time was 3 s, the laser power was 12 W and the oxirane
pressure was 25 Torr. In order to test whether the effect
evident in Fig. 3 was dependent on the nature of the gases
present, two additional experiments were run using
identical experimental conditions, but in the presence
of N2 (pressures of 30 Torr N2 with 30 Torr SiF4 and
40 Torr N2 with 60 Torr SiF4). There was no significant
difference between the results of these experiments and
those expected for reaction in the presence of 30 and
60 Torr SiF4 alone. That is, only the pressure of sensitizer
gas was important. The results shown in Figs 2 and 3
indicate that only species capable of absorbing the
incident radiation affect the rate of depletion of oxirane.


SiF4-sensitized CO2 laser photochemistry of pure
samples of the product species was examined. With the
exception of acetaldehyde and ethylene, all of the


Table 1. Typical product distributiona


Product Yield (%) Relative yield (%)


CH3CHO <5 <0.1
CH4 19 0.45
CO 42 1.0
C2H4 19 0.45
C2H2 7 0.17


a As fraction of the total carbon lost as oxirane. Involatile and
unanalyzed solid material is assumed to account for the remaining
carbon.


Figure 2. Depletion of the starting material as a function of
the initial concentration of oxirane. The estimated uncer-
tainty in the higher pressure points is 10%, but the error in
the points representing lower pressure experiments is greater
owing to the smaller net conversion. The line is intended only
to guide the eye through the data points. Experimental
points were obtained with 3 s exposures at a laser power of
12 W and 60 T added SiF4


Table 2. Oxirane reactivitya as a function of cw-laser power


Nominal laser
power (W)


Maximum temperatureb


(K)
Per cent depletion


(sÿ1)


12.5 950 23.9
9.3 890 21.4
7.7 875 22.7
6.8 870 11.0
4.4 850 3.6


a Reaction conditions: 25 Torr oxirane with 60 Torr SiF4; irradiation
for a total of 3 s.
b Ref. 17.


Figure 3. Effect of sensitizer pressure on the reactivity of
oxirane. The solid line is intended only to guide the eye
through the data points. Experimental conditions include
irradiation time 5 s, laser power 12 W and oxirane initial
pressure 25 Torr
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products are stable to irradiation under the conditions of
this experiment. Acetaldehyde was observed to decom-
pose with an overall depletion rate approximately twice
as large as that of oxirane and to produce methane and
carbon monoxide as final products. This is a rapid
decomposition rate and we attribute the observation of
only minute traces of acetaldehyde in the photolysis to
this reactivity. Based upon these control experiments, all
of the methane observed in these experiments is assumed
to reflect the initial production levels of acetaldehyde.
Similarly, all of the observed acetylene is assumed to
result from the decomposition of ethylene based on our
observations of the reaction of the latter under conditions
identical with those in the oxirane studies.


Attempts to react pure oxirane were unsuccessful even
though the molecule exhibits weak absorption at
1032 cmÿ1. SiF4 was essential to the initiation of the
reactive process. Other attempts to drive the reaction
thermally,11 that is, without the possibility of resonant
V–V energy transfer, did not meet with any success. A
laser frequency of 935 cmÿ1 falls within an absorption
band of SF6, which was substituted for SiF4 as the
sensitizer. For SF6 pressures of 60 Torr and approxi-
mately 5 W of cw laser power (up to 3 s irradiation) the
pressure of oxirane changed only slightly from the initial
value. Preliminary experiments indicate that the overall,
cell-averaged depletion rate for sensitization with SF6 at
935 cmÿ1 is�100 times slower than with SiF4 sensitiza-
tion and irradiation at 1032 cmÿ1.


DISCUSSION


The products observed in this study included only two
oxygen-containing molecules. In addition, no gaseous
alkanes other than methane are directly observed. The
relative product yields are essentially invariant with
reactant/sensitizer pressure and laser fluence, although
the extent of reaction is affected by all of these
parameters. These results contrast with reported studies
of the pyrolysis of oxirane.1–5 In those studies a number
of alkanes were observed and conflicting reports on the
number of different oxygen-containing molecules were
made.


The effect of increasing laser fluence, shown in Table
2, indicates that the efficiency of increasing fluence is less
as the total fluence increases. The rate of increase in
oxirane depletion is not constant and decreases at higher
fluence. This same behavior was observed in the SF6-
sensitized reaction of ethylene sulfide. It is attributed to
changes in the effective absorption length of the absorber
gas, in this case, SiF4. We estimate, using the high fluence
measurements reported in the literature,16 that the laser
was>99% attenuated after a pathlength of 2.75 cm for
5 W input power. The maximum temperature over this
excitation region, along the laser axis, is estimated by the
formulation of Zhu and Yeung17 and is noted in Table 2


for each set of conditions. Increasing reactivity with
increasing laser fluence is indicative of the greater
number of activated oxirane molecules as the heated
volume increases. The fact that the heating process
becomes less efficient in promoting reactivity as the laser
fluence increases results from the bleaching of the
absorption coefficient at the highest laser intensities.
The relative fraction of absorbed energy per unit length is
lower at high laser fluence.16


The role of the sensitizer gas may be considered by
examination of Fig. 3. The data indicate that increasing
the pressure of sensitizer causes a decrease in the rate of
reactivity. There are two possible causes for this
observation. The first is that the increase in pressure
causes an increase in collisional deactivation of the
energized oxirane molecules since molecules will
experience a larger number of collisions at higher
pressure. This is discounted by the observation that
reactions run with mixtures of N2 and SiF4 yield results
which are equivalent to those obtained with the SiF4


alone. That is, the addition of N2 and the additional
molecular collisions that ensue have no effect on the rate
of reaction. The alternative explanation is related to the
fact that all of the incident radiation is absorbed within
the cell and the optically active region is only a fraction
of the entire cell pathlength. An increase in the sensitizer
pressure reduces this active length and, therefore, the
volume of the active region. The absolute number of
activated oxirane molecules and the rate of reaction also
decrease proportionately. The observation that the
addition of N2 has no effect is consistent with this
hypothesis. The results for increasingPoxiranesupport this
conclusion. An increase in the pressure of the target
molecule will also decrease the reaction volume and,
hence, the extent of reaction. The depletion of starting
material is, therefore, dependent not only upon chemical
factors, but also upon physical processes.


The lower reactivity for the SF6-sensitized reaction is
indicative of the need for both direct internal excitation of
the oxirane molecule (via efficient V–V energy transfer)
and thermal activation. Irradiation at 935 cmÿ1 does not
allow for either resonant V–V energy transfer or direct
absorption since the oxirane molecule does not have an
internal motion at this energy. However, the�8 CH2 rock
is observed (weakly) at 1020 cmÿ1 and overlaps the
intense SiF4 absorption band at 1032 cmÿ1. This allows
for nearly resonant V–V transfer, not present in the SF6-
sensitized reaction even at laser powers similar to that
used in the SiF4 sensitized reactions. The vibrationally
excited oxirane so created would then be available to
absorb additional photons from the laser field. This mode
of energization appears to be essential for reactivity in the
current experiment as was also observed in the case of the
related thiirane molecule.


The information presented in this paper does not
necessarily lead to a unique detailed mechanism for the
observed reaction. However, one possible, general
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kinetic pathway is outlined below. Note that many
possible secondary reactions have been omitted from this
scheme. In particular, we do not address the possibility of
a radical-initiated chain reaction decomposition of
oxirane. The data do not permit that question to be
answered. It is possible that a secondary process,
involving radical-initiated decomposition of oxirane,
may occur. However, it cannot be a significant fraction
of the total decomposition for the following reasons. The
observation that, under the experimental conditions of the
current work, the relative yields of the products are
invariant provides an indication of the nature of the
reaction pathway. Statistical theory predicts that the ratio
of products should be temperature dependent. The
absence of any significant variation is an indication that
all of the products are derived from the same primary
product and the results of theab initio calculations6 are
consistent with this viewpoint. Theab initio calculations
indicate that primary reactivity occurs in the acetalde-
hyde channel populated by sensitized isomerization from
oxirane. The decomposition of the resulting acetalde-
hyde, in either quantum state, may, but need not be,
sensitized by the presence of SiF4. The ab initio results
show a reaction barrier, but also a significant excess
energy to overcome the barrier in this system. An
abridged mechanism consistent with both the experi-
mental results and theab initio calculations is as follows:


SiF4 � h� ! SiF4
y �1�


SiF4
y �M ! M � SiF4 �2�


SiF4
y � C2H4O�S0� ! SiF4� C2H4O�S0�y �3�


C2H4O�S0�y � h� ! C2H4O�S0�yy �4�


C2H4O�S0�yy �M ! C2H4O�S0� �M �5�


C2H4O�S0�yy ! CH3CHO�S0�yy �6�


CH3CHO�S0�yy ! CH4� CO �7a�
CH3CHO�S0�yy ! CH3CHO�T1�yy �7b�


CH3CHO�T1�yy ! CH3� CHO �8a�
CH3 � CH3! C2H6 �8b�
C2H6� h� ! C2H4� H2 �8c�
CHO� h� ! H� CO �8d�
H� H�M ! M � H2 �8e�


CH3CHO�S0�yy �M ! CH3CHO�S0� �M �9�


In this mechanism, initiation of the reaction occurs with
excitation of SiF4. Initial oxirane excitation is by means


of near resonant V–V collisions with the excited
sensitizer. The vibrationally excited oxirane is further
energized both by means of additional collisions and by
direct absorption of the infrared photons. The oxirane
crosses to the acetaldehyde ground-state potential surface
and reaction primarily to CH4 and CO occurs. Confirma-
tion that, under the experimental conditions of these
experiments, acetaldehyde reacts to yield methane and
carbon monoxide was obtained by using mixtures of
acetaldehyde and SiF4 as starting materials in a separate
reaction. The reaction was observed indeed to produce
only these two products.


Note that a number of radical species are generated in
the proposed mechanism and these would be expected to
exhibit secondary reactivity. The relative importance of
radical reactions to this system is a matter of some
controversy. Theab initio calculations6 indicated that the
primary product is acetaldehyde (S0), which subsequently
undergoes further unimolecular decomposition to pro-
duce CH4 and CO or undergoes intersystem crossing, for
which the rate constant is fixed by the experimental
conditions. The second set of products (ethylene and
acetylene) result indirectly from the unimolecular
reactivity of the lowest triplet state of acetaldehyde.
The latter produces CH3� HCO, with subsequent
formation of CO and C2H6. Secondary decomposition
of ethane yields the unsaturated products. This model
predicts that the relative yield of CO should equal that of
the sum of all other products, as was observed in the
experimental results.


The rate constant for removal of oxirane resulting from
the mechanism noted above is given by


rate� ÿd�C2H4O�
dt


� kI �C2H4O�
k5�M��k6


�10�


whereI is the photon flux, and, if we assume that reaction
(2) is much faster than reaction (3) and that [M]� [SiF4],
k is given by


k � k1k3k4k6


k5
�11�


This rate law is consistent with the experimental details.
In particular, the rate law implies that the process is first
order in [C2H4O]; however, if the oxirane concentration
becomes significant, the value of [M] increases and the
reaction would be inhibited as observed in Fig. 2. The
addition of SiF4 increases [M] and inhibits the reaction,
as observed in Fig. 3. Finally, the rate should increase
with increasing laser fluence, whereI is fluence
dependent, and this behavior is evident in Table 2. The
mechanism proposed above is also consistent with the
invariance of the relative product ratio. The predicted
ratio of CH3 to CH4 is given by the ratio of rate constants
k7b/k7a. There is no reason to expect any significant
temperature dependence fork7b, since it is an intersystem
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crossing rate constant. The ratio of singlet to triplet
acetaldehyde should be approximately independent of
temperature. If we consider an RRK-type probability to
estimate the relative rate constants for formation of the
final products CH3 and CH4 from acetaldehyde, there is
an excess energy of 31.1 and 27.5 kcal molÿ1, respec-
tively, due to the initial excitation to reach the transition
state. The temperature range of the experiments, 850–
950 K, provides an insignificant addition to the excess
energy already available and the product yields are
essentially invariant over the temperature range exam-
ined, in agreement with the experiment within experi-
mental error.


CONCLUSIONS


The cw infrared laser SiF4-sensitized chemistry of
oxirane has been reported. The major detected products
were CH4, CO, C2H4 and C2H2. CO is the dominant
product with formation of 1 mol for every mole of
reacted oxirane. Trace yields of acetaldehyde were
observed. The results are consistent with a mechanism
in which the majority of the excited oxirane isomerizes to
acetaldehyde and reacts as a highly vibrationally excited
species along the ground-state potential. The ethylene
product is a reflection of the fraction of acetaldehyde-
isomerized oxirane undergoing intersystem crossing
from the hot ground state to CH3CHO (T1).
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ABSTRACT: The 2-alkyl-5-tert-butyl-1,4-dimethoxybenzene radical cations1��a–e(2-alkyl = Me, Et,i-Pr,c-PrCH2


and PhCH2) generated in one-electron oxidation of their parent compounds1a–eby pentafluorobenzoyl peroxide or
cerium(IV) sulfate were characterized by EPR spectrometry. The product analysis shows that under certain conditions
1��a–emay collapse through two competitive pathways, i.e. deprotonation and de-tert-butylation. The deprotonation
of 1��a–e is further assured by EPR observations of the corresponding benzyl radical intermediates. The relative
importance of the two pathways is greatly dependent on the structure of the alkyl substituents, the nature of the
solvents and the reaction temperature. For deprotonation, the reactivity order is found to bec-PrCH2 >Me>PhCH2


>Et� i-Pr. Copyright 1999 John Wiley & Sons, Ltd.


KEYWORDS: radical cation; deprotonation; de-tert-butylation


INTRODUCTION


In recent years, studies of the formation, structure and
reactivity of aromatic radical cations have been increas-
ing,1,2 so that the foundation of cation radical chemistry
has been firmly established although there are still many
important problems remaining to be solved.


Under certain conditions, some representative aro-
matic radical cations derived from alkylbenzenes under-
go deprotonation, generating substituted benzyl radicals
which may subsequently couple into bibenzyls or be
oxidized into benzyl cations and the final products may
be formed through combination of the benzyl cations
with the nucleophile present in large amount in the
bulk.3–6


However, the situation would become much more
complicated when an alkylbenzene radical cation is
generated simultaneously with a nucleophile (Nuÿ) and a
radical (Nu�) in the original solvent cage. For example, in
the reactions of 2,5-dimethyl-1,4-dimethoxybenzene
with some substituted benzoyl peroxides (YC6H4CO2)2,
the benzyl benzoates ArCH2O2CC6H4Y and benzoic
acids have been isolated as the major products. The
alkylbenzene radical cation was cogenerated with a
nucleophile YC6H4COÿ2 and a radical YC6H4CO2


� in the
original solvent cage.7 Under these conditions, the
cleavage of thea-C—H bond of the radical cation is
very ambiguous because the radical cation might
dehydrogenate [Eqn. (1)] or deprotonate [Eqn. (2)],
leading to the same products.


As we reported previously,7 in a very similar SET
process, i.e. the reaction of the same substrate with more
reactive oxidant perfluorodiacyl peroxide (RfCO2)2 in


JOURNAL OF PHYSICAL ORGANIC CHEMISTRY
J. Phys. Org. Chem.12, 688–694 (1999)


Copyright  1999 John Wiley & Sons, Ltd. CCC 0894–3230/99/090688–07 $17.50


*Correspondence to:C.-X. Zhao, College of Chemistry and Chemical
Engineering, Shanghai Jiaotong University, Shanghai 200240, China.
Contract/grant sponsor:National Natural Science Foundation of
China.







Freon 113 (CCl2FCClF2) solution, the observation of
CIDNP at 5.35 ppm (enhanced emission) of benzylic
protons of the side-chain perfluoroacyloxylation product
ArCH2OCORf [Eqn. (3)]8 strongly supported the depro-
tonation [Eqn. (2)] as one of the major pathways of the
arene radical cation.


Our systematic CIDNP studies of the reactions of
closely related arene substrates with (RfCO2)2 have
revealed that the relative importance of the deprotonation
to the other pathways, namely ring substitution and
demethylation from methoxy groups, is dependent on the
structure of the arene substrates, arene-to-(RfCO2)2 molar
ratio and reaction temperature.9


It has been known for a long time that the ease and
regioselectivity of deprotonation of alkylbenzene radical
cations are greatly affected by the structure of the alkyl
groups. For example, cumene radical cation prefers to
lose a proton fromb-carbon instead ofa-carbon. The
reason for this might be the stereo-electronic effects.10–12


Recently, we reported the three competitive reaction
pathways, namely, de-tert-butylation, ring substitution
and demethylation of 2,5-di-tert-butyl-1,4-dimethoxy-
benzene radical cation generated in the oxidation of its
parent substrate by oxidant (C6F5CO2)2 (2) or (n-
C3F7CO2)2 in F113 solution.13 With these peroxides
and other oxidants, the same radical cation of this
substrate was always detected by EPR. However, its


reactivity was entirely dependent on the oxidation
systems employed. In S2O8


2ÿ–Cu2�–HOAc and Ce4�–
HOAc systems, it appeared to have long lifetimes and did
not undergo fragmentation spontaneously, but in the acyl
peroxide–F113 systems it was short-lived and large
amounts of de-tert-butylation products were isolated. The
experimental results imply that this C(sp2)—C(sp3) bond
cleavage could be a consequence of an attack by
perflouroacyloxy radical on the radical cation in the
original solvent cage. The formation of large amounts of
t-BuOCH3 (46%) by addition of methanol to the reaction
mixture and other evidence suggest that thetert-butyl
group left as a carbocation. Based on these results, we
concluded that the reaction was initiated by electron


transfer from the arene to the peroxide and followed by
fast radical (C6F5COO� or RfCOO� �Rf


�) attack on the
radical cation forming as-complex which underwent de-
tert-butylation, ring substitution and nucleophilic sub-
stitution at the methoxy carbon (by C6F5CO2


ÿ or
RfCO2


ÿ).


During and after this study with experimental ele-
gance, some important questions arose. First, with the
same oxidation system, will various alkylbenzene radical
cations generated in original cage dealkylate as 2,5-di-
tert-butyl-1,4-dimethoxybenzene radical cation does?
Second, if they do, may the dealkylation take place
competitively with deprotonation? Third, how do the
alkyl substituents affect the rates and the products of both
dealkylation and deprotonation? To answer these ques-
tions, some 2-alkyl-5-tert-butyl-1,4-dimethoxybenzenes
were specially prepared and their electron transfer
reactions with (C6F5CO2)2 (2) were studied in various
ways.


RESULTS AND DISCUSSION


All of the substrates1a–e specially designed and
prepared, have the potential possibility of undergoing
cleavage of the bond between aromatic nuclei and the
5-tert-butyl substituent.


EPR observations


Cation radicals 1��a±e. A mixture of each substrate
1a–e with Ce(SO4)2 in tetrahydrofuran (THF) was
slightly warmed in an EPR tube and the expected cation
radical generated was directly detected with an EPR
spectrometer. The well resolved EPR spectra imply the
splittings caused by the six equivalent protons of two
methoxy groups, the two inequivalent aromatic ring
protons and the inequivalent (due to hindered rotation)a-
protons of the alkyl substituents. By using the oxidant
(C6F5CO2)2 in F113 at 20°C, the same radical cation was
also generated for each of the substrates (the spectral
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interpretation and computer simulation of the spectra will
be published in a separate paper for all cation radicals
generated in various ways).


Benzylic radicals. Generally, benzylic radicals are found
to be short-lived and their direct EPR detection is often
reported to be difficult. However, the well resolved EPR
spectra recorded during the ET reactions of1a–ewith 2
in F113 at 20°C enabled us to conclude that the direct
detection of the 4-tert-butyl-2,5-dimethoxybenzyl radi-
cals3a–eis of mechanistic importance. For example, the
EPR signal of benzyl radical3a with ag factor of 2.0042
is split by C3-H (a = 10.43 G), two benzylic protons
(a = 6.40 G), three protons of the methoxy group (a =
1.67 G) and C6-H (a = 0.8 G), as shown in Fig. 1(A).


The benzylic radical3a was successfully trapped by
the nitroso-spin trapt-BuNO. The characteristicg factor
(2.0053) is an indication of the formation of a nitroxyl
spin adduct4a. The triplet (1:1:1, aN = 13.07 G), triplet
(1:2:1, aH = 1.48 G) splitting pattern of the spin adduct
4a strongly proves the intermediacy of the benzylic
radical 3a in the reaction. The three lines marked with
asterisks in Fig. 1(B) (1:1:1,aN = 7.39 G, characteristic of
acyl nitroxide) were assigned to the spin adduct of 4-tert-


butyl-2,5-dimethoxybenzoyl radical witht-BuNO lead-
ing to 4-tert-butyl-2,5-dimethoxybenzoyl nitroxide (5).
Apparently, the benzoyl radical was generated via H-
abstraction by C6F5COO� from the corresponding
benzaldehyde formed (in small amount) in the oxidation
of 1a by the excess of3 in the solution.


Product analysis


The reactions of substrates1a–ewith pentafluorobenzoyl
peroxide (2) (molar ratio 1:1) were carried out in a good
solvent, F113. Immediately after mixing, the colorless
solutions turned through orange to permanent yellowish
in a few minutes.1H NMR monitoring showed that the
reactions were completed in about 15 min. The isolation
of deprotonation products6 and 9 and the de-tert-
butylation products7 and 10 indicates that both the
deprotonation and de-tert-butylation are the most im-
portant and competitive reaction pathways. In addition, a
small amount of a substitutedp-benzoquinone (8) was
detected by1H NMR. The overall reactions are shown in
Eqn. (4) and the yields of the products are listed in Table
1.


So far, there is no evidence that the C—C bonds
between aromatic nuclei and alkyl side-chain CHR1R2


were cleaved during the reaction.
It has been pointed out that the deprotonation of the


studied arene radical cations occurs only in the presence
of a base, e.g. C6F5CO2


ÿ, and the de-tert-butylation,
however, involves an ejection of atert-butyl cation from
the cationic s-complex formed by radical (e.g.
C6F5COO�) addition to an aromatic ring.13 Therefore,
in our reactions, two transition states corresponding to
two pathways must be involved. For the reactions of
substrates (1a, 1b, 1dand1e), as shown in Table 1, the
yields of the products for the two pathways are
comparable. We would expect that the energy barriers
of the two transition states might be family close to each
other. However, the reaction of1c is found to be inhibited
from deprotonation and contributed almost wholly from
de-tert-butylation (94%).


One may now ask how fast the deprotonation and de-
tert-butylation are. In fact, our reaction systems are
specially designed to answer such a difficult question.
One of the delicacies of our design is the generation of
C6F5COO� (or C3F7COO�) in the original solvent cage
and the employment of these radicals as rate probes. It is
known that C6F5COO� decarboxylates at a rate13 of about
108 sÿ1 and (C6F5CO2)2 decomposes almost as fast as
(C6H5CO2)2 (5� 10ÿ5 sÿ1), so we may expect that
C6F5COO�will decarboxylate partially or completely at a
rate of about 108 sÿ1 before its attack on C-5 bearing a
tert-butyl group and a high yield of 2-alkyl-5-penta-
fluorophenyl-1,4-dimethoxybenzene should be formed
(in the cage) with a small amount of the coupling product
C6F5C6F5 (in the bulk). However, none of the products


Figure 1. EPR spectra of (A) benzylic radical 3a and (B) its
spin adduct with t-BuNO, 4a, mixed with (5)*
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was found by careful product analysis. If the same
decarboxylation takes place in advance of the deprotona-
tion assisted by nucleophilic attack, both the side-chain
pentafluorophenylated product and C6F5C6F5 (even if in
a small amount) should be expected. Again, none of these
is found in practice. Now, based on the mechanistic
insights obtained by using the probe radicals C6F5COO�
in this study andn-C3F7COO� (decarboxylates at a much
faster rate comparable to that of C2H5COO�, 3.3� 1010


sÿ1) in our previous study,13 we conclude that the
formation of thes-complexes leading to de-tert-butyla-
tion and deprotonation at thea-carbon is much faster than
the decarboxylation rate of C6H5COO� or C6F5COO�
(108 sÿ1) and comparable to that of C2H5COO� (1010 sÿ1)
at room temperature.


It is important to mention that each of the arene radical
cations generated in the three different oxidation systems
[Ce(SO4)2–THF, S2O8


2ÿ–HOAc, (C6F5CO2)2–F113] has
the same molecular structure as proved by the EPR study,
but experienced very different micro-surroundings—
ineffective nucleophilic attack by the highly solvated
weak base SO4


2ÿ (or C2H5COOÿ–SO4
2ÿ) in the bulk in


the first two systems and very fast, effective attack by
both the cage radical C6F5COO� and the unsolvated
nucleophile C6F5COOÿ in the last system. The deproto-
nation rate constant ofp-methoxytoluene radical cation
generated in the oxidation by S2O8


2ÿ–HOAc is re-
ported14 to be 105 l molÿ1 sÿ1. It is expected that the
radical cations bearing more and stronger electron-
releasing substituents, such as1b��, 1d�� and 1e��
generated in the same oxidation system, must be more


stable thanp-methoxytoluene radical cation and depro-
tonate much more slowly. Hence the rate difference for
deprotonation of one radical cation generated in the
different oxidation systems may reach a magnitude of
103–105-fold.


From Table 1, one can see how the nature of the alkyl
substituents CHR1R2 affects the relative importance of
the deproronation to the reactions as a whole. The
deprotonation is disfavored by varying CHR1R2 from
methyl (6a, 75%) through ethyl (6b, 60%) to isopropyl
(complete inert; only the de-tert-butylation product7c is
formed). When CHR1R2 is PhCH2, the deprotonation (6e,
69%) is less important than that for1a (6a, 75%)
although the substituted benzyl radical3e is well
delocalized and hence more stable than3a. The cause
of this difference might be the weaker acidity and the
greater steric hindrance of1e�� during the bimolecular
deprotonation process than that of1a��.


The study of the reaction of1d is very interesting and
informative. In addition to the expected de-tert-butyla-
tion product (17%), the ring-opening product is formed in
high yield (78%). The characteristic1H NMR spectrum
and other spectral data unequivocally established the
structure of the product12 [see Eqn. (5)]. It is known that
cyclopropylmethyl cation easily rearranges to cyclobutyl
cation with only slight ring opening,14 but arylcyclopro-
pylmethyl radical underwent ring opening. We therefore
believe that the formation of12 must follow electron
transfer (from1d to 2)/deprotonation (forming benzyl
radical)/ring opening and radical rearrangement/radical
combination, as shown in Eqn. (5).


Solvent effects


In order to study solvent effects on the relative
contributions of de-tert-butylation and deprotonation,
the reaction of1awith 2 was also carried out in five other
representative solvents with increasing polarity, i.e.n-
hexane, benzene, carbon tetrachloride, F113, dichloro-
methane and acetonitrile. As shown in Table 2, the
solvents of higher polarity disfavor both deprotonation
and demethylation, but greatly favor de-tert-butylation.
In n-hexane, deprotonation (6a, 45%) and demethylation
(8a, 40%) are much more important than de-tert-
butylation. However, in the highly polar aprotic solvent


Table 1. Products and their distribution in reactions of 1 with
2 at 20°Ca


Substrate Yield of product (%) Yield ratio,
1 6 7 9 10 6:7


a 75 24 85 19 3.1
b 66 33 70 30 2.0
cb 0 94 30 74 0
d 78c 17 85 15 4.6
e 69 31 75 24 2.2


a Trace amounts of8 were detected by1H NMR.
b 15% of i-C4H8 was also obtained.
c Of this, 79% is ring-opening product [see Eqn. (5)].
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CH3CN, de-tert-butylation is predominant (7a, 73%),
whereas both deprotonation and demethylation are
depressed. The demethylation would follow the pathway
shown in Eqn. (6).


Non-polar solvents favor the formation of the more
reactive tight radical-ion pairs, but the polar solvents
solvate the pairs and thus make them solvent-isolated.
This is the reason for the formation of substitutedp-
benzoquinone in large quantity inn-hexane and benzene.
Both the deprotonation and demethylation are nucleo-
philic processes with charge diminishing or neutraliza-
tion. They should be favored in non-polar solvents [Eqn.
(7)]. In contrast, the de-tert-butylation involves a
significant charge development and should be favored
in polar solvents, such as CH3CN [Eqn. (8)].


Temperature effects


The reaction of1a with 2 was carried out at different
temperatures in F113. A significant change in product
distribution was observed (Table 3).


A decrease in temperature depressed both the de-tert-
butylation and deprotonation but greatly favored de-


methylation. However, the effects of temperature on the
three competitive pathways are very complicated.


CONCLUSION


The relative importance of the three reaction pathways
(deprotonation, de-tert-butylation and demethylation) of
2-alkyl-5-tert-butyl-1,4-dimethoxybenzene cation radi-
cals generated in one-electron oxidation of their parent
compounds by pentafluorobenzoyl peroxide is greatly
dependent on the structure of the 2-alkyl substituents, the
nature of the solvents employed and the reaction
temperature.


EXPERIMENTAL


Instruments. The isolation of aromatic solid products
was carried out on a chromatotron (rotary thin-layer
chromatograph, Qinyun, Beijing, China). The identifica-
tion of the substrates and products was conducted on
Varian XL-200 NMR, Finnigan-4021 MS and Perkin-
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Elmer 983-G IR spectrometers and a Hitachi elemental
analyzer. A Varian E-112 EPR spectrometer (X-band)
was used for the detection of radicals.


Preparation of penta¯uorobenzoyl peroxide (2) and
substrates 1a±e
Penta¯uorobenzoyl peroxide (2). This was prepared
from pentafluorobenzoyl chloride by the procedure
described previously16 and recrystallized from F113
(purity >99% by iodometry).


2-Methyl-5-tert-butyl-1,4-dimethoxybenzene (1a).
Compound1a was prepared bytert-butylation of 2-
methyl-1,4-dihydroquinone withtert-butyl alcohol in
80% sulfuric acid.


2-Isopropyl-5-tert-butyl-1,4-dimethoxybenzene (1c).
This was prepared bytert-butylation of 2-isopropyl-1,4-
dimethoxybenzene withtert-butyl alcohol in 90%
sulfuric acid.


Other 2-alkyl-5-tert-butyl-1,4-dimethoxybenzenes.
These were prepared by Wolf–Kishner reduction of alkyl
4-tert-butyl-2,5-dimethoxyphenyl ketones. The ketones
were prepared by acylation of 2-tert-butyl-1,4-dimethoxy-
benzene with the corresponding acid chlorides in CS2.


17


Characterization of substrates.
2-Methyl-5-tert-butyl-1,4-dimethoxybenzene (1a). 1H
NMR, � 6.60 (s, 1H), 6.48 (s, 1H), 3.70 (s, 6H), 2.08 (s,
3H), 1.30 (s, 9H); MS (m/z), 208 (M�, 100), 193
(M�ÿCH3, 70); anal. calcd for C13H20O2: C, 74.96; H,
9.68; found: C, 74.70; H, 9.76%; b.p. 92°C/0.5 Torr; m.p.
37–38°C.


2-Ethyl-5-tert-butyl-1,4-dimethoxybenzene (1b). 1H
NMR, � 6.60 (s, 1H), 6.48 (s, 1H), 3.70 (s, 6H), 2.52
(q, 2H),J = 7.5 Hz, 1.32 (s, 9H), 1.13 (t, 3H),J = 7.5 Hz;
MS (m/z), 222 (M�, 100), 207 (M� ÿ CH3); anal. calcd
for C14H22O2: C, 75.63, H, 9.97; found: C, 75.59; H,
10.20%; b.p. 152–154°C/25 Torr; colorless liquid.


2-Isopropyl-5-tert-butyl-1,4-dimethoxybenzene (1c).
1H NMR, � 6.68 (s, 1H), 6.60 (s, 1H), 3.77 (s, 6H),
3.22 (m, 1H), 1.34 (s, 9H), 1.18 (d, 6H),J = 6.0 Hz; MS
(m/z), 236 (M�, base); 221 (M� ÿCH3); anal. calcd for
C15H24O2: C, 76.23; H, 10.24; found: C, 76.12; H,
10.25%; b.p. 154–156°C/25 Torr; m.p. 27–28°C.


2-Cyclopropylmethyl-5-tert-butyl-1,4-dimethoxyben-
zene (1d). 1H NMR, � 6.64 (s, 2H), 3.72 (s, 6H), 2.42 (d,
2H), J = 6.5 Hz, 1.33 (s, 9H), 0–1.1 (m, 5H); MS (m/z),
248 (M�, base), 233 (M� ÿ CH3); anal. calcd for
C16H24O2: C, 77.39; H, 9.74; found: C, 77.36; H,
9.95%; b.p. 160–163°C/25 Torr; m.p. 20°C.


2-Benzyl-5-tert-butyl-1,4-dimethoxybenzene (1e). 1H
NMR, � 7.14 (s, 5H), 6.72 (s, 1H), 6.47 (s, 1H), 3.85 (s,
2H), 3.73 (s, 3H), 3.69 (s, 3H), 1.34 (s, 9H); MS (m/z),
284 (M�); 269 (M�ÿCH3, base); anal. calcd for
C19H24O2: C, 80.24; H, 8.51; found: C, 80.05; H, 8.44;
b.p. 164–168°C/25 Torr; m.p. 42°C.


Reaction and product analysis. The reactions were
carried out by mixing substrate1 (2 mmol) and peroxide
2 (2 mmol) in 10 ml of F113 and keeping the mixture at
20� 2°C overnight for completion. Then the F113
solvent was removed and the residue was subjected
careful analysis. Of the products, pentafluorobenzoic acid
was determined by titration; 2-methyl-5-tert-butyl-p-
benzoquinone (8a) and the various pentafluorobenzoates,
6, 7 and 10, were separated by rotary thin-layer
chromatography with diethyl ether–light petroleum as
eluent and characterized as follows.


2-Methyl-5-tert-butyl-p-benzoquinone (8a). M.p. 84–
85°C; MS (m/z), 178 (M�, 62.5), 163, 150, 135, 107, 91,
79, 43, 41 (base); H NMR,� 6.52 (s, 2H), 2.02 (s, 3H),
1.32 (s, 9H); IR (cmÿ1), 1652, 1456, 1250, 1000–1200,
936, 702.


4-tert-Butyl-2,5-dimethoxybenzyl penta¯uorobenzo-
ate (6a). M.p. 95.5°C; MS (m/z), 418 (M�, base), 403,
212, 207, 195, 191, 167;1H NMR, � 6.60 (s, 1H), 6.54 (s,
1H), 5.11 (s, 2H), 3.77 (s, 6H), 1.33 (s, 9H);19F NMR, �
57.3 (2F), 68.0 (F), 81.8 (2F); IR (cmÿ1), 2840–3010,
1741, 1647, 868, 765.


1-(4-tert-Butyl-2,5-dimethoxy)phenylethyl penta¯uor-
obenzoate (6b). M.p. 84.5°C; MS (m/z), 432 (M�,
43.0), 417, 221 (base), 205, 195, 191, 43;1H NMR, � 6.8
(s, 1H), 6.72 (s, 1H) 6.32 (q, 1H),J = 7 Hz, 3.8 (s, 3H),


Table 2. Solvent effects on product distribution of reaction
of 1a with 2 at 10°C


Yields of product (%) and distribution


Solvent 6a 7a 8a 7a:6a 7a:8a


n-C6H14 45 7 40 0.16 0.18
C6H6 32 Small 63 Small Small
CCl4 73 9 18 0.12 0.50
F113 68 9 15 0.13 0.60
CH2Cl2 38 30 30 0.79 1.00
CH3CN 13 73 10 5.62 7.30


Table 3. Temperature effects on product distribution of
reaction of 1a with 2 in F113


Temperature Yield of product (%) and distribution


(°C) 6a 7a 8a 7a:6a 8a:6a 8a:7a


25 75 24 Small 0.32 Small Small
0 55 7 33 0.13 0.60 4.71


ÿ30 53 6 39 0.11 0.74 6.50
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3.78 (s, 3H), 1.58 (d, 3H),J = 7 Hz, 1.36 (s, 9H); IR
(cmÿ1), 1741, 1665, 1220, 875, 762; anal. calcd for
C21H21O4F5: C, 58.33; H, 4.90; found: C, 58.15; H,
4.91%.


4-(4'-tert-Butyl-2',5'-dimethoxy)phenyl-3-butenyl pen-
ta¯uorobenzoate (12). M.p. 116°C, MS (m/z), 458
(M�), 443, 402, 246, 231, 195 (base), 57;1H NMR, � 6.8
(s, 1H), 6.72 (s, 1H), 6.6 (d, 1H),J = 14 Hz, 6.14 (m, 1H),
J1 = 14 Hz,J2 = 7 Hz, 4.45 (t, 2H), 3.75 (s, 6H), 2.74 (q,
2H), J = 7 Hz, 1.36 (s, 9H); IR (cmÿ1), 1740, 1658, 874;
anal. calcd for C23H23O4F5: C, 60.26; H, 5.06. found: C,
60.26; H, 4.86%.


1-(4'-tert-Butyl-2',5'-dimethoxy)phenylbenzyl penta-
¯uorobenzoate (6e). M.p. 104–105°C; MS (m/z), 494
(M�, 18.9), 479, 283, 267, 227, 195, 91 (base), 57;1H
NMR, � 7.28 (m, 5H), 6.78 (s, 2H), 6.34 (s, 1H), 3.78 (s,
6H), 1.36 (s, 9H); IR (cmÿ1), 1740, 1655, 1215, 962, 760.


4-Methyl-2',5'-dimethoxyphenyl penta¯uorobenzoate
(7a). M.p. 99.5°C; MS (m/z), 362 (M�, 61.6), 195, 167,
139 (base);1H NMR, � 6.80 (s, 1H), 6.61 (s, 1H), 3.78 (s,
6H), 2.18 (s, 3H);19F NMR, � 60.2 (2F,ortho), 72.3 (1F,
para), 83.6 (2F,meta); IR (cmÿ1), 2850–3000, 1740, 925,
86.


4-Ethyl-2,5-dimethoxyphenyl penta¯uorobenzoate
(7b). M.p. 72°C; MS (m/z), 376 (M, 55.0), 252, 237,
195 (base), 181,153;1H NMR, � 6.80 (s, 1H), 6.60 (s,
1H), 3.80 (s, 6H), 2.62 (q, 2H), 1.20 (t, 3H),J = 7.6 Hz;
IR (cmÿ1), 1761, 1652, 1210, 928, 862.


4-Isopropyl-2,5-dimethoxyphenyl penta¯uorobenzo-
ate (7c). M.p. 95°C; MS (m/z), 390 (M�, 81.2), 375,
195 (base), 167, 152;1H NMR, � 6.81 (s, 1H), 6.60 (s,
1H), 3.80 (s, 6H), 3.30 (m, 1H), 1.22 (d, 6H),J = 6.5 Hz.
IR (cmÿ1), 1761, 1652, 1218, 930, 882; anal. calcd for
C18H15O4F5: C, 55.39. H, 3.87; found: C, 55.34, H,
3.75%.


4-Benzyl-2,5-dimethoxyphenyl penta¯uorobenzoate
(7e). M.p. 92–93°C; MS (m/z), 438 (M�, 44.4), 361,
300, 243, 215, 195, 91 (base);1H NMR, � 7.20 (5H, s),
6.67 (2H, s), 3.93 (2H, s), 3.80 (3H, s), 3.70 (3H, s); IR
(cmÿ1), 1761, 1655, 1215, 930, 700; anal. calcd for
C22H15O4F5: C, 60.28; H, 3.45; found: C, 60.34; H,
3.44%.
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ABSTRACT: The tetraphenyl ketone ofp-tert-butyldihomooxacalix[4]arene (2) was synthesized for the first time.
This derivative possesses the cone conformation in solution at room temperature, which was confirmed by NMR
measurements (1H, 13C and NOE 1D). Extraction studies with metal picrates from neutral aqueous solution into
dichloromethane, transport experiments with metal picrates through a dichloromethane membrane and stability
constant measurements by UV absorption spectroscopy in methanol and acetonitrile were performed to evaluate the
binding ability of ketone2 towards alkali and alkaline earth metal cations. The tetraphenylketone ofp-tert-
butylcalix[4]arene (3) was also studied, and the results for the two derivatives were compared. Compound2 shows a
preference for K� and Ba2� cations, being selective only in the alkaline earth metal cation series. Compound3 is a
stronger binder than2, but is a weaker extractant. Both show transport rates that are not proportional to complex
stability or to extraction efficiency. Ketone2 can be characterized as a selective receptor. Copyright 1999 John
Wiley & Sons, Ltd.
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INTRODUCTION


One of the most important feature of the calixarenes1,2 is
undoubtedly their ability to bind selectively a large
variety of metal cations.


A large number of calix[n]arenes (mainlyn = 4, 5 and
6) chemically modified at the lower rim with ester,3–10


amide,6,9–12 ketone,5,6,13,14 carboxylic acid,15 crown
ether16–20and thioamide21,22groups as substituents have
been synthesized and their cation binding and transport
properties studied. The ionophoric activity of these
calixarene derivatives has especially been analysed
towards alkali and alkaline earth metal cations. Extrac-
tion studies, transport experiments through a liquid
membrane and stability constant measurements are the
techniques used to assess the binding ability of these
calixarenes.


The conformation of a calixarene is an important factor
for its cation binding selectivity. Calix[4]- and calix[5]-


arene derivatives exist in the cone conformation, with the
functional groups forming a cavity suitable for cation
inclusion.


In the course of the synthesis and NMR conformational
analysis of dihomooxacalix[4]arene derivatives,23 we
have started the preparation of dihomooxa compounds
with substituents containing the carbonyl group at the
lower rim. These derivatives also possess the cone
conformation and, compared with the analogous calix[4]-
arenes, they are potential host molecules for the larger
cations owing to the bigger size of their cavities.


In this work, the tetraphenyl ketone derivative2 was
synthesized for the first time fromp-tert-butyldihomoox-
acalix[4]arene (1). Its NMR conformational analysis was
performed and its binding ability towards alkali and
alkaline earth metal cations determined. This property
was established by extraction studies with metal picrates
from neutral aqueous solution into dichloromethane and
stability constant measurements by UV absorption
spectroscopy in methanol and acetonitrile. Transport
experiments with metal picrates through a dichloro-
methane membrane were also performed.


The tetraphenyl ketone ofp-tert-butylcalix[4]arene (3)
was also studied and the results for the two derivatives
were compared.
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RESULTS AND DISCUSSION


Synthesis and conformational analysis


Treatment of compound1 with 2-bromoacetophenone,
potassium iodide and potassium carbonate in dry acetone
under reflux furnished the tetraketone2. The ketone3
was prepared in the same way, according to Arnaud-Neu
et al.5


Proton and carbon-13 NMR studies were carried out
with compound2 to establish its conformation. The1H
NMR spectrum displays, in chloroform at room tem-
perature, three AB quartets for the CH2 bridge protons.
Two of them correspond to four protons each and the
other to only two protons. Beyond the signals of the
ketone group, the spectrum also exhibits two singlets for
the tert-butyl groups and two pairs of doublets for the
aromatic protons. The13C NMR spectrum indicates the


cone conformation,24 showing one ArCH2Ar resonance
at� 32.4 corresponding to one carbon atom and another at
� 31.7 corresponding to two carbon atoms.


These spectral data established that2 exists in the cone
conformation, which was also confirmed by NOE 1D
difference experiments (Fig. 1).


Extraction of alkali and alkaline earth metal
cations


The results of phase transfer were obtained by the
technique of picrate extraction devised by Pedersen.25


These data, expressed as a percentage of cation extracted
(% E), for tetraketones2 and3 are given in Table 1 and
shown graphically in Fig. 2.


The results obtained with compound2 range from 26
to 70% for the alkali metal picrates and from 10 to 57%
for the alkaline earth metal picrates. These percentages
are higher than those for derivative3 for all cations
studied. Ketone2 shows a high extraction level, with a
preference for cations such as K� (70%) and Ba2� (57%).


In the alkali metal cation series,2 displays a plateau
selectivity with little discrimination between K� and
Na�. This behaviour is consistent with the larger cavity
size compared with3. Tetramer3, being more rigid, gives
a sharp peak selectivity for Na�, like the majority of the
calix[4]arene derivatives. Lehn and Sauvage26 observed
that rigid ligands exhibit selectivity peaks, whereas the
more flexible ones display plateau selectivity.


The extraction of alkali metal cations with ketone3
had already been carried out by Arnaud-Neuet al.,5 but
with basic metal picrates. Therefore, the comparison with
our data is not correct.


In the alkaline earth metal cation series, the most
significant characteristic of2 is the very high extraction
level for Ba2�, compared with the low levels for Mg2�,
Ca2� and Sr2� and for all alkaline earth metal cations
with ketone 3. Derivative 2 shows a high extraction
efficiency towards Ba2�, only compared with the amide
derivatives11 of p-tert-butylcalix[4]arene: the pyrrolidi-
namide with 67% and the diethylamide with 74%
extraction. However, these amides do not show any
selectivity (S= % EM1


n�/% EM2
n�) for that ion, whereas


ketone 2 displays a strong peak selectivity. To ourFigure 1. Relevant NOE enhancements for compound 2


Table 1. Percentage extraction of alkali and alkaline earth metal picrates into CH2Cl2 at 25°Ca


Li� Na� K� Rb� Cs� Mg2� Ca2� Sr2� Ba2�


Ionic radius (Å )b 0.78 0.98 1.33 1.49 1.65 0.78 1.06 1.27 1.43
2 62 68 70 55 26 14 9.6 17 57
3 15 55 27 26 17 7.2 6.8 8.4 6.0


a Values with uncertainties less than 5%.
b V. M. Goldschmidt,Skr. Norske Videnskaps-Akad. Oslo I, Mat.-Naturv. Kl. (1926); data quoted in I. Marcus,Ion Properties, pp. 46–47. Marcel
Dekker, New York (1997).
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knowledge, this is the highest selectivity reported for a
calixarene towards Ba2�: SBa2�/Sr2� = 3.4; SBa2�/Mg2� =
4.1; SBa2�/Ca2� = 5.9.


These results suggest a good fit between the size of the
cation and the cavity size, which appears to be the main
factor in selectivity in this cation series.


Determination of stability constants


The stability constants, as logb, for tetraketone2 in
methanol and acetonitrile and for tetraketone3 in
acetonitrile5 are collected in Table 2. In all cases, the
experimental data are consistent with the formation of
only 1:1 complexes.


In methanol. The values of logb for the alkali metal
series in methanol range from about 2 to 4 with
tetraketone2. This complexation profile, shown in Fig.
3, is almost the same as that observed in extraction. This
ketone shows also a plateau selectivity for cations Na�,
K� and Rb� with a small maximum for K�. Owing to the
flexibility of this compound, the conformational changes
present in the complexation process are easier and the
resulting stability of the Na� and Rb� complexes is the
same. However,2 discriminates clearly between this triad
of cations and the smaller Li� and the larger Cs�.


In the alkaline earth metal series, although2 shows a
low extraction level for Mg2�, Ca2� and Sr2�, its
complexing ability is much higher (logb� 4.0). These
b values are even higher than those found for the alkali
metal cations. In this respect, ketone2 resembles
tetrahomodioxacalix[4]arene tetraethyl ester,27 which
does not extract Ca2� and Ba2� ions (ca 1%E), but
forms very strong complexes (logb> 6) with these
cations. Towards Ba2�, its logb (4.9) is the highest value
determined in this work, and agrees with the preference
shown by2 in extraction.


As summarized in Table 3, there is no clear selectivity
of 2 within the alkali and the alkaline earth metal series,
but a more substantial bivalent/monovalent cation
selectivity is observed. For each pair of cations with
similar ionic radii, ketone2 displays a preference for
divalent cations. The same was observed with the amide
derivatives11 of p-tert-butylcalix[4]arene and some
cryptands.26


In acetonitrile. The stability constants of derivative2
were also determined in acetonitrile for comparison with
the log b values of 3, which were obtained in this
solvent.5 Acetonitrile is a dipolar aprotic solvent very
different from water, which makes the comparison
between extraction and stability data more difficult.
Nevertheless, it is possible to make some comments
about the results obtained.


Figure 2. Percentage extraction (% E) of metal picrates into
CH2Cl2 at 25°C vs the cation ionic radius (r) for tetraketones
2 (*) and 3 (^). (a) Alkali and (b) alkaline earth metals


Table 2. Logarithms of the stability constants (b) of alkali and alkaline earth metal complexes at 25°Ca


Solvent Ketone Li� Na� K� Rb� Cs� Mg2� Ca2� Sr2� Ba2�


MeOH 2 2.3 3.7 4.0 3.7 2.2 4.0 4.0 4.5 4.9
MeCN 2 3.6 3.2 3.4 3.9 4.1 4.4 — — 5.0


3b 6.3 6.1 5.1 4.5 5.6 — — — —


a Standard deviation of the mean of 2–4 independent series:snÿ1 = 0.2–0.3 log unit.
b Data taken from Ref. 5.
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In acetonitrile the cations and ligands are less solvated
than in methanol, according to Gutmann’s donicity
scale28 (14.1 and 23.5, respectively).12 This means that
the competition for solvation becomes less significant
and, consequently, the cation–ligand interactions are
favoured over the cation–solvent and ligand–solvent
interactions. It is then expected that the stability constants
in acetonitrile will be higher than those in methanol,
mainly for the smallest cations.


The Li� complex shows an increase in stability
constant of 1.3 log units from methanol to acetonitrile,
which is mainly due to a solvent effect, as discussed
above. For Na� an increase was also expected, although
lower than for Li�, but a slight decrease was observed. In
the case of K�, Rb� and Cs�, they are slightly more
solvated in acetonitrile than in methanol,29 and therefore
a decrease in logb value is expected. This is true for K�,
but for the other two cations an increase of logb is
observed, mainly for Cs�. As suggested by Arnaud-Neu
et al.,12 this result may indicate that the lower solvation
of the ligand in acetonitrile should be the main factor in
the higher stability of the complexes in this solvent.
Moreover, molecular dynamics (MD) simulations30


indicate that in water the carbonyl groups have a
significant degree of hydration, leading to ‘open-type’
conformers where the carbonyl groups have a weak
involvement in the cation binding. However, in aceto-
nitrile the C=O groups are less solvated and adopt more
convergent orientations, where the cation is shielded
from the solvent. These studies have not been made in
methanol, but the similarity between this solvent and
water allows those results to be transposed to methanol.
The solvation of the complex12 should also be an
important factor to consider, and according to the
previous MD simulations, it will increase with the size
of the cation (from Li� to Cs�).


In conclusion, it is possible that there exists a
difference in the conformation of ketone2 in methanol
and in acetonitrile, which may be unfavourable to Na�


and K� complexation in acetonitrile.
The logb values obtained for the alkaline earth metal


cations Mg2� and Ba2� in acetonitrile can be understood
in terms of solvation effects as discussed above.


Ketone3 is a stronger binder (Table 2) than ketone2
for all the alkali metal cations, but is a weaker extractant.
This is probably due to its higher lipophilicity, which
decreases its extraction efficiency.5 In fact, derivative2 is
more soluble than derivative3 in methanol.


Ion transport


The studies of ion transport across a liquid membrane
were carried out using an apparatus similar to that
employed by Lamb and co-workers.31 The transport rates
V, in mmol hÿ1 for compounds2 and3, are presented in
Table 4 and Fig. 4.


Ketone2 shows a transport rate sequence the reverse of
that for the stability constants and for the efficiency of


Figure 3. Logarithms of the stability constants (b) of metal
cation complexes of tetraketone 2 in methanol vs the cation
ionic radius (r). (a) Alkali and (b) alkaline earth metals


Table 3. Complexation selectivities, S = bLM1


n�/bLM2


n�, for compound 2


K�/Na� Ba2�/Sr2� Mg2�/Li� Ca2�/Na� Sr2�/K� Ba2�/Rb�


2 2.5 50 2 3.2 16
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extraction. Whereas K� and Na� are the most extracted
and efficiently complexed cations, they become the most
slowly transported ones. The opposite is observed with
Cs�, which being the least bound cation is the fastest
transported one. Derivative2 displays good Cs�/K� and
Cs�/Na� transport selectivities (Table 5).


Kirch and Lehn32a observed that for some cryptands,
such as [2.2.2], the transport rates were not proportional
to either the complex stability or the extraction
efficiency. Lambet al.31b also found similar situations
with some crown ethers, and thep-tert-butylcalix[5]arene
pentaethyl ester, and thep-tert-butylcalix[4]arene pyrro-
lidinamide and diethylamide behave in the same way.9


This behaviour is due to the extent of the carrier
saturation.32b The ligands that form more stable com-
plexes extract their preferred cations efficiently, but have
slow dissociation rates. This results in saturation of the
carrier, so that little carrier stays free for back-diffusion.
Hence, the total transport rate will mainly depend on
cation dissociation rate.


Towards alkaline earth metal cations a similar situation
is observed. Ketone2 extracts and complexes Ba2� very
well, but transports it inefficiently, whereas with Ca2� an
opposite behaviour was found. This derivative even
displays a very selective transport for Ca2� with respect
to Mg2� (Table 5).


Ketone 3 seems to behave like its homologous
derivative 2. It displays a high extraction (55%) and
complexation (logb = 6.1 in MeCN)5 level for Na�, but
shows one of the smallest transport rates for this cation
(0.07mmol hÿ1). For K� the transport rate is the highest
(1.53mmol hÿ1) and the3–K� complex has a logb value
in acetonitrile of 5.1.5


Kirch and Lehn32a showed for the first time the
existence of a relationship between the transport rates and
the stability constants. The transport rates for alkali metal
picrates by cryptands were maximum when the logb
value in methanol was about 5. With calixarenes Arnaud-
Neu et al.9 found a similar logb value (5.1� 0.7) in
methanol. Interestingly, the logb value obtained in


Table 4. Transport rate [V (mmol hÿ1)] of alkali and alkaline earth metal picrates through a CH2Cl2 liquid membrane at 25°Ca


Ketone Li� Na� K� Rb� Cs� Mg2� Ca2� Sr2� Ba2�


2 1.8 0.17 0.21 0.8 2.7 0.06 1.5 0.7 0.15
3 0.39 0.07 1.5 0.18 0.05 0.01 0.04 0.06 0.09


a Reproducibility of�10%, except for Sr2�–2 and Ba2�–3 systems (� 15%).


Figure 4. Transport rate [V (mmol hÿ1)] of metal picrates
through a CH2Cl2 liquid membrane vs the cation ionic radius
(r) for tetraketones 2 (*) and 3 (^). (a) Alkali and (b) alkaline
earth metals


Table 5. Transport selectivities, S = VM1


n�/VM2


n�, for derivatives 2 and 3


Ketone Cs�/K� Cs�/Na� Ca2�/Mg2� K�/Na� K�/Cs�


2 12.9 15.9 25 — —
3 — — — 21.9 30.6
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acetonitrile for the3–K� complex is the same as that
obtained in methanol for a maximum transport rate.


Ketone3 is a good selective neutral carrier for K�,
with a K�/Na� selectivity of 21.9, higher than that of
pyrrolidinamide (S= 12.8) and diethylamide (S= 13.8) of
p-tert-butylcalix[4]arene,9 but near to that of 18-crown-6
(S= 24.8).31b The K�/Cs� selectivity is even higher
(Table 5). Derivative3 is an inefficient carrier towards
alkaline earth metal cations, with transport rates ranging
from 0.01mmol hÿ1 for Mg2� up to 0.09mmol hÿ1 for
Ba2�.


CONCLUSIONS


According to the different behaviours of the ligands,
Lehn32b characterized them as selective carriers or
selective receptors. For a selective carrier the most
efficiently bound cation is also the fastest transported,
whereas for a selective receptor the best bound cation is
the most slowly transported one. Hence it is possible to
distinguish from a plot of transport rates versus stability
constants whether a ligand is a receptor (negative slope)
or a carrier (positive slope).


The plot shown in Fig. 5 indicates that ketone2 is a
selective receptor. For ketone3 such a conclusion cannot
be drawn, because theb values were measured in
acetonitrile (as mentioned before). If these results were
transposed to methanol, derivative3 could also be
considered as a selective receptor.


EXPERIMENTAL


Syntheses. All chemicals were reagent grade and were
used without further purification. Melting-points were
measured on an Electrothermal 9200 apparatus and are
uncorrected. Infrared spectra were recorded on a Perkin-


Elmer Model 1760 FTIR spectrophotometer.1H NMR
(300 MHz) and 13C NMR (75.5 MHz) spectra were
recorded on a Varian Unity 300 spectrometer with
TMS as internal reference. Coupling constantsJ are
given in Hz. The NOE 1D difference spectra were
acquired with a saturation delay of 5 s and 256 transients.
Fast atom bombardment (FAB) mass spectra were
obtained on a VG Trio 2000 quadrupole instrument,
using m-nitrobenzyl alcohol as a matrix. Elemental
analyses were determined on a Fisons EA 1108
microanalyser.


Tetraphenyl p-tert-butyldihomooxacalix[4]arene tetra-
ketone (2). A mixture of p-tert-butyldihomooxacalix[4]-
arene1 (1 g, 1.48 mmol), potassium iodide (1 g, 6 mmol),
potassium carbonate (0.83 g, 6 mmol), 2-bromoaceto-
phenone (1.2 g, 6 mmol) and dry acetone (70 ml) was
refluxed in an atmosphere of N2 for 48 h. After cooling,
the reaction mixture was poured into 150 ml of water.
The precipitated material was removed by filtration,
taken up in dichloromethane and successively washed
with 5% aqueous sodium metabisulphite, water, 1M


hydrochloric acid and water and dried with anhydrous
Na2SO4. Evaporation of the solvent gave a deep-yellow
solid, which was boiled in methanol (70 ml) and filtered.
Recrystallization from propan-2-ol furnished 0.68 g
(40%) of 2 as white needles: m.p. 146–148°C; IR
(KBr), �max 1710 cmÿ1; 1H NMR (CDCl3), � 7.86, 7.83,
7.81, 7.79 (4d, 8H COArH), 7.46–7.20 (m, 12H,
COArH), 7.06 (d, 2H, ArH), 6.92 (2d, 4H, ArH), 6.89
(d, 2H, ArH), 5.70 (d, 2H, OCH2CO, J = 17.2), 5.64 (d,
2H, OCH2CO, J = 17.6), 5.45 (d, 2H, OCH2CO,
J = 17.6), 5.19 (d, 2H, OCH2CO, J = 17.2), 5.08 (d, 2H,
ArCH2Ar, J = 13.6), 5.06 (d, 2H, CH2OCH2, J = 12.2),
5.03 (d, 2H, ArCH2Ar, J = 13.7), 4.54 (d, 2H, CH2OCH2,
J = 12.2), 3.39 (d, 2H, ArCH2Ar, J = 13.7), 3.38 (d, 2H,
ArCH2Ar, J = 13.6), 1.12, 1.05 [2s, 36H, C(CH3)3];


13C
NMR (CDCl3), � 195.8, 195.4 (CO), 153.4, 153.2, 145.3,
145.0, 135.1, 134.9, 133.2, 133.1, 132.7, 130.9 (Ar),
132.9, 132.8, 128.41 (2C), 128.36 (2C), 127.82 (2C),
127.78 (2C), 126.9, 126.1, 126.0, 124.8 (ArH), 76.1, 75.9
(OCH2CO), 68.8 (CH2OCH2), 34.0, 33.9 [C(CH3)3],
32.4, 31.7 (ArCH2Ar), 31.5, 31.4 [C(CH3)3]; MS, m/z
1150. Analysis: calculated for C77H82O9; C, 80.32; H,
7.18. Found: C, 80.20; H, 7.16.


Tetraketone3 was prepared as described by Arnaud
Neuet al.5 using 2-bromoacetophenone as the alkylating
agent.


Extraction studies. The metal picrates were preparedin
situ by stepwise addition of an aqueous picric acid
solution to an aqueous metal hydroxide solution, until
neutralization was reached, determined by potentiometry
with a glass electrode. The final concentration of the
metal picrates was obtained by dilution. This method was
used in all cases, except for Mg(OH)2, the solubility of
which in water is very low. Magnesium picrate was


Figure 5. Transport rate [V (mmol hÿ1)] of metal picrates vs
log b for tetraketone 2 in methanol
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obtained by addition of the metal hydroxide in excess to
an aqueous solution of picric acid. The mixture was
stirred for 2–3 days and its pH was measured after
filtration. Neutralization was reached by addition of
picric acid.


Equal volumes (5 ml) of neutral aqueous solution of
metal picrates (2.5� 10ÿ4 M) and solutions of calixarene
derivatives (2.5� 10ÿ4 M) in CH2Cl2 were shaken
vigorously for 2 min and then thermostated in a water
bath, with mechanical stirring, at 25°C for 15 h. After
complete phase separation, the concentration of picrate
ion in the aqueous phase was determined spectro-
photometrically (�max= 354 nm). For each cation–
calixarene system, the absorbance measurements were
repeated four times. Blank experiments without calixar-
ene were also performed, yielding a negligible absor-
bance.


Determination of stability constants. The stability
constantsb were determined at 25°C and at a constant
ionic strength (0.01M) in methanol and acetonitrile by
spectrophotometry in the wavelength range 250–300 nm.
The spectral changes induced by stepwise addition of the
cation salts (0.1 ml aliquots up to 1 ml) to the calixarene
solution (2 ml) directly in the measurement cell (1 cm
pathlength), were recorded at several significant wave-
lengths, with a Hitachi Model U-2000 double-beam
spectrophotometer equipped with a thermostated cell
compartment. For each cation, the experiments were
repeated at least twice and a minimum of 120 experi-
mental values were obtained. These data were treated
with a non-linear least-squares program developed in our
laboratory (adapted to spectrophotometric or potentio-
metric data) incorporating the algorithm of Marquardt33


to ensure convergence.
In methanol (Merck, Uvasol) the concentration of


ketone2 was 6� 10ÿ5 M. The ionic strength (0.01M) was
provided by Et4NCl (Fluka, purum,�98%) and the salts
used were chlorides: LiCl, CsCl (Riedel-de Hae¨n, p.a.),
RbCl (Aldrich, �99%), NaCl, KCl and all the alkaline
earth metal chlorides (Merck, p.a.). In acetonitrile
(Merck, Uvasol) the concentration of2 was
8� 10ÿ5 M, the ionic strength (0.01M) provided by
Et4NClO4 (Fluka, purum,>99%) and the salts were
perchlorates: LiClO4 (Agros, p.a.), RbClO4 (Sigma),
NaClO4, KClO4, Mg(ClO4)2 and Ba(ClO4)2 (Aldrich,
99%, ACS reagent) or nitrates (CsNO3, Sigma).


Transport experiments. The ion transport across a liquid
membrane was carried out using an apparatus similar to
that employed by Lambet al.31 The membrane phase,
50 ml of CH2Cl2 containing the calixarene derivative
(7� 10ÿ5 M), was placed at the bottom of a thermostated
vessel (height 10.5 cm, diameter 6.5 cm) with a 3.5 cm
magnetic stirring bar inside. An open glass cylinder
(diameter 4 cm) was inserted into the membrane. The
receiving phase, 25 ml of doubly distilled water, was


placed outside the cylinder and the source phase, 7 ml of
aqueous metal picrate solution (5� 10ÿ3 M), was added
very slowly to the inside. The apparatus was maintained
at 25°C and the phases were stirred at 150 rpm. The
experiments were repeated at least three times. The
appearance of the picrate ion in the receiving phase was
followed by UV spectrophotometry at regular time
intervals. For each system a series of 8–10 experimental
points were obtained. For the slower systems, the
transport experiments were followed during a 10 h
maximum period. In all cases, the plots of the number
of moles transported to the receiving phase vs time were
linear, with correlation coefficients of at least 0.997. The
slope of these straight lines represents the transport rate
values. Experiments with no carrier present were
performed, indicating no transport of metal picrates.
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ABSTRACT: Benzyl ethyl sulfide (6a) is photo-oxidized to benzaldehyde in benzene, whereas diethyl sulfide is
known to give inefficiently the sulfoxide under these conditions. Oxidative C—S cleavage is the main process also
with benzhydryl ethyl sulfide (6c), but not witha-methylbenzyl ethyl sulfide (6b), which mainly gives the sulfoxide.
The carbonyl derivatives reasonably arise fromS-hydroperoxy ylides (3). Consistently with this finding, calculations
at the PM3 level suggest that the first intermediate, the persulfoxide (1), undergoes intramolecular hydrogen transfer
when an activateda-hydrogen is available and gives3. This is the case for the above benzyl sulfides (DH≠ for the
process decreases with decreasing C—H BDE). However, only some of the persulfoxide conformations are correctly
oriented for this rearrangement, and this may slow this process and make other reactions compete, as happens with6b.
Copyright  1999 John Wiley & Sons, Ltd.
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INTRODUCTION


The photosensitized oxygenation of sulfides is currently
rationalized as involving an adduct, the persulfoxide1, as
the first-formed intermediate.1 This is a weakly bound
adduct, and the main (�95%) fate of this species in
aprotic media is chemically unproductive decay to the
ground-state components (Scheme 1, path a), so that
under these conditions sulfides are essentially physical
quenchers of1O2. On the basis of a thorough kinetic
analysis, Foote1d suggested that a small fraction of1
undergoes isomerization to a further intermediate, for
which a possible structure was that of thiadioxirane2
(path b). The second intermediate is an electrophile; it


can be trapped with sulfides (to give sulfoxides) and
possibly it rearranges to a sulfone. Recent computations
by Jensenet al.2 and McKee3 do not support the inter-
mediacy of2, while suggesting that another rearrange-
ment, intramolecular hydrogen transfer to give the
hydroperoxy ylide3, is possible (path c). Calculations
show that further rearrangement of3 to the sulfone is
viable,2,3 it has been considered that3 may be involved in
oxygen transfer to sulfides (viz. that it is the second
intermediate as proposed by Foote), but this has found no
clear support.2


Further processes attributed to the persulfoxide are
intermolecular reactions, viz addition of alcohols to give
a hydroperoxyalkoxy sulfide (4, path d), an important
reaction because this is what makes the photo-oxidation
efficient in alcohols, and oxygen transfer to sulfoxides
(path e), a mechanistically interesting process which
allows recognition of the nucleophilic character of this
species (as opposed to the electrophilic second inter-
mediate).1


Although there is a general consensus on the role of1,
there is no direct identification of such an intermediate or
of a rearranged isomer. A way to tackle this problem is to
study a chemical process directly related to these
intermediates. This is difficult with dialkyl sulfides, since
in aprotic media the photooxygenation is very inefficient
and mainly gives the sulfoxide. This is not mechan-
istically indicative since, as mentioned above, it is not
clear whether this may arise directly from1 or 3, while it
is formed much more efficiently in protic solvents, where
a secondary intermediate, presumably adduct4, is
involved. Products different from sulfoxides have been
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Scheme 1







reported for some thiazolidines, which give the corre-
spondinga-hydroperoxides (see formula5).4 Calcula-
tions support that this arises by shift of the OOH group
from ylide 3.2,3 A related reaction has been reported for
some benzyl sulfides, where the products actually
obtained are aldehydes, presumably resulting from the
fragmentation of5 (Scheme 1).5,6


The mechanism of benzyl sulfide photo-oxidation has
received little experimental study and has not as yet been
considered computationally. We thought that a detailed
investigation was a unique opportunity to understand the
reactivity of the persulfoxide, since the cleavage to
aldehydes appears to depend on the rearrangement of this
intermediate and should provide information on its
structure. Therefore, we began the study of this reaction
through a kinetic analysis of the oxidation of benzyl ethyl
sulfide.7 A further way of exploring the mechanism could
be to test the sensitivity of the reaction to substitution at
the keya-position. Here we report the photo-oxygenation
of three benzyl sulfides and compare the experimental
results with a semiempirical computational study energy
surface of the corresponding persulfoxides.


RESULTS


Photoreactions


Tetraphenylporphine (TPP) photosensitized oxygenation
of benzyl ethyl sulfide (6a) in benzene mainly gave
benzaldehyde (7a) with virtually no sulfoxide (8a) and
only a little sulfone (9a) at the beginning of the reaction.
The proportion of the sulfoxide grew somewhat during
the course of the reaction, but did not alter the
predominance of benzaldehyde (see Scheme 2). In Table


1 the yields obtained at ca 25% conversion are reported
(see Experimental). These were measured by gas
chromatography (GC) when the products were stable to
this technique (this is not the case for sulfoxide8b; see
below and Experimental) and1H NMR spectroscopy.
The irradiation of the sulfides was carried out under the
same conditions for a different time until a ca 25%
conversion was reached. In this way, a reactivity order
was established. As an example, Table 1 shows that the
oxidation of 6a was much more efficient than that of
diethyl sulfide under the same condition.


The TPP photo-oxidation ofa-methylbenzyl ethyl
sulfide (6b) in benzene gave only a small amount of
acetophenone (7b), the main product being by far
sulfoxide 8b, accompanied by some sulfone9b. With
benzhydryl ethyl sulfide (6c) the oxidative cleavage was
again predominant, with benzophenone (7c) as the main
product, a considerable amount of sulfone (9c) and a
small amount of sulfoxide (8c).


The efficiency of the photo-oxidation for the sulfides
tested decreased in the order6a> 6c> 6b> Et2S. Thus,
the introduction of a phenyl groupa to the sulfur atom
makes photo-oxidation of alkyl sulfides more efficient,
while directing it towards oxidative C—S bond frag-
mentation rather than to the sulfoxidation consistently
observed with dialkyl sulfides. However, introducing a
further a-substituent again affects both efficiency and
competition between the above two processes in a non-
intuitively obvious way: a seconda-phenyl simply slows
the reaction, but with ana-methyl slowing is more
marked and the main product is the sulfoxide.


Scheme 2


Table 1. Products from the tetraphenylporphine photo-
sensitized oxidation of benzyl sul®des in benzene


Product yield (%)


Substrate R Relative reactivity 7 8 9


6a H 3.5 80 3 8
6b Me 1.8 10 70 5
6c Ph 2.8 60 9 22
Et2S 1 Et2SO (90%)


Table 2. Conformations of the persulfoxide 1 and activation energy for the transition state leading
to 3 (see Scheme 3)


Conformer R' R'' R''' 1, DHf (kcal molÿ1) dO—H (Å) TS,DH≠ (kcal molÿ1) dO—H (Å)


1da H H Me 4.68 3.15 19.1 1.32
1a a Ph H Et 31.40 2.90 15.9 1.33


b 30.07 3.21 16.0 1.33
1b a Ph Me Et 28.88 4.57 — —


b 28.12 3.05 13.9 1.34
g 27.98 3.10 13.8 1.33
� 27.71 3.74 — —


1c a Ph Ph Et 64.37 3.01 12.2 1.34
b 63.20 4.72 — —


a The energy data for1d and the related TS reproduce well those previously reported by Ishiguroet al.8
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Computational analysis


The above-mentioned calculations by Jensenet al.2


[MP2/6–31G(d) and advanced levels] and McKee3


(B3LYP/6–31�G and advanced levels) on the
Me2S–1O2 system showed that ylide3 is slightly
stablized with respect to persulfoxide1 and is separated
by a barrier of only a few kcal molÿ1. Benzyl substitution
was difficult to manage at this level of theory. However,
in 1996 Ishiguroet al.8 reported a study of the Me2S–1O2


system at the PM3 level and also found the rearrangement
to ylide3 to be a viable path. Given the difficulty of using
ab initio methods, we thus felt it worthwhile to perform a
PM3 study on benzyl sulfides6a–c, since this would give
at least qualitative information on the difference of such
substrates with respect to aliphatic sulfides.


We first carried out the calculation on dimethyl
persulfoxide (1d). The conversion to ylide3d involved,
as reported by Ishiguroet al.8 a sizeable barrier (DH≠ =
19 kcal molÿ1, see Table 2). This should be compared
with the 5.8–7.8 kcal molÿ1 obtained by CCSD(T) 6–31
G(d) or 6–3111�G(2df) methods2 and with the
9–12.6 kcal molÿ1 obtained with the B3LYP/a(�2PC)
or the QCISD(T)/a methods.3 Apparently there is a
scaling factor of ca 2. However, we observed that the
minimum located by the PM3 computation corresponded
favourably with that found for the persulfoxide using
more advanced methods2,9 and had the O—O bond
roughly bisecting the Me—S—Me angle and 3 A˚


distance between thea hydrogen and the persulfoxide
oxygen (dO—H, see Table 2 and Scheme 3). Therefore, we
felt that any difference with substitution observed by the
PM3 method should be indicative of the reactivity order.


Owing to the lower symmetry, more stable conforma-
tions were expected for the currently considered benzyl
persulfoxides than for the dimethyl derivative. Indeed,
two minima were located for persulfoxide1a (a andb in
Table 2). In both of them, the geometry (angle of the
O—O bond with respect to the sulfide moiety,dO—H) was
close to that calculated for the single minimum of1a (see
Scheme 3, Table 2). For both conformers, conversion to
ylide 3a occurred smoothly via a transition state (TS)
where the hydrogen was equidistant between the oxygen
and the carbon atom, again similarly to the Me2S case,
but DH≠ was considerably smaller, 16 rather than
19 kcal molÿ1 (see Table 2). As for ylide3a, this showed
an S—CH distance of 1.60 A˚ (compared with 1.84 A˚ for
the S—CH2 distance in persulfoxide1a) and the dihedral
angle CH2—S—C(Ph)—H was 160°. This evidence
supported the double bond nature of the S—CH bond.
The geometry of the persulfoxide (conformationa), the
corresponding transition state and the resulting ylide are
shown in Fig. 1 as an example.


A further decrease in symmetry led to four minima for
persulfoxide 1b and these are arranged in order of
increasing stability in Table 2. It can be seen that
conformersb andg were similar to those discussed above
(dO—H� 3 Å) and the TS for the rearrangement to the
ylide was lowered by a further 2 kcal molÿ1. However,
conformationsa and �, although of similar energy and
again with the O—O bond bisecting the R—S—R angle,


Scheme 3


Figure 1. Geometries of 1a (a conformation), the TS and 3a
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had the outer oxygen closer to thea-methyl than to thea-
hydrogen (see Fig. 2). The search for a TS leading to3b
gave no result in this case.


Finally, two minima were located for persulfoxide1c
(Table 2). Conformera had a short O—H distance and
theDH≠ for conversion to the ylide was diminished by a
further 2 kcal molÿ1 with respect to1b, while the slightly
less energetic conformerb had dO—H = 4.7 Å and no
accessible TS for rearrangement to the ylide.


Previous calculations, bothab initio2,3 and at the PM3
level,8 showed the viability of the rearrangement of the
ylide 3d to the a-hydroperoxy sulfide (and hence to a
carbonyl derivative after C—S bond cleavage) or,
presumably through a higher barrier, to the sulfone (see
Scheme 1). In view of the multiplicity of paths, it
appeared that semiempirical calculations on the benzyl
derivatives could add little to this point and were
therefore not investigated further.


DISCUSSION


The present data show that the oxidation of benzyl sul-
fides in an aprotic solvent is considerably more efficient
than that of diethyl sulfide and finally leads to oxidative
C—S bond cleavage. The literature proposal that this
reaction is initiated by intramolecular hydrogen transfer
competing with persulfoxide dissociation to the compo-
nents is supported by calculations showing that the
barrier to this process is substantially decreased when a
a-phenyl substituent is present. This is support for the
role of ylide 3 in the photo-oxidation of sulfides that
would be difficult to obtain in the reaction of dialkyl
sulfides, since in that case the yield of sulfone, possibly
formed via3, is very low in an aprotic solvent, where the
main products is the sulfoxide, formed much more
efficiently in protic media.


As for the mechanism of such an intramolecular step,
the original report suggested that this is a proton
abstraction by the negatively charged outer oxygen atom
of the persulfoxide.5 Both ab initio and the present PM3
calculations show indeed that there is substantial charge
separation in the persulfoxide. However, Table 2 shows
that the energy of the TS for hydrogen transfer dropped
monotonically with increasing substitution at the
a-carbon and, despite the large scaling factor between
the semiempirical andab initio calculatedDH≠, the effect
was sufficiently large and consistent to ensure that the
trend was real. The stabilization of the TS was strictly
proportional to the decrease in thea-C—H homolytic
bond dissociation energy (BDE), while it is doubful that
phenyl or methyl substituents would substantially
increase thea-hydrogen acidity. Furthermore, we found
previously that the efficiency of photooxidative C—S
bond cleavage in both the 4-nitro- and the 4-methoxy-
substituted derivatives was similar to that of parent
benzyl ethyl sulfide,7 suggesting that polar factors are not


determinant. Thus, to the extent that such a distinction is
meaningful, the rearrangement of persulfoxide1 to ylide
3 should be envisaged as radical hydrogen transfer rather
than proton transfer (peroxy radicals are known as poor
hydrogen abstractors; however, an intramolecular pro-
cess may be sufficiently fast) On the other hand,
persulfoxides, like in general mesomeric 1,3-dipoles,10


can be considered as diradical as well as charge-localized
zwitterions. Hence it is suggested that rearrangement to
ylide 3 is significant when a radical-stabilizing (phenyl)
group is present in thea position.


The introduction of a seconda substituent further
decreasesDH≠ for rearrangement, but on the other hand
increases the number of persulfoxide configurations, and
for some of these there is no accessible path to the ylide.
Since ab initio calculations (to which our PM3 data
should be scaled) suggest that the barrier for hydrogen
transfer is below 10 kcal molÿ1, i.e. of the same order of
magnitude as rotation barriers, and collapse of the
persulfoxide to the components encounters in every case
a small barrier, it is expected that the presence of
conformations unable to rearrange significantly di-
minishes the overall efficiency of rearrangement. Hence
the two effects above operate in opposite directions.


This may explain the result with sulfide6b, with which
the overall reaction is slower than with6a and gives
much more sulfoxide, despite the fact that two out of four
conformations of persulfoxide1b rearrange to the ylide
through a TS lying lower than those from1a. We attribute
this fact to the overwhelming effect of adding two
roughly equally populated, but unproductive, conforma-
tions, which decreases the overall rate for hydrogen
transfer (path c) and increases the proportion of both
decay to the ground-state components (path a) and other
chemical processes leading to the sulfoxide.


With 1c the ratio of productive vs unproductive
conformations remains the same as with1b (1:1), but
the further decrease ofDH≠ favours rearrangement to3c.
As a result, the oxidation of sulfide6c, although not as
efficient as that of6a, mainly gives the ketone.


Certainly, the final result depends on the following
reaction of ylide3, in addition to its rate of formation.
The ab initio analysis by Jensenet al.2 suggests that a
possible path is backward rearragement to1. The fact that
no deuterium loss occurs on recovered sulfide after
partial photooxidation of thea,a-d2-benzyl ethyl sulfide7


militates against a role of such a path with benzyl
derivatives. However, the fact sulfide6c, for which the
yield of C—S cleavage is somewhat lower gives a higher
yield of sulfone9c may indicate that the competition
between the reactions of3 is also affected by substituents.
The rearrangement to the ylide and the following
conformation-dependent chemistry of this intermediate
may have a role also with other sulfides. In particular, this
may be the case for the Pummerer rearrangement
reported by Ando and co-workers with thiolanes11 and
thiazolidines4 (in the former case, attributed by the
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authors to the acidity of thea-hydrogen). This process
seems to be favoured with five-membered cyclic sulfides.


CONCLUSION


Benzyl sulfides are photo-oxidized more easily than
dialkyl sulfides, and are cleaved to aldehydes or ketones.
The experimentally determined relative efficiency of this
fragmentation agrees with the computational prediction
about the ease of the rearrangement of the initially
formed oxygen adduct, persulfoxide1, to ylide3, in turn
the likely intermediate for the observed carbonyl
derivatives. The1→3 conversion can be viewed as a
hydrogen atom transfer process, and its probability is
determined by thea-C—H BDE and the proportion of
correctly oriented conformations of1. This isper senot
definitive evidence that this is the mechanism operating.
Another possibility is that3 is formed through a separate
path, e.g. via a concerted reaction directly from the
sulfide and singlet oxygen, analogously to the alkene ene
reaction; this is e.g. the path indicated at the MP2/6—31
G(d) level, although there is no experimental support.2 At
any rate, the present evidence suggests that if1 is the
intermediate it has an as yet overlooked diradicalic
character.


EXPERIMENTAL


Materials. Benzene for the photo-oxygenation was
distilled over calcium hydride before use. The sulfides
6a–c12–14were prepared from the corresponding halides
through published procedures. Likewise, samples of the
corresponding sulfoxides 7a–c15–17 and sulfones
8a–c13,17,18for comparison with the photoproducts were
prepared by 3-chlorobenzoic acid oxidation according to
the general procedure.19


Photoreactions. The photo-oxidations were carried out
using 0.01M solutions of the appropriate sulfide in
benzene in the presence of tetraphenylporphine. The
solutions were contained in rubber-stoppered Pyrex
tubes. These were exposed to four phosphor-coated
15 W lamps (Applied Photophysics) emitting from 350 to
700 nm while a stream of oxygen saturated with benzene
was passed in to the solution through a needle.


The products were determined by GC on the basis of
calibration curves. A Hewlett-Packard Model 5890
instrument equipped with an Innowax column (30 m�
0.25 mm i.d., 0.5mm film thickness) was used, with He as
the carrier gas. The injector pressure was constant
(12 psi). The temperature program was 50–140°C (5°C
minÿ1), 140–250°C (25°C minÿ1), 7 min final hold.
Sulfoxide 8b was converted toa-methylstyrene under


these conditions, so in this case the yields were
determined by1H NMR spectroscopy.


Computational details. PM320 calculations were carried
out with the HyperChem program (version 5.0). Persulf-
oxide conformational minima were fully optimized.
Transition structures were located using the algorithm
eigenvector following. Transition structures have only
one negative eigenvalue (first-order saddle point) with
the corresponding eigenvector involving the formation of
an O—H bond and the cleavage of the benzylic C—H
bond.
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ABSTRACT: The use of chemical probes for the characterization of chemical properties is explored for aprotic binary
solvent mixtures. The solvatochromic indicatorsN,N-diethyl-4-nitroaniline, 4-nitroanisole, 4-nitroaniline and 4-
nitrophenol were used to characterize binary solvent mixtures of a polar aprotic hydrogen-bond acceptor solvent
(ethyl acetate, acetonitrile and dimethyl sulfoxide) with a polychlorinated hydrogen-bond donor solvent (chloroform
or dichloromethane). The solvent parametersp*, a and b of the binary mixtures were calculated from the
solvatochromic shifts of the indicators. In each case the degree of convergence for a solvent property values obtained
from different probes was analyzed. Data obtained by using the non-polar solvatochromic indicatorb-carotene are
additionally presented. The behavior of the solvent systems was analyzed according to their deviation from ideality
due to preferential solvation of the solutes and the complicated intermolecular interactions of the two components of
the solvent mixture. The validity of the concept of an intrinsic absolute property of a solvent mixture and whether such
a property can be defined by means of chemical probes is discussed. Theoretical equations (preferential solvation
models) were used to compute the solvatochromic data. The results were analyzed and related to the solvent effects on
some aromatic nucleophilic substitution reactions, comparing the application of single- and multiparametric
treatments of solvent effects. Copyright 1999 John Wiley & Sons, Ltd.


KEYWORDS: solvent mixtures; solvation; hydrogen-bond acceptor solvents; polychlorinated co-solvents; solvent
parameters; solvatochromic shifts


INTRODUCTION


Solvent effects are closely related to the nature and extent
of solute–solvent interactions locally developed in the
immediate vicinity of the solutes. Chemists have usually
attempted to understand this in terms of polarity, defined
as the overall solvation capabilities that depend on all
possible (specific and non-specific) intermolecular inter-
actions.1 In this connection, numerous reports on solvent
polarity scales have been published in the last few
decades.2–5 More recently, Abrahamet al.6 proposed
scales of solute hydrogen-bond acidity and solute
hydrogen-bond basicity and devised a general solvation
equation.


Negative and positive solvatochromic dyes are parti-
cularly suitable as standard substances for studying
solute–solvent interactions, since the transition energy
of the indicator depends on the solvation’s sphere
composition and properties. This method also provides
information on some solvent properties such as polarity
and hydrogen-bonding capabilities.


The chemical characteristics of solvent mixtures are
customarily determined in the same manner as those of
neat solvents by means of solvatochromic indicators.
However, solute–solvent interactions are much more
complex in mixed than in pure solvents owing to the
possibility of preferential solvation by any of the solvents
present in the mixture. Moreover, the solvent–solvent
interactions produced in solvent mixtures can affect
solute–solvent interactions and therefore the preferential
solvation of the solute. The validity of the concept of an
intrinsic absolute property of a solvent mixture and
whether such a property can be defined by means of
chemical probes has recently been discussed.7


In a first attempt to understand the nature of the
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molecular–microscopic properties of mixed solvents, we
analyzed the preferential solvation of the Dimroth–
ReichardtET(30) dye 2,6-diphenyl-4-(2,4,6-triphenyl-1-
pyridinio)phenolate (I ) for some binary solvent mixtures
of the aprotic solvent� cosolvent (toluene or methanol)
type. We also related the results to the solvent effects on
the kinetics of a simple model of aromatic nucleophilic
substitution reactions (SNAr).8a,b


In the same direction, we have studied the preferential
solvation of theET(30) dye for several binary solvent
mixtures of the type polar aprotic hydrogen-bond
acceptor (PAHBA) solvent� chloroform or dichloro-
methane (both taken as hydrogen-bond donor solvents).8c


Most of these mixtures presented synergetic effects for
theET(30) parameter: the indicator can be preferentially
solvated by the hydrogen-bonded complexes yielding
ET(30) values higher than those of the pure solvents
mixed. The solvent effects shown by some of these
synergetic mixtures for theET(30) on simple models of
SNAr reactions with different characteristics (base-
catalyzed and non-base-catalyzed reactions) were stu-
died. It was shown that the chemical probe under
consideration is not generally valid to interpret the
solvation effects produced by these kinds of solvent
mixtures on the explored reactions.


Taking into account the preceding results, it was of
interest to explore other empirical parameters to describe
the solvent features in the molecular–microscopic
environments of the solutes. Particularly attractive are
multiparameter approaches, with one parameter for each
solvent property.


At this point, in order to understand better the nature of
the molecular–microscopic properties of binary solvent
mixtures and to perform a quantitative evaluation of the
solvent effects on different solvent-dependent reference
processes, we determined separate solvent parameters
that are associated with different solute–solvent interac-
tion mechanisms for mixtures of the PAHBA solvent�
chloroform or dichloromethane type as previously
characterized by theET(30) dye.


This work had several purposes: (i) measuring a set of
empirical solvatochromic parameters for the above type
of binary mixtures with the intention of obtaining
numerical values of the solvent properties for their use
as ‘predictors or descriptors’ of the solvent effects on the
behavior of diverse kinds of solutes and transition
states; here, the Kamlet, Abboud and Taft scales were
selected as microscopic solvent descriptors; the data
obtained fromb-carotene as a non-polar molecule probe,
proposed by Abe, are additionally reported; (ii) analyzing
the convergence or divergence in property values
obtained from different reference solutes for a given
mixture, and discussing the validity of the concept
‘property of a mixed solvent; (iii) comparing the
preferential solvation response models of different
chemical probes in binary solvent mixtures, focusing on
the extent and nature of the solute–solvent and solvent–


solvent interactions, leading to an understanding of
solvation effects; (iv) applying theoretical equations
allowing us to correlate the experimental values with
the solvent compositions (preferential solvation models),
evaluating the parameters of solvation (that assist in the
interpretation of solvent effects); and (v) exploring the
correspondence between the kinetic properties of some
SNAr reactions (in which base catalysis is not operative)
and the molecular–microscopic solvent properties, and
comparing the results obtained from the application of
uniparametric and multiparametric treatments of solvent
effects.


RESULTS AND DISCUSSION


Characterization of binary solvent mixtures by
using solvatochromic indicators


Different single and multiparametric empirical scales of
molecular–microscopic properties of solvents have been
developed from reference solutes that behave as a probe
reflecting changes in the solvation shell through varia-
tions in their UV/Vis absorption spectra.2–5 The ET(30)
scale of Dimroth and Reichardt3 and thep*, b and a
scales constructed by Kamlet, Abboud and Taft from the
solvatochromic comparison method9 are the most widely
used in the uniparametric and multiparametric ap-
proaches, respectively. They are calculated from the
wavenumbers of the maximum of absorbance of different
chemical probes. TheET(30) values are available for
several binary solvent mixtures, but corresponding data
for p*, b anda parameters are still scarce. These latter
parameters (resorting to more specific probes) reflect the
dipolarity/polarizability, the hydrogen-bond acceptor
(HBA) basicity and the hydrogen-bond donor (HBD)
acidity of the solvents, respectively. Different procedures
for the calculation ofp*, b and a values have been
collected by Marcus.10 Recently, new molecules probe
(structurally different) have been reported.11 Abe pro-
posed some solutes of reference having no dipole
moments or only small ones such as naphthalene,
anthracene orb-carotene (from which thep*2 scale is
derived).12


The PAHBA solvents selected in this work [which take
a part in the set of binary mixtures previously
characterized by the solvent ‘polarity’ET(30)8c] were
ethyl acetate (EAc), acetonitrile (AcN) and dimethyl
sulfoxide (DMSO). The co-solvents CHCl3 and CH2Cl2
are dipolar and highly polarizable polychlorinated HBD
species, CHCl3 being the strongest. In both cases, the
hydrogen atoms can form complexes via hydrogen
bonding with the PAHBA solvents. The properties of
the pure solvents used to prepare the studied mixtures are
given in Table 1. For each system explored, the
solvatochromic parameters were systematically deter-


Copyright  1999 John Wiley & Sons, Ltd. J. Phys. Org. Chem.12, 713–724 (1999)


714 P. M. MANCINI ET AL.







mined over the full solvent composition range (at nine
molar fractions of co-solvent) at 25°C.


On the other hand, the relationships between the
transition energy, the wavenumber of maximum absorp-
tion or even a solvatochromic parameter dependent on
only a single indicator [ET(30), EN


T or p*] and the
composition of binary solvent mixtures were studied by
Bosch and co-workers.13 The proposed theoretical
equations (based on solvent exchange models14), which
take into account the solute–solvent and solvent–solvent
interactions, are applied here to the experimental data.


Determination of p* values and exploration of b-
carotene as a non-polar indicator


The solvatochromic dipolarity/polarizability parameter
p* was determined employing the solvatochromic
indicatorsN,N-diethyl-4-nitroaniline (II ) and 4-nitroani-
sole (III ) that belong to the selected probe solutes set
proposed by Kamlet, Abboud and Taft.9 These probes are
dipolar aromatic molecules of the A–C6H4–D type,
where A and D stand for electron-acceptor (NO2) and
electron-donor (NEt2 and OMe) groups, respectively.


Table 1. Solvatochromic parameters of pure solvents, measured at 25°C


Parameter EAc AcN DMSO CHCl3 CH2Cl2


ET(30) 38.1 45.6 45.1 39.1 40.7
p* 0.55a 0.75a 1.00a 0.58a 0.82a


p*(II) 0.55c 0.79c 1.00c 0.81c 0.79c


p*(III) 0.57c 0.73c 1.00c 0.75c 0.77c


b 0.45a 0.40a 0.76a 0.10a 0.10a


b(IV) 0.49c 0.41c 0.78c (0.00)c (0.00)c


b(V) 0.42c 0.48c 0.64c (0.48)c 0.13c


a 0.00a 0.19a 0.00c 0.20a,b 0.13a,b


a(II,IV) 0.00c 0.32c 0.02c (0.00)c 0.13c


a(III,V) 0.00c 0.37c 0.04c (0.00)c 0.12c


a Data from Ref. 10.
b Data from Ref. 20.
c Values determined by us from the explored indicators.


Table 2. Experimental wavenumbers (in kK) and solvatochromic parameters for the binary solvent mixtures PAHBA
solvent� CHCl3


PAHBA solvent XCoS ~��II� ~��III � ~��VI� p*(II) p*(III) p*(avg)


EAc 0.1 25.54 32.97 22.03 0.62 0.49 0.56
0.2 25.48 32.92 21.93 0.64 0.51 0.58
0.3 25.45 32.90 21.93 0.65 0.52 0.59
0.4 25.45 32.83 21.90 0.65 0.55 0.60
0.5 25.39 32.81 21.86 0.67 0.56 0.62
0.6 25.35 32.78 21.83 0.68 0.57 0.66
0.7 25.32 32.78 21.74 0.69 0.57 0.63
0.8 25.26 32.69 21.69 0.71 0.61 0.66
0.9 25.04 32.62 21.60 0.78 0.64 0.71


AcN 0.1 24.88 32.41 22.03 0.83 0.73 0.78
0.2 24.88 32.36 21.93 0.83 0.75 0.79
0.3 24.81 32.32 21.83 0.85 0.77 0.81
0.4 24.81 32.32 21.81 0.85 0.77 0.81
0.5 24.81 32.27 21.74 0.85 0.79 0.82
0.6 24.75 32.27 21.74 0.87 0.79 0.83
0.7 24.75 32.27 21.74 0.87 0.79 0.83
0.8 24.81 32.27 21.67 0.85 0.79 0.82
0.9 24.88 32.27 21.62 0.83 0.79 0.81


DMSO 0.1 24.68 31.89 21.37 0.89 0.95 0.92
0.2 24.68 32.15 21.41 0.89 0.84 0.87
0.3 24.68 32.15 21.46 0.89 0.84 0.87
0.4 24.68 32.27 21.50 0.89 0.79 0.84
0.5 24.82 32.36 21.53 0.85 0.75 0.80
0.6 24.91 32.48 21.55 0.82 0.70 0.76
0.7 24.94 32.53 21.55 0.81 0.68 0.75
0.8 24.94 32.57 21.57 0.81 0.66 0.74
0.9 24.94 32.57 21.60 0.81 0.66 0.74
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The electronic transition is connected with an intramol-
ecular charge transfer from the electron-donor part to the
acceptor part through the aromatic system. The structures
of the aromatic nitro compounds used as indicators are
basically similar, although the diethylamino and methoxy
groups appear to be rather different. These indicators
present positive solvatochromism owing to their more
dipolar first excited state relative to their less dipolar
ground state. According to the chemical structure of the
probes, they are supposed to be insensitive to specific
HBD and HBA interactions with solvents, and to measure
the exoergic effects of solute/solvent dipole–dipole and
dipole–induced dipole interactions. Therefore,p* values
mainly represent a blend of dipolarity and polarizability
of the solvents and it has been shown that, in the absence
of HB interactions, the main physical difference between
p* and theET(30) values lies in different responses to
solvent polarizability effects.15


Thep* value was calculated from the wavenumbers of
the UV/Vis absorption maxima of indicatorsII [~� (II)]
andIII [~� (III)] according to the conversion expressions
reported by Marcus:10


���II� � 0:314�27:52ÿ ~��II�� �1�
���III � � 0:427�34:12ÿ ~��III �� �2�


Tables 2 and 3 present the experimental wavenumbers


of the maximum of the longest-wavelength electronic
absorption band of indicatorsII and III and the
calculatedp* values for binary solvent mixtures with
CHCl3 and CH2Cl2, respectively. The data obtained using
b-carotene as reference solute are additionally presented.
From the comparison of the data obtained with indicators
II andIII in a given binary mixture, it can be seen that the
dipolarity/polarizability determined with indicatorII is
higher than that determined withIII except for some
DMSO� CH2Cl2 mixtures, in which they are very
similar. This observation agrees with different studies
suggesting that these reference solutes provide contami-
nated polarity values because they are capable of
accepting hydrogen bonds [the preferred site for hydro-
gen bonding (the nitro group) is a better hydrogen-bond
acceptor center inII than inIII ].16 According to Marcus
and in order to establish whether the different solutes
explored produce convergent values for the property, the
degree of convergence is set as already 5% of the total
range of values encountered for the property in a large set
of diverse solvents. In this direction, disparity in the
values obtained from both solutes is observed for the
solvent systems in which the co-solvent is CHCl3,
showing that the property values for these systems are
indicator dependent. On the other hand, convergent
values for the property are observed for the systems with
cosolvent CH2Cl2. The divergence betweenp*(II) and
p*(III) values observed for the mixtures with CHCl3 and


Table 3. Experimental wavenumbers (in kK) and solvatochromic parameters for the binary solvent mixtures PAHBA
solvent� CH2Cl2


PAHBA solvent XCoS ~��II� ~��III � ~��VI� p*(II) p*(III) p*(avg)


EAc 0.1 25.64 32.85 22.03 0.59 0.54 0.57
0.2 25.61 32.83 22.00 0.60 0.55 0.58
0.3 25.58 32.81 21.98 0.61 0.56 0.59
0.4 25.48 32.78 21.98 0.64 0.57 0.61
0.5 25.45 32.69 21.91 0.65 0.61 0.63
0.6 25.45 32.67 21.88 0.65 0.62 0.64
0.7 25.32 32.62 21.83 0.69 0.64 0.67
0.8 25.23 32.53 21.81 0.72 0.68 0.70
0.9 25.13 32.41 21.74 0.75 0.73 0.74


AcN 0.1 25.00 32.41 22.05 0.79 0.73 0.76
0.2 25.00 32.36 21.98 0.79 0.75 0.77
0.3 24.97 32.36 21.93 0.80 0.75 0.78
0.4 24.94 32.32 21.93 0.81 0.77 0.79
0.5 24.91 32.27 21.83 0.82 0.79 0.81
0.6 24.91 32.27 21.83 0.82 0.79 0.81
0.7 24.94 32.27 21.74 0.81 0.79 0.80
0.8 24.97 32.27 21.74 0.80 0.79 0.80
0.9 25.00 32.32 21.74 0.79 0.77 0.78


DMSO 0.1 24.40 31.78 21.37 0.98 1.00 0.99
0.2 24.43 31.80 21.46 0.97 0.99 0.98
0.3 24.53 31.85 21.48 0.94 0.97 0.96
0.4 24.56 31.89 21.53 0.93 0.95 0.94
0.5 24.62 31.94 21.53 0.91 0.93 0.92
0.6 24.65 32.00 21.60 0.90 0.91 0.91
0.7 24.75 32.10 21.60 0.87 0.86 0.87
0.8 24.81 32.13 21.62 0.85 0.85 0.85
0.9 24.91 32.15 21.64 0.82 0.84 0.83
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the convergence observed for the mixtures with CH2Cl2
reflect the different solvation models of the indicators,
which not only depend on solute–solvent interactions but
also depend on both specific and non-specific solvent–
solvent interactions. Moreover, the polarizability/hyper-
polarizability characteristics can play a major role in the
solvatochromic behavior of polar solutes for these highly
polarizable co-solvent species.17 The plots of the
averagedp* values which, in our opinion, measure the
property in a more useful manner for its application to
any other similar solute as functions of the solvent
composition, are presented in Fig. 1 for co-solvents
CHCl3 and CH2Cl2 (including the values for the pure
solvents determined from the same indicators). The shape
of the curves indicates that the property under study is
lower than that corresponding to ideal solvent mixtures
for EAc� CHCl3 or CH2Cl2 mixtures, whereas it is
higher and shows a positive deviation from additivity for
AcN�CHCl3 or CH2Cl2 systems. It can be noticed that,
in general, these last mixtures exhibit a small synergetic
effect for the property. On the other hand, two different
behaviors are seen for DMSO�CHCl3 or CH2Cl2
systems: the mixtures with CH2Cl2 show positive
deviations from linearity but the mixtures with CHCl3


exhibit high negative deviations.
Taking into account the shortcoming that thep* scale


cannot be applied to non-polar and less polarized
molecules, Abe introduced chemical probes with small
or zero dipole moments in either the ground or the excited


states, or in both such as naphthalene, anthracene orb-
carotene. In order to go further into the characterization
of the explored binary mixtures by analyzing the
behavior of this type of solute with regard to the
properties of the solvents, we determined the solvent
spectral shifts forb-carotene (VI ), which can be useful
for correlation purposes. This chemical probe is a
polyene with a strongly allowedp → p* transition
polarized approximately along the long axis of the
molecule.12 The experimental data for the explored
mixtures are given in Tables 2 and 3 for co-solvents
CHCl3 and CH2Cl2, respectively.


Determination of b values


The solvatochromic HBA-ability parameterb was
determined by the magnitudes of enhanced solvatochro-
mic shifts for 4-nitroaniline (IV ) relative toN,N-diethyl-
4-nitroaniline (II ) and for 4-nitrophenol (V) relative to 4-
nitroanisole (III ), according to the conversion expression
proposed by Marcus:10


� � 0:358�31:10ÿ ~��IV�� ÿ 1:125���II� �3�
� � 0:346�35:045ÿ ~��V�� ÿ 0:57���III � ÿ 0:12� �4�


Figure 1. Plots of p*(avg) vs co-solvent mole fraction for
PAHBA solvent (EAc or AcN or DMSO)� CHCl3 or CH2Cl2
solvent systems


Table 4. Experimental wavenumbers (in kK) and solvato-
chromic parameters for the binary solvent mixtures PAHBA
solvent� CHCl3


PAHBA
solvent XCoS ~�(IV) ~�(V) b(IV) b(V) b(avg)


EAc 0.10 28.17 32.84 0.35 0.48 0.41
0.20 28.13 32.79 0.34 0.48 0.41
0.30 28.13 32.68 0.33 0.50 0.42
0.40 28.13 32.68 0.33 0.48 0.41
0.50 28.13 32.62 0.31 0.49 0.40
0.60 28.10 32.52 0.31 0.51 0.41
0.70 28.13 32.41 0.29 0.54 0.42
0.80 28.29 32.36 0.21 0.53 0.37
0.90 28.45 32.21 0.07 0.56 0.32


AcN 0.10 27.43 32.36 0.38 0.51 0.44
0.20 27.43 32.36 0.38 0.49 0.43
0.30 27.43 32.21 0.36 0.53 0.44
0.40 27.43 32.21 0.36 0.52 0.44
0.50 27.43 32.15 0.36 0.52 0.44
0.60 27.51 32.10 0.31 0.53 0.42
0.70 27.62 32.05 0.27 0.54 0.40
0.80 27.66 32.05 0.27 0.54 0.40
0.90 28.17 32.10 0.12 0.51 0.31


DMSO 0.10 25.97 31.25 0.83 0.77 0.80
0.20 26.35 31.45 0.70 0.75 0.73
0.30 26.39 31.55 0.69 0.71 0.70
0.40 26.39 31.50 0.69 0.75 0.72
0.50 26.39 31.45 0.73 0.79 0.76
0.60 26.88 31.70 0.59 0.72 0.65
0.70 27.03 31.75 0.55 0.71 0.63
0.80 27.40 31.80 0.41 0.70 0.56
0.90 27.66 31.65 0.32 0.75 0.53
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The � parameter is a ‘polarizability correction term,’
equal to 0.00 for all non-chlorinated aliphatic and dipolar
aprotic solvents, 0.50 for polychlorinated aliphatic
solvents and 1.00 for aromatic solvents. Tables 4 and 5
present the experimental wavenumbers of the maximum
of the longest wavelength electronic absorption band of
indicatorsIV andV and the calculatedb values for the
mixtures with CHCl3 and CH2Cl2, respectively. It can be
seen that the HBA ability calculated from indicatorV is
higher than that calculated fromIV except for
DMSO� CHCl3 or CH2Cl2 mixtures at low co-solvent
concentrations. This observation can be related to the
different nature (NH or OH) of the acid probes used.
Moreover, incomplete complexation of the acceptors in
weak donor solvents is suggested for 4-nitroaniline.18


The binary mixtures with both co-solvents exhibit, in
general, divergence of values for theb parameter
obtained from both indicators. This disparity in the
values is higher for co-solvent-rich mixtures than for
PAHBA solvent-rich mixtures, indicating that it is mainly
dependent on the co-solvent. The plots ofb(avg) as a
function of the solvent composition are presented in Fig.
2 for co-solvents CHCl3 and CH2Cl2. The plots clearly
show some synergetic mixtures for the property (withb
values higher than those corresponding to the pure
solvents). This behavior is observed particularly for the


DMSO� CHCl3 solvent system, withp* values with
high negative deviations from linearity. The shape of the
curves suggests that there is a contribution from more
than one hydrogen-bonded species. These results can be
understood in terms of the relative changes in the
amounts of 1:1 and 2:1 CHCl3–DMSO complexes (2
chloroforms to 1 DMSO).19 When more CHCl3 is added
to DMSO, the proportion of 1:1 complexes drops and the
number of 2:1 complexes increases, leading to the
observed enhancements in the property values.


Calculation of a values


For each binary system analyzed, thea parameter was
calculated fromET(30), p* and b according to the
conversion expression proposed by Marcus:10,20


� � 0:0692ET�30� ÿ 2:090ÿ 0:900�� ÿ 0:147�
� 0:190� �5�


The calculateda values are presented in Tables 6 and 7
for the co-solvents CHCl3 and CH2Cl2, respectively [it
must be pointed out that the HBD strengths determined
here for the co-solvents might show differences from the
values encountered in dilute solutions of CCl4 (as
monomer)].21 It can be noted that theb parameter has
little influence on the accuracy of the resultinga values.


Table 5. Experimental wavenumbers (in kK) and solvato-
chromic parameters for the binary solvent mixtures PAHBA
solvent� CH2Cl2


PAHBA
solvent XCoS ~�(IV) ~�(V) b(IV) b(V) b(avg)


EAc 0.10 28.01 32.68 0.44 0.50 0.47
0.20 27.97 32.68 0.44 0.49 0.47
0.30 27.97 32.68 0.43 0.48 0.46
0.40 27.93 32.63 0.41 0.49 0.45
0.50 27.89 32.52 0.42 0.50 0.46
0.60 27.86 32.47 0.43 0.50 0.46
0.70 27.97 32.47 0.34 0.49 0.41
0.80 28.09 32.36 0.27 0.49 0.38
0.90 28.25 32.31 0.18 0.48 0.33


AcN 0.10 27.43 32.36 0.42 0.51 0.46
0.20 27.43 32.36 0.42 0.49 0.46
0.30 27.47 32.36 0.40 0.48 0.44
0.40 27.47 32.31 0.39 0.48 0.44
0.50 27.51 32.26 0.36 0.48 0.42
0.60 27.59 32.31 0.34 0.46 0.40
0.70 27.74 32.31 0.29 0.45 0.37
0.80 27.86 32.26 0.26 0.47 0.36
0.90 28.13 32.26 0.17 0.47 0.32


DMSO 0.10 25.84 31.25 0.78 0.74 0.76
0.20 25.84 31.85 0.79 0.53 0.66
0.30 25.91 31.20 0.80 0.76 0.78
0.40 25.97 31.15 0.79 0.78 0.78
0.50 25.97 31.35 0.81 0.72 0.77
0.60 26.11 31.30 0.77 0.74 0.76
0.70 26.32 31.35 0.73 0.75 0.74
0.80 26.60 31.35 0.66 0.75 0.70
0.90 27.06 31.45 0.52 0.71 0.62


Figure 2. Plots of b(avg) vs co-solvent mole fraction for
PAHBA solvent (EAc or AcN or DMSO)� CHCl3 or CH2Cl2
solvent systems
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Figure 3 presents the plots ofa (avg) vsXCoS for both
solvent systems. It can be observed that all the EAc or
DMSO� CHCl3 solvent mixtures have a higher ability to
donate a hydrogen atom toward the formation of a
hydrogen bond than the expected ability derived from the
average of the quantities characterizing the two neat
solvents mixed, exhibiting high synergetic effects. Some
AcN�CHCl3 and EAc� CH2Cl2 mixtures present weak
synergism for the property.


Preferential solvation of solvatochromic indica-
tors: application of preferential solvation models


In order to understand better the influence of solute–
solvent and solvent–solvent interactions on the prefer-
ential solvation of the explored chemical probes, we
applied reported preferential solvation models13 to the
description of the data obtained from indicatorsI–VI in
EAc�CHCl3 or CH2Cl2 mixtures. These types of
mixtures were selected for this analysis taking into
account that they present high synergetic effects for the
ET(30) polarity (the highest synergism was observed for
co-solvent CHCl3) and, in contrast, we have reported that
EAc�CHCl3 mixtures do not produce kinetic synergism
on simple models ofSNAr (non-base-catalyzed reactions


of halonitrobenzenes with primary or secondary ami-
nes).8c


As is known, in solvent mixtures the solutes can
interact to different degrees with the components of the
mixture, and this difference in the interactions is reflected
in the composition of the microsphere of solvation.
Several equations based on solvent exchange models that
relate the transition energy of the Dimroth–Reichardt
ET(30) indicator to the solvent composition have been
derived and compared.13,14 Moreover, a more general
model based on a two-step solvent exchange process can
be effectively applied to synergetic mixtures for
ET(30).22 In this connection, Eqns (6) and (7) were used
to relate a solvatochromic property (Y) of each solvato-
chromic indicator to the solvent composition:


Y � Y1� a�x0
2�2 � c�1ÿ x0


2�x0
2


�1ÿ x0
2�2� f2=1�x0


2�2� f12=1�1ÿ x0
2�x0


2


�6�


Y � Y1� a�x0
2�


�1ÿ x0
2� � f2=1�x0


2�
�7�


wherea = f2/1(Y2ÿ Y1) andc = f12/1(Y12ÿ Y1).
The constants of these processes are defined by the


preferential solvation parameters (f2/1 andf12/1) that relate
the ratio of the mole fractions of the solvents S1, S2, and


Table 6. Solvatochromic parameters a(II,IV), a(III,V) and
a(avg) for the binary solvent mixtures PAHBA sol-
vent� CHCl3


PAHBA solvent XCoS a(II,IV) a(III,V) a(avg)


EAc 0.1 0.13 0.22 0.18
0.2 0.14 0.24 0.19
0.3 0.16 0.25 0.21
0.4 0.17 0.23 0.20
0.5 0.15 0.22 0.18
0.6 0.13 0.20 0.16
0.7 0.10 0.17 0.14
0.8 0.08 0.13 0.11
0.9 0.02 0.07 0.04


AcN 0.1 0.31 0.39 0.35
0.2 0.33 0.39 0.36
0.3 0.30 0.34 0.32
0.4 0.25 0.30 0.28
0.5 0.21 0.24 0.23
0.6 0.17 0.21 0.19
0.7 0.12 0.15 0.14
0.8 0.09 0.10 0.09
0.9 0.07 0.05 0.06


DMSO 0.1 0.13 0.09 0.11
0.2 0.16 0.20 0.18
0.3 0.16 0.20 0.18
0.4 0.15 0.23 0.19
0.5 0.17 0.25 0.21
0.6 0.19 0.28 0.24
0.7 0.18 0.27 0.22
0.8 0.14 0.24 0.19
0.9 0.08 0.16 0.12


Table 7. Solvatochromic parameters a(II,IV), a(III,V) and
a(avg) for the binary solvent mixtures PAHBA sol-
vent� CH2Cl2


PAHBA solvent XCoS a(II,IV) a(III,V) a(avg)


EAc 0.1 0.04 0.08 0.06
0.2 0.09 0.13 0.11
0.3 0.11 0.15 0.13
0.4 0.11 0.17 0.14
0.5 0.13 0.15 0.14
0.6 0.14 0.16 0.15
0.7 0.14 0.16 0.15
0.8 0.14 0.14 0.14
0.9 0.12 0.10 0.11


AcN 0.1 0.31 0.35 0.33
0.2 0.30 0.32 0.31
0.3 0.27 0.31 0.29
0.4 0.26 0.28 0.27
0.5 0.23 0.24 0.24
0.6 0.21 0.22 0.22
0.7 0.19 0.19 0.19
0.8 0.18 0.16 0.17
0.9 0.17 0.14 0.15


DMSO 0.1 0.05 0.04 0.04
0.2 0.07 0.09 0.08
0.3 0.08 0.06 0.07
0.4 0.09 0.07 0.08
0.5 0.08 0.08 0.08
0.6 0.07 0.07 0.07
0.7 0.08 0.08 0.08
0.8 0.08 0.07 0.07
0.9 0.09 0.04 0.06
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S12 (which represents a solvent formed by the interac-
tions of solvents S1 and S2) solvating the indicator (xs


1; x
s
2


andxs
12, respectively) with the ratio of the mole fractions


of the two solvents in the bulk mixed solvent (x0
1 andx0


2,
respectively). The constantsf2/1 and f12/1 measure the
tendency of the indicator to be solvated with S2 and S12,
respectively, with reference to S1.


The fits obtained in the application of the two-step
model to the experimental data for EAc�CHCl3 or
CH2Cl2 solvent systems [and additionally to theEN


T
values which were calculated fromET(30) values8c] are
very good [sum square residual (ssr)<0.008] and Eqn.
(6) can be successfully applied to all indicators in all
explored mixtures, except forIV andV in mixtures with
cosolvent CH2Cl2 (ssr>0.5). The ssr values obtained in
the application of the simplified Eqn. (7) (ssr values ca
0.1 or less) are three times higher than those obtained
from the general Eqn. (6). Therefore, in general, the
behavior of the indicators studied in the solvent systems
selected for this analysis is better described by the general
than by the simplified model, except forVI , where the
two equations can be well fitted without a significant
increase in the ssr values. Moreover, in the latter case, the
f2/1 values are close to unity and the system can be
considered ideal and described by the most simplified
equation,Y � x0


1y1� x0
2y2.


Figure 3. Plots of a(avg) vs co-solvent mole fraction for
PAHBA solvent (EAc or AcN or DMSO)� CHCl3 or CH2Cl2
solvent systems


Figure 4. Plots of computed solvatochromic parameters
p*(II), p*(III), p*2 and E N


T vs co-solvent mole fraction for
EAc� CHCl3 solvent system


Figure 5. Plots of computed solvatochromic parameters
p*(II), p*(III), p*2 and E N


T vs co-solvent mole fraction for
EAc� CH2Cl2 solvent system
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Thef2/1 parameters are in general higher than unity for
II in all mixtures, indicating the large solvation of this
solute by the EAc–CHCl3 or EAc–CH2Cl2 complex (high
f12/1 values). For all mixtures and all reference solutes
(except the previously mentionedIV andV in mixtures
with CH2Cl2) f12/1 > f2/1, indicating that the order of
preferential solvation is complex> co-solvent> EAc.


By means of the computed parameters obtained by the
fitted equations, the solvatochromic properties for any
solvent composition of the binary solvent–indicator
systems can easily be calculated. In this direction, plots
of the recalculated propertiesEN


T ; �
��II� andp*(III) as a


function of the solvent composition are presented in Figs
4 and 5 for co-solvent CHCl3 and CH2Cl2, respectively.
Additionally, for the purpose of comparison, these figures
show thep*2 values estimated by applying Eqn. (8)
(which correlates parameterp*2 with six solvent spectral
shift data ofb-carotene23):


~��VI� � 24213cmÿ1 ÿ 2145cmÿ1 � ��2
�r � 0:994� �8�


where ~�(VI) is the solvatochromic property value
obtained by the application of the fitted equations to the
data presented in Tables 2 and 3. It should be pointed out
that, as a first approximation, we extended the reported
procedures for pure solvents to mixed solvents. More-
over, thep*2 scale could be modified or redefined when
the database is enlarged.23b


The shape of the independent parameter vs solvent
composition (for both co-solvents) plots shows two
different response models for the chemical probes in
the explored strongly complexing mixtures.24 SolutesII,
III andVI reflect a similar behavior with values of the
measured property for the mixtures between those
corresponding to the pure solvents, exhibiting negative
deviations from linearity (in particular, nearly ideal
behavior is observed forp*2). In these cases, the probes
interact with the mixed solvent less strongly than the
solvent–solvent interactions. On the other hand, a
maximum in the curves is observed for indicatorI : the
property values for the pure solvents are very similar, and
the solute has strong interactions with the mixed solvent
magnifying the measured property. In this case, the
increased ‘polarity’ values could be assumed to be due
mainly to an increased acidity and/or polarity of the
mixed solvent [it is known that theET(30) betaine dye is
practically independent of the polarizability].


The plots of the dependent parameters calculated by
the fitted data vs solvent composition (for both co-
solvents) are additionally presented in Fig. 6. It can be
observed that theb values measured with the pairII –IV
increase with increasing co-solvent content, showing
synergism for the property. In contrast, the values
obtained withIII –V decrease with increase in co-solvent
concentration, exhibiting two inflection points. On the


other hand, the changes in thea values indicate a strong
synergetic effect for the HBD ability for both systems
explored.


Application


Correspondence between solvent effects on SNAr
reactions and solvent properties. Correlation ana-
lysis of kinetic data with the computed solvent
parameters for (EAc� CHCl3) mixtures. The SNAr
reactions between halonitrobenzenes and primary or
secondary amines have long been investigated in both
polar and apolar solvents. The rate of these reactions is
notably affected by the solvent properties, and different
studies have shown how extensive and complex are the
interactions of the substrate and/or the intermediate(s)
with the solvent molecules.25 The mechanism of these
reactions is well established: the breakdown of the
zwitterionic s intermediate can occur spontaneously or
by a base-catalyzed mechanism.


Although solvent property parameters for many pure
solvents have been thoroughly correlated with other
solvent-dependent processes, the extent to which such
parameters for binary solvent mixtures are likewise
correlated is still not significant.


Through the analysis of the solvent effects on the non-
base-catalyzedSNAr reaction of 1-chloro-2,4-dinitroben-
zene (CDNB) with piperidine (PIP) carried out in several


Figure 6. Plots of the dependent parameters (a and b) vs co-
solvent mole fraction for EAc� CHCl3 or CH2Cl2 solvent
system
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aprotic solvent� toluene systems, we have demonstrated
that there exists a satisfactory correlation betweenET(30)
values and the logarithms of the rate constants.8a,bOn the
other hand, the same correlation analysis to the kinetic
data for the non-base-catalyzed reactions of
CDNB� PIP or n-butylamine (BUT) or morpholine
(Mo) and 1-fluoro-2,4-dinitrobenzene (FDNB)� BUT in
some PAHBA solvent� CHCl3 mixtures revealed that,
in the cases of synergetic mixtures, the parameter–
kinetics correspondence is very poor (showing that this
situation is more expressive for solvent systems with
strong synergism, particularly for EAc� CHCl3 mix-
tures).8c


We have now extended the preceding analysis to the
correlations of the reported kinetic data for the explored
CDNB� BUT or Mo or PIP and FDNB� BUT reactions
in EAc� chloroform mixtures, with the computed
solvent descriptorsp*, a and b (obtained by the
application of the preferential solvation models) accord-
ing to the Kamlet, Abboud and Taft multiparameter


model log kA = Y� sp* � aa� bb. In this connection
and in order to increase the kinetic data set with respect to
that previously reported, we determined here the second-
order rate constants for the same reactions carried out in
the same mixtures but at other co-solvent mole fractions.
The results are presented in Table 8. The data derived
from the three-parameter correlation equation are
presented in Table 9. In order to be able to compare the
results, the data derived from the single-parameter model
log kA = A� B[ET(30)]8c (for all the available kinetic
data) are additionally given. It should be noted that, in all
cases, the reactions are not base catalyzed and the values
employed in the correlations are the average of the values
obtained at the explored amine concentrations. The
regression equations were assessed by the evaluation of
the correlation coefficient (r) and the standard deviation
(SD). The results clearly demonstrate that the use of the
multiparameter equation instead of the uniparameter
equation produces an improvement in the correlation
between the solvent-dependent process (reaction rate)


Table 8. Second-order rate constants, kA (l molÿ1 sÿ1), for the SNAr reaction between halodintrobenzenes and primary or
secondary amines in the binary solvent mixtures EAc� CHCl3, measured at 25°C


Reaction


Xcos CDNBa�Mo CDNBa� PIP CDNBa� BUT FDNBb� BUT


0.20 0.0218 0.190 0.870 5.90
0.40 0.0179 0.176 0.660 4.01
0.60 0.0138 0.140 0.481 2.68
0.80 0.00612 0.119 0.279 1.10


a [CDNB] = 10ÿ4 M.
b [FDNB] = 5� 10ÿ5 M.


Table 9. Correlation data for log kA vs E N
T and log kA vs (p*, a, b) in EAc� CHCl3 mixtures (including pure solvents): correlation


coef®cient (r and r2), standard deviation (SD), slope (B), and intercept (A) [and their standard errors (sA, sB)], intercept (Y) and
parameters s, a and b (and their standard errors) and the number of data points (n), for the reactions between 1-chloro- or 1-
¯uoro-2,4-dinitrobenzene and morpholine or piperidine or butylamine


log kA � A� B�EN
T � log kA = Y� sp* � aa� bb


Reaction r SD A B Indicator r SD Y s a b n
(sA) (sB) (r2) (sY) (ss) (sa) (sb)


Mo� CDNB 0.390 0.303 ÿ3.08 3.90 (II, IV) 0.976 0.080 2.71 ÿ6.45 1.78 ÿ1.60 11
(0.918) (3.08) (0.954) (1.80) (2.21) (0.498) (1.21)


(III, V) 0.990 0.052 1.84 ÿ3.04 0.335 ÿ4.15 11
(0.981) (0.265) (0.419) (0.317) (0.511)


PIP� CDNB 0.180 0.157 ÿ1.07 0.876 (II, IV) 0.983 0.033 2.65 ÿ4.58 0.442 ÿ1.45 11
(0.475) (1.60) (0.966) (0.749) (0.918) (0.207) (0.503)


(III, V) 0.985 0.031 1.32 ÿ2.10 ÿ0.535 ÿ1.66 11
(0.971) (0.158) (0.249) (0.189) (0.304)


BUT� CDNB 0.838 0.274 ÿ4.28 12.8 (II, IV) 0.905 0.242 1.00 ÿ2.76 6.23 ÿ0.811 11
(0.829) (2.78) (0.820) (5.43) (6.65) (1.50) (3.64)


(III, V) 0.992 0.070 0.237 ÿ4.09 2.14 2.63 11
(0.985) (0.360) (0.568) (0.431) (0.693)


BUT� FDNB 0.378 0.453 ÿ1.29 5.64 (II, IV) 0.990 0.076 6.35 ÿ8.49 2.36 ÿ1.66 11
(1.37) (4.60) (0.981) (1.72) (2.11) (0.475) (1.15)


(III, V) 0.993 0.064 6.05 ÿ5.17 0.054 ÿ5.44 11
(0.987) (0.329) (0.518) (0.393) (0.633)
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and the solvent properties. In most cases, when the
composition of the binary mixtures is modified, the rates
of the reactions are mainly affected by the dipolarity/
hyperpolarizability and the HBA capability of the mixed
solvent.


CONCLUSIONS


The spectroscopic data obtained from the solvatochromic
indicators revealed that, in general, preferential solvation
phenomena are operative for solutesI–V in the explored
polychlorinated mixtures. In contrast, nearly ideal
behavior is observed forVI in the same solvent systems.


The analysis of the solvent parameter data demon-
strates that the general tendency is disparity in the values
for the same parameter obtained from different indica-
tors. The observed divergence is more pronounced for
CHCl3 mixtures than for CH2Cl2 mixtures. This behavior
reflects the different sensitivities of the indicators to
solute–solvent interactions, which is not only solute
dependent but also solvent dependent.


The application of preferential solvation models to the
description of the data for independent parameters
[p*(II), p*(III), p*2 andEN


T ] in EAc� CHCl3 or CH2Cl2
mixtures shows two different response models. Solutes
II , III and VI reflect similar solvatochromic behavior,
having similar environments. These dipolar and/or
polarizable solutes are specially influenced by the
polarizability/hyperpolarizability characteristics of the
polychlorinated mixed solvent. In contrast, these binary
mixtures are synergetic forEN


T values, which can be
explained by the high sensitivity of the Dimroth–
Reichardt indicator to hydrogen-bond donation of the
mixed solvent.


The reported results indicate that the properties of the
explored complex aprotic mixtures seem to be better
described by the group of parameters derived from the
solvatochromic comparison method.


EXPERIMENTAL


Reagents and solvents. 4-Nitroanisole (Aldrich, 97%)
and 4-nitroaniline (Aldrich, 99%) were used without any
further purification.N,N-Diethyl-4-nitroaniline was pre-
pared by nitration ofN,N-diethylaniline (Carlo Erba,
99.5%).26a 4-Nitrophenol was prepared by nitration of
phenol (Mallinckrodt, ca 99.5%).26bb-Carotene (Merck,
for biochemistry) was crystallized from benzene and
methanol. The solvents were purified as reported
previously8 and all of them were kept over 4 A˚ molecular
sieves and stored in special vessels that allow delivery
without air contamination. All binary solvent mixtures
were prepared prior to use and stored under anhydrous
conditions.


Solvatochromic parameter measurements. The pure
solvents were mixed in appropriate proportions by weight
to give binary solvent mixtures of various compositions.
Indicator solutions were prepared just prior to use.
Visible spectra of sample solutions in a 10 mm cell were
recorded at 25°C by using a Perkin-Elmer Model 124
UV/Vis spectrophotometer and a Zeiss PMQ 3 UV/Vis
spectrophotometer, equipped with a data-acquisition
system [the accuracy of the measured wavenumbers of
the absorption peaks is�0.1 kK (1 nm in�); this, of the
order of the precision limit of the solvatochromic
comparison method, justifies in all cases the statements
about deviations from linearity of the solvatochromic
parameters of the mixtures] and a thermostated cell
holder. Temperatures were measured in the cell and were
accurate to within�0.1°C.


Kinetic procedures. The kinetics of the reactions were
determined spectrophotometrically by the procedure
already described.8c


Computation methods. The parameters of solvation
which minimize the square residuals of thekA and the
ET(30) values for the binary solvent system were
computed by non-linear regression using the MATLAB
4.2 program (Mathworks).
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ABSTRACT: A number of quinoxalines substituted in position 2 with thep-electron excess 2'-benzo[b]furanyl
substituent were studied with respect to the sterically/electronically restricted rotation about the C(2)—C(2') bond by
13C and15N chemical shifts (both experimental and calculated by the GIAO method) andab initio MO calculations.
Both the barriers to rotation and the preferred ground-state conformers were obtained, which proved strongly
dependent on steric hindrance and the balance ofp-electron deficiencyp-electron excess of the heterocyclic systems
involved. Copyright 1999 John Wiley & Sons, Ltd.


KEYWORDS: NMR; barrier to rotation;ab initio MO calculation; p-electron resonance; steric hindrance;
quinoxalines


INTRODUCTION


NMR spectroscopy together with semi-empirical calcu-
lations (PM3) have been employed to determine the
dihedral angle about the C(2)—C(2') bond in a number of
quinoxalines substituted in position 2 withp-electron
excess heterocycles (2'-benzoxazolyl, 2'-benzthiazolyl,
2'-benzimidazolyl, 2'-indolinyl and 2'-benzo[b]furanyl)
and thereby the preferred conformation of these com-
pounds.1 Both the13C and15N chemical shifts of N-1, C-
2, C-3, C-2' and C-3' (Scheme 1) were found to be
linearly dependent on this theoretically obtained par-
ameter and proved indicative of the stereochemistry of
these unsaturated compounds. However, the correspond-
ing barrier to rotation about the C(2)—C(2') bond, which
could be electronically and/or sterically controlled, could
not be studied by dynamic NMR spectroscopy (at
ÿ120°C no broadening of the NMR signals was
obtained).


It was the major objective of this paper to study this
dynamic process in detail byab initio MO calculations to
resolve the latter aspect. In addition, the13C and 15N
chemical shifts involved were calculated with the use of
the GIAO method on the basis of theab initio MO
calculated absolute structural minima dependent on the
frozen C(2)—C(2') dihedral angle.


RESULTS AND DISCUSSION


Barrier to rotation about the C(2)ÐC(2') bond


The 2,3-disubstituted quinoxalines1–5 studied (Scheme
1) are interesting compounds from the physical–organic
chemistry point of view as there is ap-electron deficient


Scheme 1
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heteroaromatic moiety (quinoxalinyl) which is bound to
the p-excess heteroaromatic entity 2'-benzo[b]furanyl,
both parts of the molecules able to undergo mesomerism.
For this, a common plane of resonance is a supposition; in


the absence of steric hindrance, dihedral anglesf = 0°/
180° will be strived for andp-barriers to rotation will be
obtained.


However, if there are substituents in positions 3 and/or


Figure 1. Barrier to rotation about the C(2)ÐC(2') bond of compounds (a) 1, (b) 2 and (c)
3. (&) HF/6±31G*; (*) B3LYP/6±31G*
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3', the undisturbed adjustment of the common plane of
resonance could be sterically hindered and the corre-
sponding barrier to rotation could be more and more
controlled by the latter effect.


Dynamic NMR spectroscopy proved useless; even at
the lowest temperatures obtained with the local NMR
equipment dynamic exchange phenomena could not be
obtained. Therefore,ab initio MO calculations were
employed using the 6–31G* basis set at both the HF and
the B3LYP DFT levels. In both calculation modes, the
dihedral angle about the C(2)—C(2') bond, f [C(3)—
C(2)—C(2)—C(3')], was varied in 20° steps, frozen and
the rest of the molecule energetically minimized. The
results of these calculations are given in Figs 1 and 2.


In the case of compound1, unsubstituted in positions 3
and 3', a p-barrier to rotation was obtained in both
calculation modes [Fig. 1(a)]. The global energy mini-
mum was found atf = 180°; increasing twist raises the
potential energy of the system by increasingly restricting
the resonance of the two heterocyclic moieties of1.
Around f = 90°, when mesomerism is completly inter-
rupted, the system attains the highest energy on the
reaction coordinate, subsequently decreasing again when
coming back to more resonance of the two conjugated
entities. Atf = 0° this situation was established; how-
ever, the potential energy of the system is higher than at
f = 180° considering steric hindrance of H-3 and H-3'
being absent atf = 180°. This result was found at both
the HF and the B3LYP levels ofab initio MO
calculations, the latter giving a higher barrier to rotation.


In 3 also atf = 180° the conjugated system seems
sterically disturbed [Fig. 1(c)]; from the HF MO
calculation, thep-barrier (now smaller than in1 owing
to the energetically higher rotational ground state) still
came out with the corresponding energy maximum near
f = 90°. Subsequently (with further decrease in the


dihedral angle) the situation is dominated by steric
hindrance between the methyl groups in positions 3 and
3', increasing considerably the potential energy of the
system up tof = 0°, the point of highest energy on the
reaction coordinate. The DFT calculations describe the
electronic situation present even better.


If only one methyl substituent is present [2, R1 = Me;
Fig. 1(b)], the rotational behaviour is similar: only after
passing thep-barrier atf = 90° was the potential energy
of the conjugated system found to relax with smaller
dihedral angles due to the lower steric effects between 3-
Me and H-3' in 2 compared with the 3-Me–3'-Me
interaction in3. Actually, the rotational behaviour of2
looks more similar to that of1, only the barrier to rotation
being ca. 10 kJ molÿ1 lower owing to the two (f = 90°
and 180°) sterically destabilized ground states.


The behaviour of the quinoxalines involving phenyl
substituent(s) proved different. As expected, one phenyl
in position 3 sterically destabilizes the in-plane con-
formations atf = 0° andf = 180°, but thep-barrier to
rotation still exists betweenf = 120° andf = 40° with
the energy maximum atf = 90°. The steric barriers to
rotation at f = 0° and 180°, however, proved much
higher, again in agreement with general stereochemical
requirements.


Finally, in 4, the quinoxaline with a phenyl substituent
in position 3' and methyl in position 3, the corresponding
barrier to rotation about the C(2)—C(2') bond proved
completely sterically controlled (Fig. 2). The steric
hindrance of in-plane conformations atf = 0° and 180°
proved so dramatic that the global minimum of the
present conjugated system was obtained atf = 140°.


As mentioned already, these barriers to rotation could
not be experimentally determined by dynamic NMR
spectroscopy. Also, this experimental result was corro-
borated by the MO calculations. Either only one preferred


Figure 2. Barrier to rotation about the C(2)ÐC(2') bond at the HF/6±31G*
level for compounds (&) 4 and (*) 5
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conformer was found (in the case of1–4) or, if two seem
to be sufficiently populated, the corresponding barrier to
rotation was calculated to be too low to be determined
experimentally (in the case of5).


In Fig. 3, the length of the C(2)—C(2') bond, as
calculated by the DFT method, is correlated with the
dihedral anglef about this bond for1 and3. Figures 1 and
3 are almost identical, readily corroborating the generality
of the calculation results obtained: in1 rotational twist
from in-plane conformations atf = 0° and 180° reduces
resonance between thep-electron deficient heterocyclic
part of the molecule (quinoxalinyl) and thep-electron
excess moiety (benzo[b]furanyl), lengthening the inter-
connecting C(2)—C(2') bond by 2.3 and 2.6 pm,
respectively, and in3 by 2.3 pm [betweenf = 180° and
f = 80° (the transition state of the dynamic process)] for
the same reason. In the latter case, however, the in-plane


conformation atΦ = 0° is again destabilized by steric
hindrance; in this conformation also the C(2)—C2') bond
length is 2.0 pm longer than atf = 180°), from a different
point of view corroborating the reducedp-electron
resonance of quinoxaline3 in this conformation. The
bond lengths obtained by the present B3LYP/6–31G* MO
calculations are in good agreement with results found for
similar compounds by x-ray spectroscopy,2,3 detailed files
of the calculation results are available on request.


13C and 15N chemical shift variation calculated by
the GIAO-CHF method subject to the dihedral
angle Φ of the C(2)ÐC(2') bond


After theoretically studying the barrier to rotation about
the C(2)—C(2') bond, we were also interested in the


Figure 3. C(2)ÐC(2') bond length variation subject to the dihedral angle f
[C(3)ÐC(2)ÐC(2')ÐC(3')] in the quinoxalines (&) 1 and (~) 3 as calculated by
B3LYP/6±31G* ab initio MO calculations


Table 1. Experimental and theoretically calculated 13C and 15N chemical shifts of quinoxalines 1±5


Chemical shift,� (ppm)


Compound Method N(1) N(4) C(2) C(3) C(2') C(3) R1 R2


1 Expt. ÿ69.2 ÿ50.7 144.0 142.5 152.9 107.9 — —
HF/6–31G* ÿ90.0 ÿ77.1 144.2 140.8 148.3 105.9 — —
B3LYB/6–31G* ÿ64.7 ÿ43.1 132.4 130.7 143.1 98.4 — —


2 Expt. ÿ61.3 ÿ53.7 144.0 151.6 153.5 109.9 25.2 —
HF/6–31G* ÿ92.5 ÿ84.9 144.0 150.5 149.9 107.1 25.8 —
B3LYB/6–31G* ÿ60.0 ÿ43.0 132.3 140.9 144.9 99.8 21.5 —


3 Expt. ÿ55.0 ÿ53.7 145.7 153.4 148.6 118.8 24.4 9.5
HF/6–31G* ÿ81.7 ÿ88.5 145.8 152.8 144.8 115.4 24.9 10.8
B3LYB/6–31G* ÿ55.3 ÿ44.1 134.5 142.3 139.8 112.7 21.5 7.7


4 Expt. ÿ50.6 ÿ53.4 147.0 153.4 145.8 122.4 23.1 —
HF/6–31G* ÿ73.1 ÿ90.0 145.1 152.7 145.8 120.1 24.4 —


5 Expt. ÿ58.5 ÿ50.4 143.1 153.0 152.4 110.8 — —
HF/6–31G* ÿ80.0 ÿ81.6 144.6 153.6 150.7 105.8 — —
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corresponding behaviour of both13C and15N chemical
shifts;1H chemical shifts proved less useful owing to the
much smaller chemical shift range and heavy inter-/
intramolecular influences on the latter parameter.4


Similarly to the barrier calculations, the dihedral angle
f [C(3)—C(2)—C(2')—C(3')] was varied in 20° steps
(nearf = 90° in 10° steps), frozen and the rest of the
molecule energetically minimized byab initio MO
calculations at the HF/6–31G* and B3LYP/6–31G*
levels. These basic structures of varying dihedral angle
f were employed to calculate the corresponding
chemical shifts of the two nuclei by the ‘gauge including’
atomic orbital method (GIAO),5 which is implemented in
the Gaussian 94 program,6 as the difference in the13C
and15N chemical shifts in the compounds studied and in
a reference compound (TMS for13C and nitromethane
for 15N).


When the values obtained in this way are compared
with experimental13C and15N chemical shifts, it should
be considered that the theoretically obtained values are
related to the molecules in vacuum at 0 K from
interactions with the lattice; the experimental chemical


shifts, however, are subject to various inter-intramolecu-
lar interactions with the solutes, solvent, concentration,
temperature, etc. In Table 1, both experimental and
theoretically calculated13C and15N chemical shifts for
the global minima structures of quinoxalines1–5 are
given; in Fig. 4, the13C chemical shifts of1 are correlated
with each other and in Fig. 5 the15N chemical shifts of
N(1) of the quinoxalines1–5 (the lines of identity are
included in both correlations). The correlations of the13C
chemical shifts were good; the13C chemical shifts
obtained at the HF level are practically on the line of
identity. The DFT values deviate from this line but
systematically (ca 12 ppm to higher field). The opposite
result was obtained for the15N chemical shifts; in this
case the DFT values are nearer to the line of identity and
the HF values deviate systematically (ca 25 ppm to
higher field from this line). Hence both the13C and15N
chemical shifts proved to be a good estimate of the real
structural situation in the quinoxalines studied even when
taking into account that they were calculated for the
gaseous state at 0 K.


Chemical shift GIAO calculations have been employed


Figure 4. Correlation of experimental and theoretically calculated 13C chemical shifts of
compound 1. (*) HF/6±31G* (r = 0.9931; SD = 1.531; n = 16); (~) B3LYP/6±31G*
(r = 0.9967; SD = 1.112; n = 16); The dashed line is the line of identity
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already to solve dihedral angle problems in cases where
dynamic NMR spectroscopy proved useless, e.g. for the
conformational analysis of hydrocarbons,7 especiallyn-
octanes,8 and also for the conformational analysis of
glycines9, glycinamides9 and peptides.10 The dihedral
anglef dependences of the chemical shifts of N(4), C(3),
C(2), N(1), C(2') and C(3') of the quinoxalines1 and3,
calculated at the DFT level, are depicted in Figs 6 and 7;
characteristic values atf = 0° and 180° and alsof = 90°
are given in Table 2. First in1 [Figs 6(a) and 7(a)], the
sterically less hindered reference compound, the13C
chemical shifts of C(3), C(2) and N(1) move to lower
field on leaving the in-plane conformations atf = 0° and
180°. Here the15N chemical shift variation proved much
more sensitive than13C chemical shifts. The chemical
shift of C(3'), on the other hand, similarly goes to higher
field; C(2') and N(4) proved less characteristically
dependent. These chemical shift variations could be
readily understood in terms of presentp-electron
delocalization between thep-electron deficient quinox-
alinyl moiety and thep-electron excess heteroaromatic


moiety of benzo[b]furanyl and are parallel to previous
NMR spectroscopic studies:1 with increasing steric twist,
the corresponding delocalization of thep-electrons will
be increasingly hindered. Thereby in the quinoxalinyl
moiety lessp-electron density will be available and the
13C/15N chemical shifts involved are shifted to low field.
In the 3,3'-dimethyl-substituted quinoxaline3 [Figs 6(b)
and 7(b)], practically identical chemical shift variations
were obtained; however, the effects are less marked.
Obviously owing to the larger steric hindrance between
the two heterocyclic molecule parts, contributions to
chemical shifts different from thep-electron effects just
mentioned have some influence and mask the aforemen-
tioned dependences. The opposite happens in thep-
electron excess part of the molecule; the13C chemical
shift of C(3') moves to higher field. Again, the15N
chemical shift variation proved much more sensitive to
the dihedral angle variation than all the13C chemical
shifts.


Also, the13C chemical shift variations of the methyl
substituents in3 corroborate fundamental stereochemical


Figure 5. Correlation of experimental and theoretically calculated 15N chemical shifts
of N(1) of the quinoxalines 1±5. (~) B3LYP/6±31G* (r = 0.9374; SD = 2.587; n = 5); (*) HF/
6±31G* (r = 0.8387; SD = 4.924; n = 5). The dashed line is the line of identity
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principles11 (Table 2); in line with the�-substituent
effect, both R1 and R2 (= Me) are 4.9/4.0 ppm and
3.6/3.5 ppm, respectively, at lower field in the in-line


conformations (f = 0° and 180°, respectively) compared
with the sterically relaxed perpendicular analogue
(f = 90°).


Figure 6. Dependence of the 13C chemical shifts of the quinoxalines 1 and 3 (theoretically
calculated by the GIAO method at the B3LYP/6±31G* level) on the dihedral angle f about the
C(2)ÐC(2') bond. (a) Compound 1; (b) compound 3; (c) only C(3') in both 1 and 3


Copyright  1999 John Wiley & Sons, Ltd. J. Phys. Org. Chem.12, 725–733 (1999)


NMR AND MO STUDY OF STERICALLY HINDERED QUINOXALINES 731







EXPERIMENTAL


Ab initio calculations were carried out with the Gaussian
94 program6 using the 6–31G* basis set12 at the Hartree–
Fock and the B3LYP DFT levels.13


NMR chemical shifts were calculated using the
‘gauge-including’ atomic orbital (GIAO) method5 as
the difference in the NMR chemical shifts of the carbon
and nitrogen atoms in the molecules and a reference
compound. The GIAO method is implemented in the
Gaussian 94 program.6 The calculations of the chemical
shifts of the reference compound (TMS for13C and
nitromethane for15N) and the quinoxalines were carried
out at the same level of theory for comparison.


The chemical shifts of1–5were calculated with the 6–
31G* basis set at the HF level and using the DFT–
Becke3LYP method13 in order to find the best fit of the
theoretical and experimental results. Especially the large


deviations of the15N chemical shifts from the line of
identity and the complete insensitivity of N(4)15N
chemical shifts to the present torsional and structural
variations of1–5 induced us to extend the calculations to
the DFT method because electron correlation effects are
probably important.4


The quantum-chemical calculations were processed on
IBM RS/6000 and SGI ORIGIN (24R 10000) computers
at Potsdam University.


CONCLUSIONS


The barrier to rotation about the C(2)—C(2') bond in a
number of 2-benzo[b]furanyl substituted quinoxalines
(1–5), the corresponding global minima conformations
and the variations of the involved13C and15N chemical
shifts subject to the dihedral anglef [C(3)–C(2)—


Figure 7. Dependence of the 15N chemical shifts of the quinoxalines 1 and 3 (theoretically
calculated by the GIAO method at the B3LYP/6±31G* level) on the dihedral angle f about the
C(2)ÐC(2') bond. (a) Compound 1; (b) compound 3
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C(2')—C(3')] could be studied in detail by semi-
empirical (PM3)ab initio MO calculations at the HF/6–
31G* and B3LYP/6–31G* levels and the corresponding
GIAO calculations. Both the barrier to rotation and the
preferred ground-state conformers of these compounds
proved strongly dependent on the interplay of the present
p-electron delocalization between the heterocyclic parts
of the molecules and steric hindrance subject to the
dihedral anglef; the variation of13C/15N chemical shifts
corroborates the latter conclusions and proves these
values, calculated by the GIAO method, to be very
valuable estimates to represent and to understand
electronically/sterically torsional processes if dynamic
NMR spectroscopy fails.
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Table 2. 13C and 15N chemical shifts of quinoxalines 1±5 as calculated at the HF/6±31G* and DFT/6±31G* levels of theorya


Chemical shift,� (ppm)


Compound
Dihedral


angle,f (0) C(2) C(3) C(2') C(3') N(1) N(4) R1 R2


1 0 143.0 140.3 148.5 104.6 ÿ90.5 ÿ79.8 — —
90 146.5 144.3 150.1 104.1 ÿ70.7 ÿ81.0 — —


180 144.2 140.8 148.3 105.9 ÿ90.0 ÿ77.1 — —
0 132.2 130.5 142.6 97.3 ÿ58.2 ÿ44.5 — —


180 132.4 130.7 143.1 98.4 ÿ64.7 ÿ41.3 — —
2 0 142.8 149.4 148.3 106.8 ÿ79.0 ÿ87.0 25.7 —


90 146.6 152.9 150.4 103.2 ÿ67.5 ÿ92.0 22.6 —
180 144.0 150.5 149.9 107.1 ÿ92.5 ÿ84.9 25.9 —


0 132.1 139.4 142.8 100.3 ÿ49.6 ÿ45.4 21.3 —
180 132.3 140.9 144.9 99.8 ÿ60.0 ÿ43.0 21.5 —


3 0 144.6 148.8 144.2 112.2 ÿ69.4 ÿ87.0 27.5 13.4
90 146.5 153.4 145.2 110.7 ÿ66.2 ÿ92.5 22.6 9.8


180 146.5 151.2 143.2 118.5 ÿ90.7 ÿ85.4 26.6 13.3
0 133.2 138.1 140.5 107.2 ÿ43.3 ÿ42.9 22.3 9.5


180 134.7 141.6 139.3 113.3 ÿ57.7 ÿ43.7 22.2 9.2
4 0 143.9 150.1 144.2 120.6 ÿ68.7 ÿ86.4 26.0 —


180 144.3 151.1 144.1 122.0 ÿ84.5 ÿ86.0 26.7 —
5 0 143.3 152.9 147.2 108.6 ÿ81.9 ÿ77.8 — —


90 145.9 155.3 150.6 103.7 ÿ63.1 ÿ86.8 — —
180 144.0 153.1 148.9 107.4 ÿ94.1 ÿ73.5 — —


a Data in roman type, HF/6–31G* level; data in italic type, B3LYP/6–31G* level.
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ABSTRACT: Second-order rate constants for substituted benzaldehyde oxime formation increase linearly with the
activity of hydrated protons over the pH range ca 2–7. Under these conditions, first-order rate constants show
saturation behavior with increasing hydroxylamine concentration, establishing carbinolamine dehydration as the rate-
determining step. Equilibrium constants for the formation of the neutral carbinolamine are correlated by thes�


substituent constants;� = 1.26. Under more acidic conditions, second-order rate constants increase less rapidly than
the activity of hydrated protons, indicative of a transition to pH-independent carbinolamine formation, presumably
the uncatalyzed addition of amine to aldehyde. The corresponding value ofr for this process is 1.21. This value,
together with that for the equilibrium constants (see above), suggests that C—N bond formation is nearly complete in
the transition state. The rate constants for acid-catalyzed carbinolamine dehydration are correlated by thes
substituent constants;� =ÿ0.85. Copyright 1999 John Wiley & Sons, Ltd.


KEYWORDS: benzaldehydes; oximes; structure; reactivity


INTRODUCTION


The reactions of carbonyl compounds with nitrogen
nucleophiles to yield imines proceed by a stepwise
mechanism involving the formation of a neutral addition
intermediate followed by its decomposition to yield the
product.1,2 The formation of the neutral carbinolamine,
usually the rate-determining step under mildly acidic
conditions, may occur via two routes: (i) a stepwise
pathway involving addition of the amine to the carbonyl
group to form a zwitterionic intermediate followed by
protolytic reactions or (ii) a concerted pathway in which
substrate protonation and amine addition are in some
sense concerted. The stepwise pathway may reveal three
distinct steps to be limiting at different values of pH:
amine addition, protonation of the zwitterionic species or
a proton switch (through water) that generates the neutral
species directly from the zwitterion. Under more basic
conditions, the rate of carbinolamine dehydration be-
comes rate determining (Scheme 1). This complex
reaction mechanism accounts for the pH–rate profiles
for these reactions, which show as many as five separate
regions, and also for many structure–reactivity correla-
tions.1,2 The most basic amines and/or the most activated
carbonyl compounds exhibit pH–rate profiles in which a
single break is found.2


Compared with the wealth of information about the
reactions involving aromatic aldehydes and semicarba-
zide, little work has been undertaken on the reactions
involving aromatic aldehydes and hydroxylamine. We
have begun to explore the kinetics and mechanism for the
addition of amines to formyl-1-methylpyridinium ions3


and the addition of hydroxylamine to pyridine-2-, -3- and
-4-carboxaldehyde4 and 2-quinolinecarboxaldehyde.5 In
these cases it was established that carbinolamine
dehydration is rate determining over the entire pH range
from ca 1 to 7, reflecting the increased reactivity for
nucleophilic addition resulting from the electron-with-
drawing power of the cationic nitrogen function. In
continuation of this work, we have now explored the
kinetics for addition of hydroxylamine to the less
activated series of 4-substituted benzaldehydes. We
initiated this study with the examination of the behavior
of oxime formation from 4-dimethylaminobenzaldehyde
and 4-trimethylammoniobenzaldehyde iodide.6 It seemed
worthwhile to extend the investigation to several
additional benzaldehydes in order to provide more
complete structure–reactivity information for this sys-
tem.


EXPERIMENTAL


Materials


4-Methoxybenzaldehyde, 4-nitrobenzaldehyde, 4-chloro-
benzaidehyde and benzaidehyde were obtained commer-
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cially and were purified by distillation or crystallization.
Hydroxylamine hydrochloride was obtained commer-
cially and purified by crystallization from ethanol.
Solutions of these reagents were prepared just prior to
use to minimize the possibility of decomposition.
Distilled water was used throughout.


Kinetic measurements


All rate measurements were carried out spectrophotome-
trically employing a Zeiss PMQ II spectrophotometer
equipped with thermostated cell holders and PI-2
photometer indicator. Rate constants were measured in
water, at 30°C and ionic strength 0.5 (KCI), under
pseudo-first-order conditions. The pH was maintained
constant through use of buffers. Values of pH were
measured with Radiometer pH-meters. First-order rate
constants were obtained from plots of the difference
between optical density at infinite time and optical
density against time. The reactions with benzaldehyde, 4-
methoxybenzaldehyde and 4-nitrobenzaldehyde were
followed by observing the appearance of product at
265, 360 and 310 nm, respectively. First-order rate
constants,kobs, were measured at low concentrations of
hydroxylamine, conditions at which carbinolamines do
not accumulate. Second-order rate constants,kobs/
[NH2OH]fb, were obtained from slopes of plots of first-
order rate constants against the concentration of the


amine free base and were not corrected for the action of
buffers. which show a small general acid catalysis.


Equilibrium constants


The equilibrium constants for the formation of the
addition intermediate from hydroxylamine and the
substituted benzaidehydes were determined spectropho-
tometrically in 0.125M phosphate–hydrogenphosphate
buffer at 30°C and ionic strength 0.5 (KCI) by measuring
the initial decrease in carbonyl absorption after the
addition of four or more different concentrations of
hydroxylamine. These equilibrium constants,Kad, which
are the average of ca 20 determinations, were obtained
from the negative abcissa intercept of a plot of 1/D A°eq


against 1/[NH2OH]: (a) benzaldehyde, pH 8.07,� =
240 nm, [NH2OH] = 1� 10ÿ1–7.05� 10ÿ2 M; (b) 4-
methoxybenzaldehyde, pH = 8.01,� = 290 nm, [NH2OH]
= 1.5� 10ÿ1–2.85� 10ÿ1 M; (c) 4-chlorobenzaldehyde,
pH = 8.05, � = 260 nm, [NH2OH] = 1� 10ÿ1–3.4
� 10ÿ2 M. Spectrophotometric determination ofKad


for 4-nitrobenzaidehyde is subject to a relatively
large error because the measurements were hampered
by the fact that the absorbance changes were very
small; therefore, Kad in this case was determined
kinetically; the method used is described in the Results
and Discussion Section. The values ofKad for 4-
trimethylammoniobenzaldehyde iodide6 and 4-nitroben-


Scheme 1
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zaldehyde were corrected for hydration of these alde-
hydes:


Kad
cor � Kad�1� �hydrate�=�aldehyde��


where the ratios [hydrate]/[aldehyde] are 0.117 and 0.25,8


respectively.


RESULTS AND DISCUSSION


First-order rate constants for the formation of substituted
benzaldehyde oximes were determined as a function of
hydroxylamine concentration over the pH range ca 1–7 at
30°C in aqueous solution and ionic strength 0.5. At pH
>3, first-order rate constants were observed to increase
less rapidly than the concentration of hydroxylamine free
base; at sufficiently high concentrations of this nucleo-
phile, the rate constants became independent of this
variable. This behavior accords with that observed
previously on several occasions9,10 and strongly suggests


that carbinolamines formed from the addition of hydro-
xylamine to the aldehydes accumulate and that the
dehydration of these species is the rate-determining step
from pH ca 3 to 7 at least. In Fig. 1, logarithms of second-
order rate constants,Kobs/[NH2OH]fb, for three of the
studied reactions are plotted as a function of pH. For each
benzaldehyde studied, the logarithm of the second-order
rate constant increases linearly with increasing concentra-
tion of the hydrate proton down to values of pH in the
range 2–3. This is a behavior expected for rate-determin-
ing carbinolamine dehydration.9,10Below pH 2–3, the rate
constant–pH plots deviate from linearity. The deviation is
most marked for the reaction with 4-methoxybenzalde-
hyde and least evident for that with 4-nitrobenzaldehyde.
This represents a negative deviation from the rate expected
on the basis of behavior observed at higher values of pH
and must represent a transition in rate-determining step to
carbinolamine formation. As noted above, for pH>2–3,
carbinolamine dehydration must be rate determining. The
rate constant for this process is given byKad kdeh, where
Kad is the equilibrium constant for neutral carbinolamine


Figure 1. Logarithms of second-order rate constants for 4-methoxy (~), unsubstituted (*), and 4-nitrobenzaldehyde (&) oxime
formation plotted as a function of pH. Rate constants were measured at 30° and ionic strength 0.50. The points are
experimental; the curves are theoretical ones based on eq. 1 and the data in Table 1
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formation, Kad= [T°]/[Ald] [NH 2OH]. Since the data in
the linear regions of Fig. 1 yieldKadkdeh, values ofkdeh


could be directly calculated from the spectrophotometri-
cally determined values ofKad, except for 4-nitrobenzal-
dehyde. In this casekdehwas obtained directly at saturating
concentrations of hydroxylamine at pH 7,kobs= kdeh[H�].
With the value ofkdeh now in hand, the value ofKad for
this substrate was calculated. All the values ofKadandkdeh


are collected in Table 1 and are in excellent accord with
those for 4-chlorobenzaldehyde11 and benzaldehyde12,13


determined previously.
The reaction between 4-nitrobenzaldehyde and semi-


carbazide2 shows a pH–rate profile with an initial break at
pH near 5.5 attributed to a transition of the rate-
determining step from carbinolamine dehydration to
conversion of the zwitterionic intermediate (T�) to the
neutral species (T°) via a proton switch,k4 in Scheme 1.
Under more acidic conditions a second break is observed
and uncatalyzed amine addition becomes rate limiting,k2


in Scheme 1. Hydroxylamine is considerably more basic
than semicarbazide; this will tend to stabilize the
zwitterionic intermediate, T�, increasing the rate of the
proton switch relative to the decomposition of T� to the
reactants. Consequently, it appears most reasonable to
ascribe the pH-independent reaction for oxime formation
from benzaldehydes observed under acidic conditions to
uncatalyzed attack, not the proton switch step. This
corresponds to a possibility raised earlier.2 Therefore, the
rate law for substituted benzaldehyde oxime formation is


kobs=�NH2OH�fb � Kadk2kdeh�H��=�Kadkdeh�H��
� k2� �1�


The values ofk2 obtained from the slopes of double
reciprocal plots:


1=kobs� 1=�NH2OH�fb�1=k2� 1=Kadkdeh�H���


at acid pH are also included in Table 1. Values ofKad in


Table 1 are 4–13 times greater than those previously
determined for the addition of semicarbazide to the same
substrates.14 The modest differences indicate that equili-
brium constants for the addition of amines to the carbonyl
group are not strongly dependent on the basicity of the
amine, in accord with a previous finding.15 The values of
Kad for neutral carbinolamine formation in this work are
in excellent accord withs� substituent constants; the
derived value ofr is 1.26 (r = 0.99). When values ofs
substituent constants are used, the derived value ofr is
1.18, and thes–r plot shows a negative deviation for the
reaction with 4-dimethyaminobenzaldehyde and 4-meth-
oxybenzaldehyde. This downward deflection has been
noted previously by Wolfenden and Jencks16 in semi-
carbazone formation from substituted benzaldehydes,
when the reaction of 4-hydroxybenzaldehyde is included
in thes–r correlations. This is attributed to the resonance
effect of stabilization of the carbonyl group exerted by
electron-donating 4-substituents, such as 4-hydroxy, 4-
methoxy and 4-dialkylamino groups.10 The rate constants
for the uncatalyzed attack of hydroxylamine on the
benzaldehydes,k2 in Scheme 1, are satisfactorily
correlated also by thes� substituent constants; the
derived value ofr is 1.21 (r = 0.97). This value is equal to
that for the formation of the neutral carbinolamine,
within experimental error. Since the value ofr for
conversion of T� to T0 is expected to be near zero, this
strongly suggests that the transition state for addition of
the amine to the carbonyl group resembles T�. That is,
the transition state is late and involves extensive C—N
bond formation between nucleophile and substrate. This
conclusion is consistent with measurements of kinetic
alpha deuterium isotope effects for carbonyl addition
reactions, which have also been interpreted to suggest
late transition states.17


The rate constants for acid-catalyzed carbinolamine
dehydration,kdeh in Scheme 1, show a satisfactory linear
logarithmic correlation with Hammett’s substituent
constants,s, with a r value ofÿ0.85 (r = 0.97). This
value is smaller than that previously measured for the


Table 1. Summary of rate and equilibrium constants for substituted benzaidehyde oxime
formation at 30°C and ionic strength 0.5a


Substituent Kad (l molÿ1) k2 (l molÿ1 minÿ1) kdeh (l molÿ1 minÿ1)


4-NO2 152.5b 1.43� 107 8.3� 105


4-N� (Me)3
c 87.2b 6.75� 106 1.27� 106


4-Cl 24d 2.31� 106e 3.33� 106e


Unsubstituted 17.6f 1.58� 106 5.07� 106g


4-OMe 1.8 4.66� 105 1.05� 107


4-N(Me)2
c 0.15 1.06� 104 2.26� 107


a All constants are defined in Scheme 1.
b Corrected for hydration (see Experimental section).
c Ref. 6.
d Lit. Kad= 23.5 l molÿ1 at 25°C and ionic strength 0.38.11


e Ref. 11.
f Lit Kad= 11.3 l molÿ1 at 25°C and ionic strength 0.3.12


g Lit. kdeh= 7� 106 l molÿ1 minÿ1 at 25°C and ionic strength 0.3.12
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reaction of benzaldehyde semicarbazone formation,
r =ÿ1.74.14 On the one hand, a small value ofr
suggests a small positive charge over the carbon atom in
the transition state. On the other hand, (i) the secondary
kinetic deuterium isotope effects for dehydration of the
addition intermediate formed from benzaldehyde and
semicarbazide or phenylhydrazine are large.17 which
means that little carbon–oxygen bond cleavage has
occurred in the transition state, (ii) the rate constant for
the acid-catalyzed dehydration step for the oxime
formation from 4-chlorobenzaldehyde shows a Brønsted
a value of 0.77,11 this large value ofa being a sign of a
large transfer of the proton in the transition state, and (iii)
the dehydration rate constants of carbinolamines formed
from benzaldehyde and a series of hydrazines show a
value ofbn = 0.4.18 This small value means that there is a
small dependence on the basicity of the hydrazine moiety
and that there has been relatively little electron donation
from nitrogen to form the double bond to carbon in the
transition state. All these facts leave us with a picture of
the transition state in which there is a large amount of
proton transfer, little C—O cleavage and little C—N
double bond formation. Therefore, the transition state
appears to have the bulk of the positive charge
concentrated on oxygen and little on carbon or nitrogen.
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ABSTRACT: In the dioxane–H2O system, electron-transfer quenching processes have been observed between the
excited 9-anthrylmethyl esters of butyric acid (A-4), caprylic acid (A-8), lauric acid (A-12) and palmitic acid (A-16)
as fluorescence probes, andm-N-N-diethylaminophenyl esters of butyric acid (P-4), caprylic acid (P-8), lauric acid
(P-12) and palmitic acid (P-16) as quenchers. The results indicate that the hydrophobic–lipophibic interaction (HLI)-
driven coaggregation of an acceptor and a donor can very effectively facilitate the electron-transfer quenching process
between the excited acceptor (or donor) and the ground-state donor (or acceptor) after they become preassociated
inside the coaggregate species. Furthermore, the extent of HLI-driven coaggregation (preassociation) between the
acceptor and the donor may be assessed from the slope B of the equationI0/I = A� B[Q]. The chain-length effect and
the effect of solvent aggregating power were also observed. Copyright 1999 John Wiley & Sons, Ltd.


KEYWORDS: coaggregate; anthracene derivatives;m-N,N-diethylaminophenyl carboxylates; fluorescence
quenching


INTRODUCTION


Hydrophobic–lipophilic interactions (HLI) play an im-
portant role in chemical and biochemical processes such
as conformational changes of biopolymers, the binding of
a substrate to an enzyme, the formation of living cells
from biological molecules, etc.1–3 On the other hand,
studies on photophysical and photochemical processes in
organized assemblies have also attracted much atten-
tion.4–6 Since aggregates of electrically neutral organic
molecules are formed almost solely by HLI, some recent
efforts have been dedicated to studies of hydrophobic
effects on photochemical and photophysical processes.7–9


It has been reported that aggregation, coaggregation and
self-coiling of organic molecules affect the formation of
excimers, the enhancement of energy transfer between
excited donors and acceptors9,10 and the hydrophobic
acceleration of electron transfer processes.11 In the
present work, a novel finding is that at low concentrations
(�10ÿ6 M) *A-n can be used as an acceptor whenP-n
was used as a donor, but whenS-12 was used as an
acceptor, *A-12 becomes a donor in electron-transfer
quenching process driven by HLI (see structures below).


To our knowledge, these observations have not been
reported previously. The fact that the critical coaggregate
concentration (CoCAgC) value is so small may be
considered a consequence of the high aggregating
tendencies of the aggregators (Agrs).1b Clearly, HLI-
driven processes such as self-aggregation and excimer
formation on the one hand, and HLI-driven processes
such as co-aggregation and electron transfer on the other,
differ only in the fact that the former involves only one
Agr, whereas the latter involves two different kinds of
Agrs.


Electron transfer is a very active topic in chemical
research,12 such as the use of solar energy and
photosynthetic process. It is also well known that
medium effects, such as solvent polarity, microheter-
ogeneous environment and the addition of salts, have an
important influence on the behavior of photoinduced
electron transfer between the donor and the acceptor in
solution.13 The present work broadens and extends
studies on hydrophobic acceleration of electron-transfer
processes facilitated by HLI-driven aggregation to the
study of the electron-transfer process between excited
9-anthrylmethyl carboxylates (A-n,n = 4, 8, 12, 16) and
m-N,N-diethylaminophenyl carboxylates (P-n,n = 4, 8,
12, 16) in order to demonstrate that aggregation can also
exert a facilitating effect on the electron transfer process.


In the present work, excited 9-anthrylmethyl carboxy-
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lateswith different chain lengths(A-n,n = 4, 8, 12, 16)
wereusedasacceptorsandfluorescenceprobes,andm-
N,N-diethylaminophenylcarboxylates(P-n,n = 4, 8, 12,
16) as donorsand quenchers.HLI-facilitated electron-
transferprocessesbetweenthem were investigatedby
meansof fluorescencespectroscopyin dioxane(DX)–
H2O systemswith different Φ values,where Φ is the
volumefractionof theorganiccomponentof anaqueous–
organicmixture.


The occurrence of electron transfer between the
excited acceptorand the ground-statedonor results in
fluorescencequenchingof the excitedacceptorA-n* by
P-n. This is an expectedresultbecauseit is well known
that intermolecularelectrontransfercan occur between
thelowestexcitedsingletstateanthraceneastheacceptor
and N,N-diethylaniline as the donor.12b It is also well
known that the electron-transferprocessfacilitated by
HLI-driven aggregationis very similar to the static
quenchingprocessthat occurswith fluorophoresalready
associatedwith the quencher inside the coaggregate
species.14 Wehavenowexperimentallydemonstratedfor
thefirst time thatfluorescencequenchingof A-n* by P-n


canbefacilitatedby HLI-driven coaggregation.Fluores-
cencecan be quenchedby electrontransferor energy
transfer(or bothelectronandenergytransfer).Quenching
werecarriedout by excitingA-n at 360nm with P-n (or
S-12). The �ex value is larger than the P-n (or S-12)
absorptionwavelength.This indicated that the energy
transferfrom *A-n to P-n (or S-12) is endothermic,and
the most probable quenching mechanismis electron
transfer.In A-n–P-n systems,exciplexformationwasnot
observedunderour experimentalconditionsbecauseof
the polarity of the medium, as Weller12b and Otto-
lenghi12c havediscussedpreviously.


Moleculesmay associatein solution for two reasons,
by van der Waals force and by collision-inducedweak
charge-transfer(CT) interactions.However,both inter-
actionsare weak. On the other hand,previousstudies
have establishedthat preassociationof chromophores
drivenby HLI cangreatlyfacilitateexcimerformation.15


We speculatethat enhancementof A-n* fluorescence
quenching might also be facilitated by HLI-driven
coaggregationof A-n* and P-n at very low concentra-
tions (ca. 10ÿ5 M). Furthermore, the efficiency of


Scheme 1
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fluorescencequenching should depend on the chain
lengthof the substitutentgroupsof the acceptorprobes
(A-n*) or thedonorquenchers(P-n*) andon thesolvent
aggregatingpower (SAgP) of the reaction media. All
thesespeculationshavebeenfound to be true.


EXPERIMENTAL


Apparatus. 1H NMR spectrawereobtainedat90MHz on
a VarianFX-90Qspectrometerwith TMS asthe internal
standard.Chemicalshiftsareexpressedin ppm(�). UV–
Vis spectra were recorded on a Perkin-Elmer 559
spectrometer.


Reagents and substrates. All target compoundswere
prepared in our laboratory and identified later by
elementalanalysisand 1H NMR. All the esterswere
purified by flash column chromatographyon silica gel
with light petroleum–ethylacetateaseluent.


Preparation of substrates. A-n andP-n werepreparedby
the reactionsshownin Scheme1.


A typical procedurefor preparing the target com-
poundsis asfollows. A mixtureof lauric acidandexcess
thionyl chloride in anhydrousbenzenewas stirred and
refluxed for 3–4h and excess thionyl chloride and
benzene were removed under reduced pressure.A
benzenesolutionof 9-anthracenemethanol(or 3-diethyl-
aminophenol)and pyridine was addedand stirred and
refluxedfor another2–3h. Thesolutionwaswashedwith
saturatedNaHCO3 and saturatedNaCl solution, dried
with anhydrousNa2SO4 and the solvent was removed
underreducedpressure.Theproductwaspurifiedby flash
column chromatographyon silica gel with light petro-
leum–ethylacetateaseluent.Thepreparationof S-12has
beenreportedelsewhere.16


9-Anthrylmethyl ester of butyric acid (A-4). Greenish
liquid. 1H NMR (CDCl3), � 1.1 (t, 3H), 1.8 (m, 2H), 2.5
(t, 2H), 6.2 (s, 2H), 7.4–8.6 (m, 9H); anal. calcd for
C19H18O2: C 81.99,H 6.52; found: C 81.57,H 6.52%;
UV–Vis absorption, �max (e) 347nm (4500
l molÿ1 cmÿ1) 365nm (6700 l molÿ1 cmÿ1) 385nm
(6200l molÿ1 cmÿ1) (dioxane).


9-Anthrylmethyl ester of caprylic acid (A-8). Greenish
liquid. 1H NMR (CDCl3), � 0.8–1.7(m, 13H),2.3(t, 2H),
6.1(s,2H), 7.4–8.3(m, 9H), anal.calcdfor C23H26O2: C
82.60, H 7.84; found: C 82.74, H 7.82%; UV–Vis
absorption: �max (e) 347nm (3200 l molÿ1 cmÿ1),
365nm (4700 l molÿ1 cmÿ1), 385nm (4300
l molÿ1 cmÿ1) (dioxane).


9-Anthrylmethyl ester of lauric acid (A-12). Greenish
solid, m.p. 57–58°C. 1H NMR (CCl4), � 0.9–1.6 (m,
21H),2.2(t, 2H),5.9(s,2H),7.3–8.3(m, 9H),anal.calcd


for C27H34O2: C 83.03,H 8.77;found:C 82.82,H 8.84%,
UV–Vis absorption: �max (e) 347nm (4600
l molÿ1 cmÿ1), 365nm (7000 l molÿ1 cmÿ1), 385nm
(6400l molÿ1 cmÿ1) (dioxane).


9-Anthrylmethyl ester of palmitic acid (A-16). Greenish
solid, m.p. 72–73°C. 1H NMR (CDCl3): � 0.9–1.7(m,
29H),2.3(t, 2H),6.1(s,2H),7.4–8.4(m, 9H),anal.calcd
for C31H42O2: C 83.36,H 9.48;found:C 83.38,H 9.64%;
UV–Vis absorption: �max (e) 347nm (1200
l molÿ1 cmÿ1) 365nm (1600 l molÿ1 cmÿ1) 385nm
(1400l molÿ1 cmÿ1) (dioxane).


m-N,N-Diethylaminophenyl ester of butyric acid (P-4).
Colorlessliquid. 1H NMR (CCl4), � 1.2 (m, 9H), 1.7 (m,
2H), 2.4(t, 2H), 3.3(q, 4H), 6.2–7.0(m, 4H); anal.calcd
for C14H21NO2: C 71.46,H 8.99,N 5.95;found:C 71.47,
H 9.17,N 6.06%;UV–Vis absorption,�max (e) 260nm
(31 000 l molÿ1 cmÿ1), 304nm (4600 l molÿ1 cmÿ1)
(dioxane).


m-N,N-Diethylaminophenyl ester of caprylic acid (P-8).
Greenishliquid. 1H NMR (CCl4), � 1.0–1.8(m, 19H),2.4
(t, 2H), 3.3 (q, 4H), 6.2–6.9 (m, 4H); anal. calcd for
C18H29NO2: C 74.18,H 10.03,N 4.81;found:C 74.25,H
10.30, N 4.86%; UV–Vis absorption,�max (e) 260nm
(25000 l molÿ1 cmÿ1), 304nm (3600 l molÿ1 cmÿ1)
(dioxane).


m-N,N-Diethylaminophenyl ester of lauric acid (P-12).
Greenishliquid. 1H NMR (CCl4), � 0.9–1.8(m, 27H),2.4
(t, 2H), 3.3 (q, 4H), 6.3–6.9 (m, 4H); anal. calcd for
C22H37NO2: C 76.03,H 10.73,N 4.03;found:C 75.94,H
11.03, N 4.08%; UV–Vis absorption;�max (e) 260nm
(41000 l molÿ1 cmÿ1), 305nm (7000 l molÿ1 cmÿ1)
(dioxane).


m-N,N-Diethylaminophenyl ester of palmitic acid
(P-16). Colorlesssolid, m.p. 34–35°C. 1H NMR (CCl4),
� 0.9–1.8(m, 35H), 2.4 (t, 2H), 3.4 (q, 4H), 6.3–7.0(m,
4H); anal. calcd for C26H45NO2: C 77.37,H 11.24,N
3.47; found: C 76.76, H 11.58, N 3.16%; UV–Vis
absorption,�max (e) 260nm (50 000 l molÿ1 cmÿ1),
304nm (7400l molÿ1 cmÿ1) (dioxane).


RESULTS AND DISCUSSION


Previouswork has shown that HLI can facilitate the
electron-transferprocessbetweenexcited1-a-naphthyl-
3-oxaalkanes and 2-alkyl-3,5,6-trichloro-1,4-benzo-
quinonesin DX–H2O systemswith differentΦ values.14


In order to avoid the self-quenchingof the fluorescence
probeA-n andothercompetingphotochemicalprocesses,
e.g.photoinduceddimerizationof excitedanthrylgroup,
in ourexperimentsonthehydrophobicaccelerationof the
electron-transferprocessbetweenA-n* and P-n, the
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concentrationof A-n mustbekeptat lessthanits critical
aggregateconcentration(CAgC) valuesin the DX–H2O
solvent systemsused,becauseit is generallyaccepted
that below the CAgC, the A-n exists in its monomeric
form in the DX–H2O system.Therefore,the CAgCsof
A-n were first measuredby means of fluorescence
spectroscopyin DX–H2O systems with different Φ
values,1b,d andthe resultsaregiven in Table1.


Examinationof Table1 revealsthat, asexpected,the
CAgC values increasewith increasing Φ values (or
decreasingSAgP) for A-n in the DX–H2O system,and
theaggregatingtendenciesof A- n increasewith increase
in alkyl chainlength.


From our experimentalresults in Figs 1 and 2 it is
notablethat different degreesof fluorescencequenching
of all A-n* fluorophoresareobservedwhenP-n or S-12
is added.


It is very interestingthat A-12* can be usedas an
acceptorwhenP-n is usedasa donor,but whenS-12 is
used as an acceptor,A-12* becomesa donor in the
electron-transferquenchingprocessdrivenby HLI. This
is consistentwith thepointof view thatthetermselectron
donorandacceptorareonly relativeanda singlespecies
may behaveboth as a donor and as an acceptorin the
studyon organicelectron-transfercomplexes.17


In the fluorescence quenching experiments, the
excitation wavelengthusedfor A-n* is 360nm. It has


been shown that in the presenceof P-n in DX–H2O
solventsystems,P-n cannotbe excitedat 360nm, and
therefore it could not interfere with the fluorescence
emissionof A-n*. Sincethe excitationwavelength(360
nm) is longer than the absorptionwavelengthsof P-n
(260and304nm)andS-12(270nm), theenergytransfer
would beendothermic.This indicatesthat thepossibility
of energytransferfrom *A-n to P-n (or S-12) could be
excluded.Hencethe mostprobablequenchingmechan-
ismis electrontransfer,in harmonywith previousreports
that thereis anelectron-transferprocessbetweenexcited
anthraceneand ground-stateN,N-diethylaniline in non-
polarsolvents.12b,d,e


The fluorescenceintensityof the excitedfluorophore,
A-12*, decreaseswhenthe quencherP-12 is added(see
Fig. 1). In this case,A-12* wastheelectronacceptorand
P-12wastheelectrondonor,andHLI-driven preassocia-
tion precedeselectron transfer between the excited
acceptorand the ground donor inside the coaggregate
species.In the case(Fig. 2) with A-n* asthe donorand
S-12astheacceptor,thefluorescenceintensityof A-12*
also decreasedquickly with increasingamountof S-12
addedto the DX–H2O system,and hydrophobicaccel-
eration of electron transfer is clearly demonstrated.
However,in pureDX, thereis nofluorescencequenching
betweenA-n* andP-n at low concentrations(�10ÿ6 M),
whereasin the DX–H2O systemthere is fluorescence
quenchingbetweenA-n* andP-n at thesameconcentra-
tion, brought about by the proximity effect of the
coaggregationunder the influence of HLI. From the
aboveexperimentalresults,we mayconcludethatunder
different conditions,excitedanthracenederivativesmay
serveeitheraselectronacceptorsor aselectrondonors.
This observationhasnot beenreportedpreviously.


I0/I vs [Q] plotsshowthatthereis a linearrelationship
[Eqn.(1)] betweenI0/I and[Q] when[Q] is largerthanor
equalto CoCAgC,i.e. it is similar to the Stern–Volmer
equation,i.e. I0/I = 1� kq t0 [Q]. In Eqn. (1), B is an


Table 1. CAgC (10ÿ6
M) of A-n (n = 4, 8, 12, 16) in DX±H2O


systems with different Φ values at 35°C


Φ
0.20 0.25 0.30 0.35 0.40 0.45


A-16 1.67 7.09
A-12 3.63 12.7
A-8 4.89 15.0
A-4 �8.64


a Uncertaintyis lessthan10%.


Figure 1. Effect of gradually increasing P-12 concentration
on the ¯uorescence intensity of A-12 (1.0� 10ÿ6


M).
f = 0.30; �ex = 360 nm; t = 35°C


Figure 2. Effect of gradually increasing S-12 concentration
on the ¯uorescence intensity of A-12 (1.0� 10ÿ6


M).
f = 0.30; �ex = 360 nm; t = 35°C
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empiricalcoefficient.Therefore,weusedB = kq t0 for the
evaluationof kq, takingthet0 valueas5.3nsfor *A-n.18


I0=I � A� B�Q� �1�


whereI0 is thefluorescenceintensityof excitedA-n in the
absenceof thequencher,I is thefluorescenceintensityof
excitedA- n in the presenceof the quencher,and[Q] is
theconcentrationof thequencher.


Furthermore,in the S-12–A-12 system,in Φ = 0.30
DX–H2O at 35°C, the B value is 5.15� 104 and the
correspondingkq for S-12 is 9.7� 1012 l molÿ1 sÿ1. By
comparingtheaforesaidkq or B valueof S-12with thekq


value(3.8� 1013 l molÿ1 sÿ1) or B value(2.04� 105) of


P-12in the*A-12/P-12systemin Φ = 0.30DX–H2O (see
Tables2 and3), wemayconcludethatP-12is betterthan
S-12asa quencherin the*A-12 fluorescencequenching
processdrivenby HLI.


Certainly, a larger B value signifies more effective
quenchingof the excitedacceptor(or the donor)by the
donor (or the acceptor).The resultsindicate that the B
valuesdecreasewith increasingΦ value (or decreasing
SAgP)for thequenchingof A-12* monomerby P-12, as
expected.Differentkq valuesin solventswith differentΦ
valuearesummarizedin Table3.


Basedontheassessedkq values,whicharemuchlarger
than1010 l molÿ1 sÿ1, a diffusional control fluorescence
quenchingprocessappearsto be very unlikely.14 There-


Table 2. B values (105 l molÿ1) of the quenching of A-n with P-n in DX±H2O systems with different Φ values at 35°C


Φ
0.20 0.25 0.30 0.35 0.40 0.45 0.50


A-16 andP-16 3.51 1.04 0.470
A-12 andP-12 2.04 0.747 0.209 0.0718 0.0400
A-8 andP-8 0.213 0.0960 0.0357
A-4 andP-4 /


a Uncertaintyis lessthan10%.


Table 3. kq (1012 l molÿ1sÿ1) of the quenching of A-n with P-n in DX±H2O systems with different Φ values at 35°C


Φ
0.20 0.25 0.30 0.35 0.40 0.45 0.50


A-16 andP-16 66 20 8.9
A-12 andP-12 38 14 3.9 1.4 0.75
A-8 andP-8 4.0 1.8 0.67
A-4 andP-4 /


a Uncertaintyis lessthan10%(tAn* = 5.3 ns).


Figure 3. I0/I of A-16 (1.0� 10ÿ6
M) vs [P-16] in the DX±H2O


system with different Φ values at 35°C
Figure 4. I0/I of the probe (1.0� 10ÿ6


M) vs [P-n] in the DX±
H2O system with Φ = 0.40 at 35°C
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fore, it might be concluded that the preassociation
quenchingprocessinducedby HLI-driven aggregation
is verysimilar to astaticquenchingprocess.TheB values
given in Figs3 and4 increasewith decreasingΦ values,
asexpectedfrom thefact thatwithin a limited rangeof Φ
values,SAgP and Φ are almost linearly related.11 At
larger Φ values, the tendency for aggregationand
coaggregationof theorganicaggregatorwill besmaller.


The I0/I versus[Q] plotstogetherwith thecorrespond-
ing B valuesareshownin Figs3 and4.Theyindicatethat
a larger B value signifies more effective fluorescence
quenchingby the quencher.Figure 4 showsthat in the
quenchingprocessbetweenA-n* and P-n, there is a
chain-lengtheffect of the substitutentgroup,andFig. 3
showsthatthereis aneffectof SAgPon theefficiencyof
fluorescencequenching.On the otherhand,on the basis
of previousfindings,thelifetime of theprobemonomeris
unchangedwith increasingquencherconcentration,i.e. it
appearsto be a constantwithin experimentaluncer-
tainty.11,14Therefore,thelifetimesof theprobeswerenot
measured.Finally, aggregationand coaggregationare
consequencesof stepwiseprocesses.19 For the measure-
ment of CAgC or CoCAgC valuesbasedon property–
concentrationplots there is usually a transition region.
Sincemeasurementsat theseextremelylow concentra-
tions are not very precise,the intercept value at zero
concentrationmaynot beunity.


In conclusion,the above-mentionedresults indicate
that we have successfully integrated the study of
photoinducedelectrontransferprocesseswith the study
of aggregationof organiccompounds.At low concentra-
tion (�10ÿ6 M) in DX–H2O systemsthe fluorescence
quenchingbetweenA-n* and P-n (or S-12) can be
facilitated by the proximity effect of the coaggregation
undertheinfluenceof HLI. Therefore,it is of importance
to find an empiricalparameter,hereindesignatedB, for
thefluorescencequenchingprocesswhichmayreflectthe
relativemagnitudesof thetendenciesof thefluorescence
quenchingin order to study structural effects on the
donorsandacceptors.
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Hydrogen as a migrating group in some pinacol
rearrangements: a DFT study
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ABSTRACT: DFT calculations at the Becke3LYP/6–31G* level were employed to demonstrate that the pinacol
rearrangement of ethylene glycol and the 1,1-dimethyl and 1,1,2-trimethyl analogs undergo pinacol rearrangements
by a concerted hydrogen-bridged transition structure. No evidence for a bridged intermediate was found. Calculations
by two methods on the ethylene glycol system were repeated with the various structures embedded in a solvent cavity
with the medium dielectric constant set for water. The ratio of rates for the two methylated glycols was calculated
with good agreement with the experimental value. The kinetic isotope effect for the rearrangement of 1,1,2-
trimethylethylene glycol was calculated (2.8) in fair agreement with the experimental value of 1.6. Sources of error
are briefly discussed. Copyright 1999 John Wiley & Sons, Ltd.


KEYWORDS: hydrogen migration; pinacol rearrangements; kinetic isotope effects; density functional theory
calculations


INTRODUCTION


By 1949 it could be seriously proposed that the pinacol
rearrangement was the best studied reaction in all of
organic chemistry. Wheland1 in that year published an
extensive review of the reaction applying the classical
mechanistic steps previously proposed by Whitmore.2 As
applied to the long known rearrangement of ethylene
glycol to acetaldehyde,3 this mechanism may be written
as shown in Scheme 1.


In the 1950s and 1960s, physical organic chemistry
entered into what has been described as the ‘rococo
period’ of carbocation mechanisms.4 Bridged ion inter-
mediates and neighboring group participation became
pervading concepts widely applied with a lack of
discrimination.


This perception began to alter with the work of
Collins’ group at Oak Ridge.5 By the use of kinetic
isotope effect arguments, it was established that the acid-
catalyzed rearrangement of 1,1,2-triphenylethylene gly-
col could only be accommodated by an open classical
carbocation mechanism shown above. However, when
similar studies were extended to the rearrangement of
1,1-dimethylethylene glycol and 1,1,2-trimethylene gly-
col,6 the kinetic isotope effects (ca 1.6–1.7) were
interpreted as indicating hydrogen acting as a neighbor-
ing group forming a non-classical hydrogen-bridged
intermediate as shown in Scheme 2.


Recently, Nakamura and Osamura published anab
initio study of the pinacol rearrangement of ethylene,
propylene and isobutylene glycols at the HF/6–31G
level.7 They reported that theb-hydroxycations formed
by the loss of water from the first two glycols rearrange
spontaneously to the appropriate protonated carbonyl
products. Thetertiary b-hydroxycation from the iso-
butylene glycol was stated to form a stable intermediate
cation. With this exception, they discounted the im-
portance of the classical ion mechanism, reporting that a
concerted hydrogen-bridged transition structure (Scheme
2) was energetically the more favorable pathway. These
early results were based on calculations with Gaussian 82
and are difficult to assess since they did not give any
verification of their transition states (TSs) and zero point
energy (ZPE) corrections were not included. At the time,
solvent corrections to the energies or structures were not
possible.


Schleyer and co-workers found the employment ofab
initio calculations by HF or MP2 methods to be
inconsistent regarding non-classical structures. They
suggested that density functional theory (DFT) calcula-
tions at the Becke3LYP/6–31G* level represent a
minimum satisfactory level for assessing such struc-
tures.8,9 This paper reports the application of such
calculations to the pinacol rearrangement of ethylene
glycol with and without corrections for the polarity of the
solvent. Prior to the arrival of computational methodol-
ogy, small kinetic isotope effects were interpreted largely
based on speculative reasoning. Carrying forth from the
ethylene glycol results, the current study was extended to
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establishif theobservedkinetic isotopeeffectsfrom our
previousexperiementalwork were consistentwith the
postulationof hydrogen-bridged TSs.


COMPUTATIONAL METHODS


Preliminary calculationswere carried out either with
SPARTAN (Wavefunction, Irvine, CA, USA), Gaus-
sian9410 or Gaussian98.10 DFT calculationswerecarried
out at theBecke3LYP/6–31G*level. At the requestof a
reviewer,certainsingle-pointcalculationswererepeated
on pertinentstructuresat the MP2/6–31�G**//Becke-
3LYP/6–31G* level. Synchronoustransit-guidedquasi-
Newton methods were used to obtained transition
structures.11,12 In the fastestof these,QST2,a transition
structureis approximatedfrom input structuresfor the
startingmaterialand the product(s).This structuremay
then require refinementby the QST3 methodin which
thesestructuresare augmentedby the approximateTS
leadingto a new TS refinedsufficiently to give a single
imaginary frequencyupon a frequencycalculation. In
somecasesonemay go directly to the TS by useof the
startingandproductstructuresandaguessedstructurefor
the TS. Zero point energycorrectionsfor all TSs were
Becke3LYP/6–31G* calculations.The normal coordi-
natemotionsof theimaginaryvibrationalfrequenciesfor
all TSs were visualized via Gaussview (Gaussian,
Pittsburgh,PA) to insurethe correspondencewith valid
reactioncoordinates.


Thepotentialenergysurfacenearthevarioustransition


structureswas found to be very flat, requiring extreme
strictures on the convergencecriteria and frequency
calculations for each cycle [opt = (TS, very tight,
CalcAll)]. Solvent corrections to the ethylene glycol
systemwere first studiedutilizing the Onsagerreaction
field model (SCRF= dipole) with the sphericalcavity
approximation.13 Basedon theslight changesin starting
materialandTSgeometries,moreaccurateenergieswere
determinedassingle-pointcalculationsusing the polar-
ized continuummodel (PCM) methodof Miertus and
Tomasi.14 Softwarelimitationspreventedoptimizationof
theTS underthePCM method.


RESULTS AND DISSCUSSION


Initially thetransitionstatefor thepinacolrearrangement
of ethylene glycol was sought by a series of bond
stretchingcalculationsin which theprotonatedhydroxyl
groupwasprogressivelylengthenedfrom its equilibrium
value.A TS wasfound with the waterat a considerable
from a 2-hydroxy-1-ethylcation. Nakamuraand Osa-
mura7 reportedthat the 2-hydroxy-1-ethyl cation rear-
rangedspontaneouslyin a zeroactivationenergyprocess
to the protonated acetaldehydeproduct. A detailed
examinationseemedwarranted.A potentialenergyscan
was carried out on the 2-hydroxy-1-ethylcation while
rotatingaboutthe C(1)—C(2)bond.This first found TS
was establishedas the barrier to this rotation by an
intrinsic reaction coordinate (IRC) calculation15 and
examination of the imaginary vibrational mode via
Gaussview.The only point at which the spontaneous
rearrangmentoccured was with the C(2)—H bond
antiperiplanarto the just departingwatermoiety. It may
be mentionedparentheticallythat the spontaneousrear-
angement tells us nothing about the rearrangement
pathwayof the carbocationas the modelingprogramis
designed to find an energy minimum but does not
necessarilyfollow thereactioncoordinatein accomplish-
ing this.


A valid concerted TS for the rearrangementof
protonatedethylene glycol was found by means of
successiveQST2andQST3calculations.Theenergyfor
this structureis given in Table 1 and the structureis


Scheme 1


Scheme 2
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displayedin Fig. 1. Not unexpectedly,the differencein
computationallevelsproducedminordifferencesin bond
lengths, bond angles and reaction enthalpy from the
previously reported values.7 Gaussviewdisplayed the
imaginary frequency correspondingto the expected
reactioncoordinatewith the bridging hydrogenoscillat-
ing betweencarbons1 and2. The calculatedactivation
enthalpyof 26.0kcalmolÿ1 (1 kcal= 4.184kJ)compares
with the earlier published value7 of 23.6kcalmolÿ1.
When corrected for ZPE the value decreasesto
21.4kcalmolÿ1. An IRC calculationclearly connected
this TS with the starting glycol and the acetaldehyde
product.No evidencefor a stablebridgedintermediate
wasfound.Indeed,anapproximationto sucha structure
collapsedimmediatelyto acetaldehyde.


Currentlyavailablesoftwaredoesnotpermitadetailed
examinationof specificsolventinteractionwith charged
substrates.The self-consistentreaction field method
employing the sphericalcavity model13 producedonly
a slight lengtheningof thebondto thedepartingwaterin
the TS (Fig. 1). As stated previously, computational
limitations dictated the use of single-pointenergiesto
evaluatetheeffectsof employingthemoresophisticated
PCM14 model. As seenin Table 2, dielectric constant
effects are minimal with the simpler sphericalcavity
model and considerablymore realistic with the PCM
model. However as reflectedin Table 3, the effect of
increasing the dielectric constant is to increase the
activation enthalpy to 34.1kcalmolÿ1. This result is
dueto the enhancedinteractionof the mediumwith the


Figure 1. Becke3LYP/6±31G* TS structures for (A) ethylene glycol, (B) ethylene glycol in the simple dipole model water cavity, (C)
1,1-dimethylethylene glycol, (D) 1,1,2-trimethylethylene glycol, (E) threo-butane-2,3-diol and (F) erythro-butane-2,3-diol
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compactchargeof the protonatedglycol as opposedto
themorediffusechargeof theTS.


The TSs for the rearrangementsof 1,1-dimethylethy-
lene glycol and 1,1,2-trimethylethyleneglycol were
determined in the same fashion. The ZPE-corrected
energiesfor the starting protonatedglycols, TSs and
productsaregivenin Table1.Thestructuresandenergies
relativeto eachprotonatedglycol aregivenin Fig. 1. The
ZPE-correctedenthalpiesof activation(0 K) for thethree
glycols in this studyfall in the sequence21.5,15.8and
12.8kcalmolÿ1, reflecting the stabilizing influence of
increasingmethyl substitution.


In ethyleneglycol, theC—H bondlengthto thecarbon
with theprotonatedOH groupwas1.089Å, in contrastto
the more normal C—H distanceof 1.095Å. The bond
lengths to the bridging hydrogen are of interest in
reflectingthestateof developmentof eachTS. In theTS
for ethyleneglycol thelengthsto themigratingH moiety
are 1.260Å to the migration origin and 1.479Å to the
migrationterminus.Clearly the TS is not symmetrically
bridged. For the 1,1-dimethyl case,the corresponding
values are 1.272 and 1.433Å, respectively,indicating


thisTSto beslightly furtheralongthereactioncoordinate
than the less substitutedcase.However, for the 1,1,2-
trimethyl case,TS developmentis clearly at an earlier
point reflectingtheinductivehelpof themethylgroupat
C(2).


At 73°C in 1.2M perchloricacid,theratio of thefirst-
order rate constantfor 1,1-dimethylethylene glycol to
that for 1,1,2-trimethylcompoundis 1.1� 0.3.6b If one
acceptsthat the pre-expontentialfactor in the Arrhenius
equationmust be similar for both processes,16 the rate
ratio maybewritten as


k1=k2 � exp���G�2ÿ�G�1�=RT� �1�


wheretheDG* s are the differencesin the temperature-
correctedandscaled17 sumof electronicandthermalfree
energiesfor the transitionstructuresand reactants.The
calculatedvalue for this systemis 1.0, which must be
consideredasvery goodagreementas free energiesare
calculated via statistical thermodynamics from the
calculatedvibrational frequencieswhich are subject,in


Table 2. Effects of a solvent correction to e = 78.38 D for species of interest in the ethylene glycol seriesa


Molecule Onsager(h)
DDHb


(kcalmolÿ1) PCM (h)
DDHb


(kcalmolÿ1)


CH2(OH)CH2(O
�H2) ÿ230.563440 1.7 ÿ230.677382 73.2


TS ÿ230.520391 0.7 ÿ230.623089 65.2
CH3CH(=O�H) ÿ154.139363 1.7 ÿ154.245681 68.4
H2O ÿ76.410251 0.8 ÿ76.418088 5.7
H3O


� ÿ76.690145 2.7 ÿ76.858425 108.3


a Becke3LYP/6–31G* energies.
b DDH = thechangein enthalpydueto thesolventeffect.


Table 1. Becke3LYP/6±31* and MP2/6±31� G** energies (hartree) including Becke3LYP/6±31* ZPEs


Species Energya ZPEa MP2b


CH2(OH)CH2(O
�H2) ÿ230.560710 0.098126 ÿ229.933466


TS ÿ230.519260 0.090856 ÿ229.892096
CH3CH(=O�H) ÿ154.136705 0.068648
H2O ÿ76.408953 0.021159
H3O


� ÿ76.685908 0.032479
(CH3)2C(O�H2)CH2(OH) ÿ309.213303 0.153790 ÿ308.327345
TS ÿ309.179983 0.145576 ÿ308.292655
(CH3)2 CHCH(=O�H) ÿ232.774397 0.126325
(CH3)2 C(O�H2)CH(OH)CH3 ÿ348.533442 0.181868 ÿ347.518761
TS ÿ348.504739 0.1735583 ÿ347.485092
(CH3)2CHC(=O�H)CH3 ÿ271.113693 0.154277
threo-Butane-2,3-diol ÿ390.212960
TS ÿ309.175870
erythro-Butane-2,3-diol ÿ390.210921
TS ÿ390.171567


a Energiesin hartrees.
b MP2/6–31G*//Becke3LYP/6–31G*.
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turn,to theassumptionof simpleharmonicvibrationsand
goodstructuresincludingelectroncorrelation.


Equation(1) canalsobeappliedto thekinetic isotope
effectsby replacingthesubscripts1 and2 with H andD,
respectively.On this basis,thecalculatedkinetic isotope
effect for 1,1,2-trimethylethyleneglycol wasfoundto be
2.8,which canbecomparedwith theexperimentalvalue
of 1.6. In consideringthe divergencehere, one must
considerthat thereis someexperimentalerror in therate
measurementsandin therequiredfour sumsof electronic
andthermalfreeenergieswith errorsasdescribedabove.
RaukhasextendedEqn.(1) by incorporatingthe effects
of internal rotors in the molecule.18,19 He recalculated
thesedatawith hisversionof theequation,arrivingat the
samevaluefor kH/kD.


In the interestof completeness,a reviewersuggested
that the rearrangementof butane-2,3-diolbe includedin
this study. The energiesfor the protonatedthreo and
erythroglycolsandthecorrepondingtransitionstructures
aregivenin Table1 with theactivationenergiesin Table
3. As canbeseenin Fig. 1, theC—H bondlengthto the
carbonat the rearranementorigin for the threo glycol E
correspondsto thatof the1,1-dimethylethylenegylcol C;
thedistanceto themigrationterminusindicatestheTSto
be later than for C. The activation enthalpy is
iintermediate between those for ethylene glycol and
1,1-dimethylethylene glycol. With the eclipsinginterac-
tion of thetwo methylsin theerythroglycol D theTS is
considerably earlier than for the threo case. This
interactionis reflectedin the higheractivationenthalpy
(24.7vs23.3kcalmolÿ1) for F overE andin theslightly
longer(0.04Å) C–Cbondlength.


In summary,it has been demonstratedthat for the
glycolsconsideredherethe concertedmechanisminvol-
ving a hydrogen-bridged TS offers the lowest energy
pathwayto products.No evidencefor the existenceof a
bridgedhydrogenintermediatewasfound.Theactivation
enthalpiescalculatedat the Becke3LYP/6–31G* level
are consistentwith the numberand location of methyl
groups. Reaction rate differences between the 1,1-
dimethyl and 1,1,2-trimethylethyleneglycols are mod-
eled fairly well. Within the limits of error expectedfor
suchcalculations,replacementof themigratinghydrogen
by deuterium for the 1,1,2-trimethyl case gives a


computed kinetic isotope effect consistent with the
formation of a hydrogen-bridgedTS. As shownin Fig.
1, the C(1)—C(2) bond lengths (1.40–1.42 Å) are
significantly more sp2–sp2-like than the averagelength
of 1.53Å found in theprotonatedglycols.
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Kinetics and mechanism of aminolysis of aliphatic esters in
aprotic solvents
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ABSTRACT: Kinetic studies were carried out on the aminolysis reactions of substituted aliphatic esters in a variety of
aprotic solvents. The reaction rate is strongly affected by inductive and steric effects of substituents in the acyl group,
rising more than 104-fold from cyanoacetate to trifluoroacetate. The quantitative treatment of solvent effects revealed
a rate decrease by the polarity andp-basicity of the solvents, and also an accelerating effect of the polarizability of
solvents. Cyclic transition states were assumed for both the first and second-order (in amine) reactions. Copyright
1999 John Wiley & Sons, Ltd.
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INTRODUCTION


The mechanism of ester aminolysis in aprotic media was
subjected to a detailed analysis in the classical work of
Menger and Smith.1 They proposed the general Scheme 1
for ester aminolyses.


It was concluded that the collapse of the tetrahedral
intermediate was rate determining, and that the inter-
mediate expels the leaving group in an unprotonated state
(i.e. as a phenoxide ion rather than phenol). Negative
activation energies were found for the aminolysis of
electrophilic esters with good leaving groups such as 4-
nitrophenyl trifluoroacetate.2 Although DG° = DH°ÿ
TDS° >0, for these compoundsDH≠


obsd= DH°� DH≠


<0, whereDH≠
obsdis the observed enthalpy of activation,


DH≠ is the enthalpy of activation for the passage of the
intermediate to the transition state andDH° is the
enthalpy of formation of the complex from the free
reactants.


However, it is hard to believe thatjDH°j >jDH≠j holds
in non-polar media for a zwitterionic transition state.
However, an activation energy ofÿ23 kJ molÿ1 has been
found3 for an aminolysis of isobutyl trichloroacetate in
heptane, a reaction which involves a leaving group


incomparably inferior to 4-nitrophenolate. On the other
hand, it is not clear what kind of requirements should be
satisfied by the acyl and alkoxy (aryloxy) groups of an
ester in order to obtain the relationshipjDH°j >jDH≠j
necessary for the appearance of a negative activation
energy.


This investigation was undertaken with a view to the
further elucidation of the questions above. In order to
cover aliphatic esters hitherto never subjected to the
kinetic investigations of aminolysis, we made use of gas–
liquid chromatography (GLC), which unfortunately
imposed some restrictions on the accuracy of kinetic
measurements in comparison with that attainable by
means of spectral methods.


RESULTS AND DISCUSSION


In the first series of experiments the structure of the esters
was varied. Decane was used as the solvent. Reaction
kinetics was determined from the changes in the
concentrations of both the ester and the alcohol. In all
cases the rate of disappearence of the ester was equal to
the rate of formation of the alcohol, within experimental
error. The initial rate of the reaction was determined and
calculated as a mean value of the rates for both changes.
For each ester and for each reaction temperature two
doubly differing initial concentrations of amine were
used. The experimental order of the reaction in amine,n,
was determined from the equation logv0 = constant� n
log [amine]0, wherev0 is the initial rate of the reaction.
The mean value forn was 1.8� 0.3 which indicates a
second-order process dominating in the aminolyses of all
the esters investigated. Therefore, in the limits of the


Scheme 1
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amineconcentrationsused,the reactioncan be consid-
eredto afirst approximationasasecond-orderreactionin
amine,andthuslog v0ÿ log [ester]0ÿ 2 log [amine]0 =
log k2. Resultsare presentedin Table 1. The typical
relativestandarddeviationof therateconstantswas10%.
Theerrorof theestimatedactivationenthalpieswasabout
3 kJmolÿ1.


In asecondseriesof experiments,thereactionmedium
was varied for butylaminolysesof butyl formate and
butyl trichloroacetate.The kineticsof the reactionwere
determinedwith a large excessof the amine over the
ester.Valuesfor thefirst-orderrateconstant,kI, obtained
from kineticcurveswereanalyzedaccordingto thelinear
equation


kI


�amine�0
� k1 � k2�amine�0 �1�


Theusualnumberof runsfor a linear treatmentvaried
from 10 to 13. The typical relativestandarddeviationof
the obtainedparameterswas 5%. The final resultsare
presentedin Table 2. The influenceof the acyl group
structureontherateof thereactioncanbeanalyzed4 with


thecorrelationequation


logk � logk� � ���� � �Es �2�


wherek° is the rateconstantfor thestandardcompound,
s* andEs are inductive andsteric substituentconstants
andr* and� aresensitivityconstants.


The necessaryinductive and steric constantswere
taken from Ref. 5. In order to keep hydrogenas the
standardsubstituent,the scalesof the parameterswere
shiftedby 0.49and1.24units,respectively.Kinetic data
for 20°C from Table1 canthusbeexpressedin theform


logk2 �ÿ �3:47� 0:11� � �3:39� 0:12���
� �1:75� 0:09�Es


andthosefor 60°C in the form


logk2 �ÿ �3:66� 0:12� � �3:44� 0:13���
� �1:80� 0:10�Es


Thecorrelationcoefficientandthestandarderrorfor both
relationships are 0.999 and 0.05, respectively. The
successfuldescriptionof aminolysiskineticsby theTaft
equationis consistentwith aconsiderablecontributionof
a tetrahedral structure to the transition state of the
reaction,as suggestedpreviously1,2. At the sametime,
excellentcorrelationsindicate the samemechanismfor
all theestersunderconsiderationat both temperatures.


Another aspectof structureeffects deservesspecial
consideration.It appearedthat activationenthalpiesfor
all theestersareslightly negativeandnearlyindependent
of thesubstituentsin theacylgroupwhile therelativerate
of the reaction is determinedforemostby the entropy
factor.Comparisonof thisconclusionwith thosemadeby
Neuvonen6 for ester hydrolysis in acetonitrile, where
similar changesin structurecauseda decreasein the
DH≠


obsd value from 32.7 to ÿ18.9kJmolÿ1, demon-
stratesa completelydifferent behaviourof estersin the
reactions.


If a low or negativevaluefor the observedactivation


Table 1. Kinetic data for the butylaminolysis of butyl esters
RCOOBu in decane solution


R T(°C) log k2
a DH≠b DS≠c


H 20 ÿ3.43� 0.04 ÿ11.8 ÿ351
60 ÿ3.63� 0.05


NCCH2 20 ÿ4.93� 0.02 ÿ15.5 ÿ392
60 ÿ5.21� 0.02


Cl3C 20 ÿ1.83� 0.03 ÿ14.1 ÿ328
60 ÿ2.08� 0.02


F2HC 20 ÿ1.55� 0.04 ÿ10.4 ÿ309
60 ÿ1.72� 0.03


F3C 20 ÿ0.51� 0.05 ÿ13.2 ÿ290
60 ÿ0.74� 0.06


a k2 in dm6 molÿ2 sÿ1.
b kJmolÿ1.
c Jmolÿ1 Kÿ1.


Table 2. Kinetic data for the butylaminolysis of esters in various solvents at 20°C


Butyl formate Butyl trichloroacetate


Solvent k1� 105a k2� 105b k2� 102b,c


Heptane 2.30� 0.95 21.9� 1.1 2.98� 0.07
Decane —c 27.5� 1.5 3.25� 0.19
Cyclohexene — — 2.17� 0.09
Toluene 3.69� 0.45 3.21� 0.48 8.51� 0.20
1,2-Dichlorobenzene 2.39� 0.18 3.41� 0.27 1.62� 0.05
Bromobenzene 7.49� 0.52 5.64� 0.63 —
Iodobenzene 45.1� 2.6 15.0� 3.3 —


a dm3 molÿ1 sÿ1.
b dm6 molÿ1 sÿ1.
c No reliablek1 term.
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enthalpyis relatedto the strongly negativeenthalpyof
the first equilibrium step in Scheme1, a comparable
positiveenthalpychangeshouldbeassumedfor therate-
limiting step.Independenceof this enthalpychangefrom
thestructureof acylgroupscanhardlybeexpectedfor the
first step of the reaction. Consequently, structure
dependencemustbe compensatedby a reverserelation-
ship in the next step. In the limiting step, something
disfavoured by the electronegativeacyl components
shouldoccur.At the sametime, the intrinsic entropyof
activation can be only slightly influencedby the acyl
groupstructureandtheobservedrelativeentropychanges
shouldbemainlydeterminedby theentropychangein the
first step. The occurrenceof cyclic transition state
structures1 and2 in first- andsecond-orderreactionsin
amine,respectively,precededby the formationof cyclic
intermediates(see below) can be appropriateto the
considerationsabove.


The observed activation entropy varying between
ÿ290andÿ392Jmolÿ1 Kÿ1 for thewholesetof esters
in decanesolution doesnot precludecyclic transition
states.Our datafor structurerelationshipsallow a strict
considerationof the cyclic transitionstateonly for the
second-orderreaction in amine. As for the first-order
reaction,the extensionof the ideawasstronglyinspired
by relationshipsfound for the aminolysis of benzoyl
fluoride.7 Theseappearedto behighly consistentwith our
results for the first-order aminolysis of esters.As a
consequence,a similarity of the mechanismscan be
expected.Variation of the medium conditions affects
both the reactionsfairly similarly also.


Our list of solventswas madeup with provision for
differentpolarity andpolarizability. In addition,someof
the solventsare weak bases(p-donors8). According to
Ref.9, weconsiderthepolarity,Y, andthepolarizability,
P, as


Y � "ÿ 1
2"� 1


and P� n2ÿ 1
n2� 1


:


There are a number of ways to specify the general
basicityof asolvent,but themostreliableseemsto bethe
B-scale,10 derivedfrom IR shiftsof phenolichydroxyl in
tetrachloromethane. Medium effects can then be ex-


pressedby theKoppel–Palmequation:9


logk � logk0 � yY� pP� bB �3�


Fromthedatain Table2, we obtainedfor formate


logk1 � ÿ�10:77� 0:89� ÿ �7:20� 1:43�Y
��23:69� 3:42�Pÿ �0:017� 0:005�B


r � 0:991; s� 0:14


logk2 � ÿ�6:53� 0:51� ÿ �5:35� 0:78�Y
��12:23� 1:94�Pÿ �0:020� 0:003�B


r � 0:992; s� 0:08


andfor trichloroacetate


logk2 � ÿ�5:22� 0:85� ÿ �6:59� 1:21�Y
��15:44� 3:39�Pÿ �0:0040� 0:0051�B


r � 0:994; s� 0:05


Thus,thepolarityof thesolventdecreases(Y< 0) andthe
polarizabilityof themediumincreases(P> 0) therateof
theaminolysisreactionirrespectiveof thestructureof the
esterandof theorderin amine.Thetransitionstatesof all
reactionsconsideredshouldbeclearly lesspolarthanthe
initial states.Theresultcorroboratesearlierdoubts7,11on
theoccurrenceof a localizedzwitterionictransitionstate.
Convincinglymorepreferablearestructures1 and2 with
diffuse chargedistribution,supportedalso by an accel-
erating effect of polarizability. However, this is not
necessarilytrue for the aminolysisof phenolicestersin
polar media.12 Our experimentaldata do not provide
muchinformationon the relationshipbetweenfirst- and
second-orderpathwaysof thereaction.Wecanonly refer
to the fact that for a less reactive ester (formate) the
routesarecloselycompetitive(Table2). In thecaseof an
ester of higher reactivity (trichloroacetate),only a
second-orderreaction could be detected. A similar
featurewas found7 for the aminolysesof benzoyl and
4-nitrobenzoylfluorides,wherethe ratio k2/k1 increased
by a factor of about 20 when a 4-nitro group was
introduced.It is not clearwhy this shouldbe so,but the
tendency of amines to form complexes may be
significant.An amine can appearas an electrondonor
andasanelectronacceptorsimultaneously.Nagyet al.13


havedemonstratedtheoccurrenceof a complexbetween
the amineandthe carbonylcompound.Accordingly (by
analogy with Ref. 14) an equilibrium mixture of two
tetrahedralintermediates3 and4 shouldoccur(Scheme
2).


Probably the value of K becomesgreaterfor more
electrophilic esters,the ratio k2/k1 increasingsimilarly.
Intermediates3 and 4 participating in the equilibrium
(Scheme2) canrearrangevia anintramolecularattackto
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metastablecyclic intermediates,1,7 which arestructurally
very close to transition states1 and 2. This step is
accompaniedby a considerableloss of entropy in the
systembut allows a well concertedrearrangementof
electrondensitydueto which the furthercrossingof the
transition state requires only a moderateincreasein
enthalpy.Thuswe havearrivedat a possibleexplanation
of negative activation enthalpiesin ester aminolysis,
principally consistentwith thatofferedin theliterature.13


However,ourexperimentaldata,particularlyfor theester
series,canbeconsideredasonly preliminary.Therefore,
moreandbetterexperimentaldataarenecessaryto reach
firm conclusions.Theinvestigationof esteraminolysesis
beingcontinuedin our laboratoryandfurtherevidenceof
thestatementsabovewill beaddedin a later paper.


EXPERIMENTAL


Thereactionwascarriedout in a stainless-steelcell with
two pits at its bottom.In oneof thehollowsa solutionof
the ester was placed, and in the other a solution
containing amine and the internal standard(heptane,
tridecane,tetradecaneor pentadecane)in an appropriate
solvent,usually1 cm3 of bothsolutions.Thereactioncell
was thermostatedand the reaction was started with
vigorousshakingof thereactor.Dependingon therateof
the process,the initial concentrationof the aminein the
reaction mixture was from 0.01 to 1.0mol dmÿ3.
Sampleswere taken with a microsyringethrough the
silicone-rubbercapof thecell andimmediatelyanalysed


by GLC with a Tsvet chromatograph(column 2.5
m� 3 mm i.d.) equippedwith a Hewlett-Packardinte-
grator. The concentrationsof the ester or the product
alcohol were calculatedand plotted againsttime. The
initial rate of the reaction,V0, was determinedas the
slopeof thetangentof thekinetic curveat t = 0. Therate
constantk1 was calculatedby a differential method.
Controlexperimentsshowedvirtual irreversibility of the
reactionundertheusedconditions.
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Carboxylic acid ionization constants by 19F NMR spectro-
scopy
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ABSTRACT: The19F NMR spectra of 26 simple fluorinated carboxylic acids were measured in aqueous solutions of
pH 0.3–10.0. Analysis of the fluorine chemical shift dependence on pH allowed the determination of ionization
constants from the titration curves; the values agreed with known pKa values. The acidity of a fluorinated bilirubin
precursor was established using this method. Copyright 1999 John Wiley & Sons, Ltd.
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INTRODUCTION


The natural yellow–orange pigment bilirubin is the end
product of heme catabolism in mammals.1 Bilirubin
contains two propionic acid groups, and their ionization
behavior is implicated in the pigment’s hepatic transport,
neurotoxicity, formation of gallstones and protein and
lipid membrane binding.2 In a recent investigation of the
inter-relationship between altered acidity of synthetic
bilirubin analogs and their solution properties, such as
stereochemistry, polarity, solubility and excretion, we
introduced substituents with a strong electron-withdraw-
ing effect in the vicinity of the carboxylic acid groups.3,4


Methoxy and methylthio substitution at thea-carbon of
each propionic acid of bilirubin was expected to decrease
the acid pKa by 1 unit, but this did not significantly
change the pigments’ overall properties.3 In contrast,a-
fluoro substitution, which was expected to decrease the
pKa by more than 2 units (CH3CO2H, pKa = 4.76;
FCH2CO2H, pKa = 2.585) led to drastically altered
properties.4 Synthetic a,a'-difluoromesobilirubin-XIIIa
is polar and water soluble, whereas natural bilirubin is
relatively non-polar, lipophilic and completely insoluble
in water. Water solubility was attributed to complete
ionization of the acid groups at pH� 7. Therefore, we
sought to obtain an independent quantitative estimate of
acidity of a,a'-difluoromesobilirubin-XIIIa and some of
its precursors.


The presence of a fluorine atom, with a nuclear spin
I = 1/2, the natural isotopic abundance of 100% and high
receptivity (a measure of the ease of detecting a nucleus;6


19F is 0.83 of that of protons) offer an opportunity to use
19F NMR spectroscopy for the examination of ionization
equilibria. The chemical shift (�F) range of a19F NMR
signal is intrinsically very wide, and therefore the fluorine
nucleus is an excellent, highly sensitive probe of its
environment. This fact was used more than 35 years ago
for pKa determinations ofp-fluoroacetophenone (C–H
acidity) andp-fluorobenzamide (N–H acidity),7 and as
recently as 1998 for subtle changes of�F arising from
solvent-induced isotope shifts due to enrichment of water
with H2


18O.8


The literature provides a number of examples in which
19F NMR spectroscopy was used to study the ionization
of protonated amines containing fluorine. Such amines
were designed to have pKas in the physiologically
important range (pH 6.5–8.0) and were used in the
development and application of NMR indicators for non-
invasive and accurate intracellular pH measurement.9–12


To the best of our knowledge, there have been no
systematic reports on titrations of simple carboxylic acids
and determination of their pKas using19F NMR spectro-
scopy. In this paper we report on the changes of19F NMR
chemical shifts associated with the ionization of
carboxylic acids in the (strongly) acidic pH range, show
how such changes can be used to measure their pKas and
apply the method to the pKa determination of a
fluorinated bilirubin precursor (1).


RESULTS AND DISCUSSION


A series of carboxylic acids bearing a single fluorine
reporter atom on an sp3-or sp2-hybridized carbon atom or
trifluoromethyl group attached to an aliphatic or aromatic
carbon atom were studied. The structures of the acids
investigated are shown in Scheme 1.
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Titration curvesof all thefluorinatedcarboxylicacids
1–26 were constructedby measuringtheir 19F NMR
spectraat 17 differentpH valuesin therange0.3–10.0in
aqueous solution containing oxalic acid–potassium
oxalate.A small amount (5%, v/v) of DMSO-d6 was
addedto preservethe solubility over the rangeof acids
selectedin Table1. The limiting fluorine chemicalshift
values for the free acid and carboxylateanion, their
difference D�F and graphically estimated ionization
constantsare listed in Table 1. The sensitivity values
shownin Table 1 are approximatedby the ratio D�F/D
pH, whereDpH is a rangeof �0.25units from the pKa.
This rangeis thesteepestpartof the titration curve.The
maximum 19F NMR chemical shift sensitivity to pH
(highestslope)is found,asexpected,nearthepKa of the
fluorinatedcarboxylicacidunderstudy.In thispH region
therearecomparableconcentrationsof boththeacidand
its conjugatebasepresentin solution.Here,the ratio of
the two species,which interconvertrapidly on theNMR
time-scale,and hencethe averageobserved19F NMR
chemical shift are altered dramatically by small pH
changes.


In orderto explorethefeasibility of using19F NMR to
determinecarboxylicacidpKa values,wefocusedfirst on
fluorinatedcarboxylicacidsof knownpKa, wherethepKa


Scheme 1


Table 1. 19F NMR data for carboxylic acids 1±26


Compound �F(acid)a �F(carboxylate)a D�F
b Sensitivityc pKa


d


1 ÿ188.56 ÿ180.91 ÿ7.65 3.82 2.67
2 ÿ228.94 ÿ217.71 ÿ11.23 6.60 2.50
3 ÿ175.13 ÿ164.35 ÿ10.78 5.74 2.33
4 ÿ112.77 ÿ116.82 4.05 1.98 3.31
5 ÿ113.92 ÿ114.76 0.84 0.41 3.68
6 ÿ106.60 ÿ111.03 4.43 2.10 4.01
7 ÿ118.91 ÿ119.08 0.17 0.10 3.96
8 ÿ114.68 ÿ115.16 0.48 0.22 4.02
9 ÿ117.03 ÿ118.42 1.39 0.58 4.14


10 ÿ120.03 ÿ120.17 0.14 0.07 4.62
11 ÿ114.95 ÿ115.19 0.24 0.11 4.59
12 ÿ118.44 ÿ118.99 0.55 0.24 4.55
13 ÿ116.54 ÿ117.78 1.24 0.73 4.08
14 ÿ114.34 ÿ114.68 0.34 0.18 4.12
15 ÿ110.84 ÿ112.86 2.02 1.14 4.21
16 ÿ105.80 ÿ106.31 0.51 0.26 4.44
17 ÿ127.29 ÿ118.91 ÿ8.38 4.81 2.61
18 o-Fÿ107.35 ÿ111.84 4.49 2.53 3.29


p-Fÿ102.68 ÿ108.65 5.97 3.35 3.29
19 ÿ59.53 ÿ59.88 0.35 0.19 2.73
20 ÿ62.86 ÿ62.64 ÿ0.21 0.10 3.90
21 ÿ63.20 ÿ62.74 ÿ0.46 0.22 3.77
22 ÿ60.32 ÿ60.29 ÿ0.03 — —
23 ÿ62.63 ÿ62.49 ÿ0.14 0.07 4.19
24 ÿ62.48 ÿ62.23 ÿ0.25 0.10 3.99
25 ÿ64.05 ÿ63.79 ÿ0.26 0.15 3.17
26 ÿ73.78 ÿ73.63 ÿ0.15 0.08 4.05


a Valuesreportedin �(ppm) from thechemicalshift in Hz andtheexactspectrometerfrequencyof the individual measurement.
b D�F = �F (acid)ÿ�F (carboxylate).
c D�F/DpH.
d Determinedfrom the graphof �F vs pH. The spectraof 1–18 were referencedto C6F6 at ÿ162.90ppm and the spectraof 19–26 to CFCl3 at
0.00ppm.
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wasdeterminedby classicalmeans.Fluoroaceticacid(2,
as its sodiumsalt) was examinedfirst for this purpose.
Amongall theacidsstudied,it showedgreatestdownfield
chemicalshift change(D�F =ÿ11.23ppm) uponioniza-
tion. Plotting �F as function of pH showeda typical
titration curve,from which onecoulddeterminethepKa


by approximategraphicalmeans.
The equilibrium (acidity) constantKa of an acid HA


ionization[Eqn. (1)] is relatedto the observedchemical
shift by Eqn. (2), whereXHA is the mole fraction of the
non-ionizedacid:13


HA � H2O� Aÿ � H3O
� �1�


Ka � �A
ÿ��H3O��
�HA�


�F�observed� � XHA�F�acid� � �1ÿ XHA� �2�
�F�carboxylate�


� �H3O
���F�acid� � Ka�F�carboxylate�


�H3O
�� � Ka


When[H3O
�] = Ka, theobserved�F is theaverageof the


limiting �F(acid)and�F(carboxylate)shifts.Themean�F


value corresponds to a solution containing equal
concentrationsof acid and its conjugatebase.Conse-
quently, from the graph point coordinate �F = 1/2
[�F(acid)� �F(carboxylate)],the value of pH = pKa can
be determined.For acid 2, pKa = 2.50wasfoundby this
approach, in excellent agreementwith that in the
literature, pKa = 2.58� 0.04.5,6,14 Alternatively, a sig-
moidal curve-fitting program gave pKa = 2.53, in ex-
cellentagreement.


In orderto ensurethatthepresenceof thesmallamount
of DMSO-d6 (5% v/v) used to maintain solution
homogeneitydid not causea significantdeviationfrom


pKasdeterminedin its absence,thepKasof water-soluble
acidswere re-determinedin the absenceof DMSO-d6.
Thesodiumsaltof 2 gavepKa = 2.54in aqueousoxalate
buffervs2.53in thesamebufferwith 5%(v/v) DMSO-d6


present.
Foradditionalreferencestandardsto usein calibrating


the 19F NMR methodto determinecarboxylic acid pKa


values,we turned to the three isomeric fluorobenzoic
acids.The 19F NMR spectraof 3- and 4-fluorobenzoic
acidshavepreviouslybeenmeasuredin acidandbasebut
without a descriptionof their full titration curves.15 All
three isomeric fluorobenzoicacids also showed very
good coincidencebetween 19F NMR-determinedand
literature pKas: for ortho-isomer 4, 3.31 vs 3.2714; for
meta-isomer 5, 3.68 vs 3.86� 0.04;5,14,16,17 and for
para-isomer6, 4.01vs4.15� 0.0055,14,17(seeFig. 1 for
titration curves).Sigmoidalcurvefitting gaveessentially
thesamepKa values:4, 3.31;5, 3.69;and6, 3.99.Further
comparisonswere madebetween19F NMR-determined
pKas and literature values,e.g. for 20 (although with
lower confidence;seebelow) with an NMR-determined
pKa of 3.90 and potentiometrically measuredpKa =
3.75,17 and for 26 with an NMR-determinedpKa =
4.05 vs pKa = 4.15 found for the very similar 4,4,4-
trifluorobutanoicacid.18


Our conclusionfrom the comparisonswith literature
pKas is that19F NMR spectroscopyis verywell suitedfor
pKa determinationin the (strongly) acidic pH range,
much aswasshownto be for protonatedaminesin the
physiologicalpH region.10–12


As shownin Figure1, andfoundin Table1, whenthe
fluorine is on a phenyl ring, carboxylic acid ionization
causesan upfield shift of the 19F resonance.This is
consistentwith that found in protonatedaniline deriva-
tives10 or imidazoles,12 where in all casesthe fluorine
wason a phenylring. Hybridizationat carbonis not the
solereasonfor suchbehavior,becausea-fluorocinnamic
acid (17) exhibiteda downfieldshift, asdid 1, 2, 3 and
all trifluoromethyl-containing compounds,except 19
(Table 1). Comparison of D�F and sensitivity
(Table 1) confirmedearlier observationsthat a phenyl
p-systemtransmitsthepolareffectsto thefluorinewell.19


Hencethetotal changein �F uponionizationof 4, 5 and6
is 4.05,0.84and4.43ppm,respectively(Fig. 1).


In order to examinethe ability of fluorine to act asa
remotesensorfor carboxylicacid ionization,we studied
fluorophenylacetic(7–9) and 3-(fluorophenyl)propionic
acids (10–12) (Figs 2 and 3, respectively).When the
fluorinereporteris insulatedfrom theionizableCOOHby
one(as in 7–9) or two methylenegroups(as in 10–12),
thesensitivityis greatlydiminished(Table1). Thetrend
is toward smallerD�F valuesas the distancebetween
fluorineandcarboxylincreasesfor a givenseries,e.g. in
thepara-isomers.Thelimit of detectionwasreachedfor
o-fluorophenylaceticacid (7) and o- (10) and m-3-
(fluorophenyl)propionic acid (11), showingD�F = 0.17,
0.14 and 0.24ppm, respectively.Although the titration


Figure 1. Variation of 19F NMR chemical shift with pH for
aqueous solutions of ¯uorobenzoic acids: *,4; !,5; ^,6
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curvecanbebarelyseenin Fig. 3, suchsmallD�F values
fall within instrumentaland experimentalerror. Hence
D�F valuessmaller than 0.3ppm shouldbe considered
unreliablefor pKa measurements.


Curiously, the drop in D�F with increasingdistance
betweensensorandionizationcenteris greaterwith the
ortho- and meta- isomersthan with para-isomersand
greatestwith the ortho-isomers.Apparentlythe number
of interveningbondsis not theonly factor.In theo-fluoro
acids7 and10, D�F dropsfasterthanin thepara-isomers;
e.g. in 12, althoughthe fluorine is eight bondsremoved
from the ionization center, it still sensesit well (D�F


= 0.55ppm), whereasin 10, with a six-bondseparation,
D�F is only 0.14ppm (Fig. 2). The influenceon pKa,
however,is opposite:o-fluoro acidsarestrongerthanp-
fluoro acids(compare4 with 6 and 7 with 9). Fluorine
substitutiondoes not exert a significant effect on the
acidity of 10–12. From comparisonof the datafrom 4–
12, it follows that a fluorineat thepara-positionhasthe
bestsensitivity.


Fluorinedetectionof ionizationis muchmoreeffective
when the phenyl ring is conjugatedwith rather than
insulatedfrom the carboxylgroup,asin cinnamicacids
13–15vs the correspondinghydrocinnamic(phenylpro-
pionic) acids 10–12 (Table 1). For example, D�F =
2.03ppm for 15 is muchlargerthanD�F = 0.55ppm for
thesaturatedacid12. Fluorinesubstitutionon thephenyl
ring of 13–15increasestheir acidity vs thatof theparent
cinnamicacid (pKa = 4.44).14


2,4-Difluorobenzoicacid (18) offeredthe opportunity
to follow simultaneouslytwo different fluorine NMR
signals. The para-fluorine of 18 exhibited a larger
chemical shift change (D�F = 5.97ppm) and greater
sensitivity than those of the ortho-fluorine (D�F =
4.48ppm). It was comforting to note that analysisof
the titration curvesfrom either fluorine signal provided
an identicalpKa value(3.29).Interestingly,thepresence


of thepara-fluorinedid notdecreasethepKa of 18below
that of o-fluorobenzoicacid (4), pKa = 3.31.


In anattemptto lower theNMR detectionthresholdby
increasingthenumberof identicalfluorinespermolecule,
the spectraof trifluoromethyl-containing acids 19–26
weremeasured.However,theCF3 substituentprovedless
effectivethanadirectly attachedfluorine,cf. monofluoro
p-fluorobenzoicacid6 (D�F = 4.43ppm)or even9 (D�F =
1.39ppm) with the correspondingp-trifluoromethylben-
zoic acid 21 (D�F =ÿ0.46ppm). The reasonfor such
diminishedsensitivityof the trifluoromethylprobeis not
clearbut might be rootedin the inherentlynarrower19F
chemical shift dispersionrange (ÿ55 to ÿ65ppm) in
RCF3 compoundsoverawiderangeof R groups,i.e. even
if R = OR' the rangeis the same.20,21 In contrast,one
fluorine atom on a secondaryaliphatic carbon has
chemicalshift dispersionrangeof ÿ160 to ÿ230ppm,
andin ArF it is ÿ100 to ÿ200ppm.Thus,the last case
with a wide dispersionmight beexpectedto bethemost
responsiveto subtlechangesin the natureof Ar, while
CF3 would be intrinsically insensitiveto changes.


The 19F NMR spectra of pyrrolepropionic acid 1
measuredat variouspH arepresentedin Fig. 4. This a-
fluorinatedacid showeda favorabledownfieldchemical
shift changeD�F =ÿ7.65ppm upon ionization, and a
sensitivity of 3.82ppm per pH unit nearthe pKa. From
Fig. 4 it canbeseenthatnot only doesthechemicalshift
changewith pH, but so doesthe splitting patternof the
fluorine multiplet. The titration curveof 1, displayedin
Fig.5,hadaninflectionpointatpH 2.67correspondingto
its pKa. This 19F NMR-determinedpKa of 1 is very close
to those of fluoroacetic acid (2) (D�F =ÿ11.23ppm,
pKa = 2.50) and a-fluorocinnamic acid (17) (D�F =
ÿ8.38ppm,pKa = 2.61).Only a-fluorophenylacetic acid
(3) is a strongeracid (D�F =ÿ10.78ppm, pKa = 2.33).
Hencethedecreasein pKa dueto a singlefluorinealpha
to thecarboxylicacidgroupis�2 pK units,anestimatein


Figure 2. Variation of 19F NMR chemical shift with pH for
aqueous solutions of ¯uorophenylacetic acids: *,7; !,8;
^,9


Figure 3. Variation of 19F NMR chemical shift with pH for
aqueous solutions of ¯uorophenylpropionic acids: *,10;
!,11; ^,12
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goodagreementwith literaturedataon the effect of one
stronglyelectronegativefluorine substituent.The pKa of
1 providessuggestiveevidencethat the acidity of the
bilirubin synthesized from 14 would also show a
correspondingincrease(�100-fold), and this doubtless
contributesto its peculiarproperties,suchasits aqueous
solubility.


Further work is in progress (P. B. Karadakov,
University of Surrey,UK) to understandthe observed
19F NMR chemicalshifts andD�F by applyingab initio
calculations.


CONCLUSIONS


Thefluorinenucleusappearsto beanexcellentprobefor
monitoring by NMR ionization equilibria in acidic
aqueousmedium. Its wide chemical shift dispersion
rangeallowsaccuratepKa determinationsfor avarietyof
carboxylicacids.The methoddefinesthe expectedhigh
acidity of a fluorinated bilirubin precursor to be
pKa = 2.67.


EXPERIMENTAL


The 19F NMR spectrawere acquiredat 25� 1°C on a


Varian Unity Plus spectrometerat 470.254MHz in
5 mm tubes, and were referenced against external
standards:hexafluorobenzene(5� 0.02mM in CHCl3)
at � ÿ 162.90ppm or CFCl3 (10� 0.05mM in CHCl3)
at � 0.00ppm, with shifts upfield from CFCl3 being
negative.20 Typical experimentalparameterswere flip
angle 55°, interpulse delay 3 s, collecting 128
transients,and spectralwidth 35 kHz using 70K data
points. Each FID was zero filled to 262K and
multiplied with an exponential function (line broad-
ening 0.1Hz) prior to Fourier transformationto give a
0.27Hz digital resolution.Proton decouplingwas not
appliedandconsistentlythe chemicalshift of a selected
prominent line was followed. pH measurementswere
made using an Orion Model 811 pH meter with an
Orion Model 91-02 combination electrode calibrated
twice for the range 0.3–10.0 at pH 4.00, 7.41 and
10.00. Potassiumtetraoxalatebuffers (50mM)14 were
used throughout, the pH being adjustedwith HCl or
KOH. The pH valuesreportedin Table1 refer to those
of freshly preparedaqueousoxalic acid–oxalatecon-
taining solutionsbeforedissolvingthe fluorinatedacid.
A stock solution of the eachacid 1–26 (concentration
40� 1 mM) was prepared in DMSO-d6. A 100ml
aliquot was diluted to a volume of 2 ml at each pH
of the oxalate buffer, giving a total fluorinated acid
concentrationof 2.00� 0.05mM and 5% (v/v) DMSO-
d6 in the NMR samples.The pH valuesof the NMR
solutionswere then recheckedand showedonly small
changesof 0.03–0.25pH units, with larger variations
occurring with the more acidic compounds.These
findings are consistent with previous studies that
showedthat very low concentrationsof DMSO exert
only a very small effect on buffer pH.22


The small amountof addedDMSO-d6 servedas an
internalNMR deuteriumlock andwasusedto maintain
solution homogeneity.Whereasa numberof the acids
(e.g. 2, 4, 5 and25) usedin this work aresolublein the


Figure 4. Changes of 19F NMR chemical shift and 19F1H
coupling pattern of a-¯uoro(pyrrole)propionic acid (1) with
pH


Figure 5. Variation of 19F NMR chemical shift with pH for
aqueous solutions of a-¯uoro(pyrrole)propionic acid (1)
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oxalatebuffer over theentirepH range,otherswerenot.
Whenthe measurementswererepeatedon solubleacids
in the absenceof DMSO-d6, the same pKas were
measuredasin thepresenceof DMSO-d6.


1H NMR spectra(at500.6MHz) and13C NMR spectra
(at 125.9MHz) weremeasuredin CDCl3 andreferenced
to the residual CHCl3


1H signal at 7.26ppm and the
CDCl3


13C signalat 77.00ppm.
Commercialfluorinatedacids2 (assodiumsalt),3, 4,


5, 6, 8, 19,20,21 and23 wereobtainedfrom Aldrich, 7,
9, 17, 22 and24 from Acros,13, 15, 18, 25 and26 from
OakwoodProductsand 14 and 16 from Lancaster.The
synthesesof 1, 10, 11 and12 aredescribedbelow.


3-(2,4-Dimethyl-5-methoxycarbonyl-1H-pyrrol-3-yl)-
2-¯uoropropionic acid (1). A mixture of the corre-
sponding dimethyl ester4 (257mg, 1 mmol), 6 ml of
methanol and 1.25ml (1.25mmol) of 1 M aqueous
sodium hydroxide was stirred at room temperaturefor
24h. The methanolwasevaporatedundervacuum.The
residue was dissolved in 10ml of 0.2M sodium
hydroxide,extractedwith diethyl ether(10ml) and the
aqueouslayerwasacidifiedwith 10%hydrochloricacid.
The solution was concentratedundervacuumto �3 ml
andtheprecipitatedsemi-solidproductwasrecrystallized
from methanol–waterto afford 104mg (43%) of acid 1,
m.p.186–187°C. 1H NMR [CDCl3� 20%(v/v) DMSO-
d6], � 1.75(3H, s), 1.79(3H, s), 2.44(1H, m), 2.54(1H,
m), 3.34 (3H, s), 4.37 (1H, ddd, 2JFH = 49.6Hz, 3JHH =
7.9, 4.0Hz), 10.14 (1H, s), 12.35 (1H, br s)ppm; 13C
NMR [CDCl3� 20% (v/v) DMSO- d6], � 9.57, 10.22,
26.39 (d, 2JFC = 21.9Hz), 49.46, 88.07 (d, 1JFC =
184.0Hz), 113.81 (d, 3JFC = 2.1Hz), 115.40, 126.26,
131.14,160.69,170.24(d, 2JFC = 23.8Hz) ppm.


Alkylation of dimethyl malonate with ¯uorobenzyl
chlorides. General procedure. To a solutionof freshly
preparedfrom sodium under N2 solution of sodium
methoxide(0.1mol) in 50ml of anhydrousmethanolwas
added0.1mol of dimethylmalonatein 10ml of methanol
over 10min througha septum.After 10min of stirring
the correspondingfluorobenzylchloride(0.05mol) was
addedneatover15min andthemixturewasrefluxedfor
5 h. After cooling, half of the solvent was evaporated
undervacuumandtheresiduewasdilutedwith 50ml of
water and acidified with 5% hydrochloric acid. The
productwasextractedwith diethylether(3� 50ml). The
combinedextractswerewashedwith water(3� 30ml),
dried (anhydrousMgSO4) andfiltered and,after remov-
ing thesolvent,theproductwasdistilled undervacuum.


Methyl 3-(2-Fluorophenyl)-2-methoxycarbonylpropio-
nate. Obtainedin 67%yield, b.p.127–128°C (1 mmHg).
1H NMR, � 3.25 (2H, d, J = 7.8Hz), 3.70 (6H, s), 3.75
(1H, t, J = 7.8Hz), 6.98–7.07 (2H, m), 7.17–7.23
(2H, m) ppm; 13C NMR, � 28.21,51.43,52.13,114.96
(d, 2JFC = 21.8Hz), 123.80(d, 4JFC = 3.4Hz), 124.25(d,


2JFC = 15.1Hz), 128.48 (d, 3JFC = 8.2Hz), 130.97 (d,
3JFC = 4.3Hz), 160.88(d, 1JFC = 246.4Hz), 168.65ppm.


Methyl 3-(3-Fluorophenyl)-2-methoxycarbonylpropio-
nate. Obtainedin 65%yield, b.p.126–128°C (1 mmHg).
1H-NMR, � 3.21 (2H, d, J = 7.8Hz), 3.66 (1H, t,
J = 7.8Hz), 3.71 (6H, s), 6.83–6.94(3H, m, 3JFH = 9.4,
7.8Hz), 7.13–7.22(1H, m) ppm; 13C NMR, � 34.11,
52.32, 53.00, 113.50 (d, 2JFC = 21.1Hz), 115.45 (d,
2JFC = 21.3Hz), 124.24 (d, 4JFC = 2.3Hz), 129.83 (d,
3JFC = 8.4Hz), 140.06 (d, 3JFC = 7.4Hz), 162.53 (d,
1JFC = 245.7Hz), 168.71ppm.


Methyl 3-(4-Fluorophenyl)-2-methoxycarbonylpropio-
nate. Obtainedin 70%yield, b.p.125–127°C (1 mmHg).
1H NMR, � 3.19 (2H, d, J = 7.8Hz), 3.63 (1H, t,
J = 7.8Hz), 3.70 (6H, s), 6.96 (2H, dd, 3JHH = 8.7Hz,
3JFH = 8.7Hz), 7.15 (2H, dd, 3JHH = 8.7Hz,
4JFH = 5.4Hz) ppm; 13C NMR, � 33.72, 52.36, 53.43,
115.17 (d, 2JFC = 21.4Hz), 130.16 (d, 3JFC = 7.9Hz),
133.23 (d, 4JFC = 2.9Hz), 161.56 (d, 1JFC = 244.7Hz),
168.86ppm.


Fluorohydrocinnamic acids. General procedure. A
solution of 2.40g (10mmol) of the foregoingdimethyl
esterin 20ml of methanolwasmixed with a solutionof
2.00g (50mmol) of sodiumhydroxidein 10ml of water
andthe mixture wasrefluxedfor 3 h. The methanolwas
evaporatedundervacuumandthe residuewasacidified
with concentratedhydrochloric acid. Sodium chloride
(� 5 g) wasaddedandthediacidwasextractedwith di-
ethyl ether(5–6� 25ml). Theresidue,afterevaporation
of the diethyl ether,was heatedon an oil-bath at 145–
150°C for 1 h. After cooling, the crudemonoacidwas
purified by radicalchromatographyon silica gel (eluent
1.5–2% methanol in dichloromethane)followed by
recrystallizationfrom dichloromethane–hexane.


3-(2-Fluorophenyl)propionic acid (10). Obtained in
90% yield, m.p. 76–77°C. 1H NMR, � 2.70 (2H, t,
J = 7.7Hz), 2.99 (2H, t, J = 7.7Hz), 7.00–7.11(2H, m),
7.18–7.27(2H, m), 11.98(1H, br s)ppm; 13C NMR, �
24.21 (d, 3JFC = 2.2Hz), 34.12, 115.30 (d,
2JFC = 21.8Hz), 124.07 (d, 4JFC = 3.4Hz), 126.90 (d,
2JFC = 15.6Hz), 128.20 (d, 3JFC = 8.1Hz), 130.54 (d,
3JFC = 4.6Hz), 161.10 (d, 1JFC = 245.3Hz), 179.38 (d,
5JFC = 3.0Hz) ppm.


3-(3-Fluorophenyl)propionic acid (11). Obtained in
85% yield, m.p. 44–45°C. 1H NMR, � 2.69 (2H, t,
J = 7.6Hz), 2.96 (2H, t, J = 7.6Hz), 6.88–7.03(3H, m,
3JFH = 9.0, 7.7Hz), 7.21–7.30(1H, m), 11.96 (1H, br
s)ppm; 13C NMR, � 30.15, 35.25, 113.29 (d,
2JFC = 21.0Hz), 115.18 (d, 2JFC = 21.2Hz), 123.89 (d,
4JFC = 1.7Hz), 129.97 (d, 3JFC = 8.3Hz), 142.56 (d,
3JFC = 7.3Hz), 162.85(d, 1JFC = 245.7Hz), 179.28ppm.
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3-(4-Fluorophenyl)propionic acid (12). Obtained in
86% yield, m.p. 86–87°C. 1H NMR, � 2.67 (2H, t,
J = 7.6Hz), 2.93 (2H, t, J = 7.6Hz), 6.98 (2H, dd,
3JHH = 8.7Hz, 3JFH = 8.7Hz), 7.16 (2H, dd 3JHH =
8.7Hz, 4JFH = 5.5Hz), 11.69(1H, br s)ppm; 13C NMR,
� 29.66, 35.70, 115.28 (d, 2JFC = 21.4Hz), 129.67 (d,
3JFC = 7.9Hz), 135.68 (d, 4JFC = 3.2Hz), 161.47 (d,
1JFC = 244.3Hz), 179.45ppm.
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ABSTRACT: o-Iodosobenzoate ando-iodoxybenzoate ion (IBA and IBX, respectively) are turnover catalysts of
hydrolyses of phosphonofluoridates and non-toxic simulants. Reactions of IBA with phosphonothioates are
stoichiometric because sulfides (e.g. 4-methoxybenzenethiol) reduce IBA too-iodobenzoate ion. Oxidants, e.g.
HSOÿ5 , as OXONE, and magnesium peroxyphthalate, MPPA, regenerate IBA and gradually oxidize it to IBX, which
eventually decomposes. The procedure was tested on hydrolyses ofp-nitrophenyl diphenylphosphate (pNPDPP) and
4-nitrobenzenesulfonyl fluoride, 1, catalyzed by IBA, and the catalyzed hydrolysis of 1 was examined. Some of the
oxidation products of 4-methoxybenzene thiol were identified by1H NMR spectroscopy and oxidative decomposition
of IBX was monitored. Periodate ion slowly oxidizedo-iodobenzoate ion to IBA and IBX. Copyright 1999 John
Wiley & Sons, Ltd.


KEYWORDS: o-iodosobenzoate;o-iodoxybenzoate; sulfonyl fluorides; dephosphorylation; peroxymonosulfate;
peroxyphthalate; hydrolysis


INTRODUCTION


Nerve agents, both phosphonofluoridates, e.g. GB (Sarin)
and phosphonothioates, e.g. VX, react readily with


nucleophiles.1 o-Iodoso- and o-iodoxybenzoate, IBA
and IBX respectively, are effective nucleophiles towards
toxic phosphonofluoridates and nontoxic model com-
pounds, e.g. triarylphosphates.2,3 The reactions of IBA
and IBX are catalytic, whereas many nucleophiles react
stoichiometrically. However, the reaction of IBA with
phosphonothioate simulants of VX is not catalytic
because IBA is reduced by thiols and their derivatives.4


The chlorosulfide blister agents, e.g. HD and Mustard
Gas, do not react bimolecularly with nucleophiles or
bases except in forcing conditions, but, like VX, they are
readily decontaminated by oxidation.1 A few compounds


react as nucleophiles and oxidants, e.g. hypochlorite ion
and N-chloroamines,1 but they are aggressive reagents.
Peroxy acids, e.g. HSOÿ5 , are good oxidants at sulfur,5


and peroxycarboxylate ions are effective nucleophiles
towards phosphoryl centers,6 but these reactions occur at
different pH values. The combination of a turnover
nucleophile, e.g. IBA, and a peroxy acid may therefore
provide a system which oxidizes at sulfur, and reacts
nucleophilically at phosphorus. The requirements are that
the oxidant be effective towards sulfur compounds and
capable of re-oxidizingo-iodobenzoate ion, IB, to IBA
and/or IBX. Peroxy acids are obvious candidates for this
purpose, but periodate ion oxidizes sulfides7 and might
also oxidize IB.


We planned to use HSOÿ5 , as OXONE (2KHSO5
KHSO4 K2SO4),


5 or magnesium peroxyphthalate,
MPPA, as oxidants, the latter is convenient because its
peroxy anion is an effective dephosphorylating agent.6 p-
Nitrophenyl diphenylphosphate (pNPDPP) is often used
as a model for the toxic fluoridates in reactions with
nucleophiles, but its low solubility in aqueous media is a
disadvantage. We therefore examined 4-nitrobenzene-
sulfonyl fluoride,1, as a model substrate towards IBA.


�ClCH2CH2�2S


HD
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Thisreactioncanbefollowedspectrophotometricallyand
productscanbemonitoredby usingNMR spectroscopy.8


Someof theresultsof this work werepresentedat the
ERDEC Scientific Conferenceon Chemical and Bio-
logical Defense Research,November 1998,8 where
ProfessorMoss told one of us of his new work in this
area.9 This work materially extendsunderstandingof
reactions of IBA and IBX with thioates and their
hydrolysisproductsin cationicmicelles.4


RESULTS AND DISCUSSION


Hydrolysis of 4-nitrobenzenesulfonyl ¯uoride, 1


The IBA catalyzedhydrolysisof 1 was followed at pH
8.5 over a rangeof [IBA] (Fig. 1). The first-orderrate
constant,kobs, with respectto 1 varied linearly with
[IBA]. Thedatapointwith 1 in excessoverIBA fit onthe
plot (Fig. 1), indicating that IBA is a turnovercatalyst.
There was a small contribution from a spontaneous
hydrolysis.With [IBA] >10ÿ3 M we saw an induction
period(<7 s)beforetheintermediate,3 (Scheme1) came
into steadystate.


The overall reaction (Scheme1) is shown with a
mechanismsimilar to that observedin dephosphoryla-
tion, where breakdown of the intermediate involves
nucleophilicattackontheiodosoresidue.2,12Thesecond-
orderrateconstantis 20.4� 0.5Mÿ1 sÿ1 at 25.0°C (Fig.
1, r = 0.998).ThepKa of o-iodosobenzoicacid is 7.35in
water13 andanapparentvalueof 7.25wasestimatedfrom
kineticsof reactionsin cationicmicelles.14


Reduction of IBA and its regeneration by HSO5
ÿ


We used1H NMR spectroscopyto monitor reductionof
IBA (5� 10ÿ3 M) by 4-methoxybenzenethiol, 4, andthe
subsequentoxidationof o-iodobenzoateion, IB. Unless
specifiedall NMR reactionswerecarriedout in H2O–t-
BuOH 7:3 v/v, 0.1M NaHCO3, nominal pH = 7.5. This
solventwasusedto solubilizethesulfideandsomeof its
oxidation products.We useprotio solventswith signal
suppressionandonly monitoredsignalsin the aromatic
region.Thereis overlapbetween1H NMR signalsof the
iodine compounds,but in order of decreasingchemical
shift themultiplicities are:for IBA, d, t, d, t, andfor IBX,
d, d, t, t. The 1H NMR signalsof the sulfur compounds
areall doublets,which assistsidentificationof products
andintermediates.


The 1H NMR signalsof IBA disappearedwithin the
time of signal measurement(8–10min); on addition of
5� 10ÿ3 M thiol, 4, signalsof IB appearedandthoseof 4
werereplacedby signalsof thedisulfide,5 (Table1), and
signalsof an intermediate,6a, at 7.31 and 6.44ppm, d
[Fig. 2 (A)]. Therewassignaloverlap,butsignalshadthe
expectedmultiplicity. Wethenadded0.025M HSOÿ5 and
signalsof IBA reappearedwith signalsof 4-methoxy-
benzenesulfonate,7, at 7.79and7.04ppm,d. Signalsof
intermediate,6a, correspondinglydecreased(Fig. 2), but
thoseof a secondintermediate,6b, appearedat 7.54and


Table 1. 1H NMR chemical shifts.a


IBA 8.19,d, d; 7.98,t, d; 7.89,d; 7.75,t
IB 7.87,d; 7.42,t; 7.40,d; 7.10,t, d
4-O2NC6H4SO2F 8.60,d; 8.37,d
4-O2NC6H4SO3 7.80,d; 7.08,d
4-MeOC6H4SH 7.30,d; 6.79,d
(4-MeOC6H4S)2 7.37,d; 6.91,d
MPPA 7.68,m, 3H; 7.55,t, 1H
Phthalateion 7.59,m; 7.47,m
C6H5I 7.69,d; 2H; 7.41,t, 1H; 7.17,t, 2H
a In H2O–t-BuOH 7:3 v/v with TSP in D2O as external reference.
Vicinal coupling constantsare 7–8Hz, and long-range coupling
constants,whereobserved,areca.1 Hz.


Figure 1. Hydrolysis of 4-nitrobenzenesulfonyl ¯uoride
catalyzed by IBA in water, pH 8.5, and 25.0°C


Scheme 1. Hydrolysis of 4-nitrobenzenesulfonyl ¯uoride catalyzed by IBA in water, pH 8.5, and 25.0°C
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7.01[Fig. 2 (B)]. Within thetimerequiredfor runningthe
spectrum(ca.10 min) we sawno signalsof IBX, but IB
wasnotcompletelyoxidizedbackto IBA [Fig. 2 (B)] and
therewasoverlapwith a signalof 4.


The spectrumchangedwith time and after 1 day at
21°C signalsof IBA had decreasedand thoseof IBX
appearedat 8.26, d, 8.06, t and 7.91, t, ppm, each
correspondingto 1H, althoughthereis overlapwith the
signal of IBA at 8.18ppm. The signals of the inter-
mediatesulfur compounds,5 and6a,b, disappearedand
werereplacedby thoseof thesulfonate,7. Thesignal-to-
noiseratio deterioratedwith respectto IBA andIBX as
they gradually decomposed,but the spectrumdid not
changewithin a further 3 days,probablybecauseHSOÿ5
hadbeenusedup. We thenadded0.25M HSOÿ5 andall
signalsof aromaticiodine compoundsdisappeared,but
thoseof 4-methoxybenzenesulfonate,7, remained.


Theoxidationof IB by HSOÿ5 is illustratedby thedata
in Table2 andFig. 3 (A) with no sulfur compounds,and
within 10min of mixing. Within this time there was
formationof IBA andIBX, dependingon �HSOÿ5 �, butno
lossof aromaticiodo compounds.In a separateexperi-
ment with 0.01M IB and 0.102M HSOÿ5 the IB signal
disappearedwithin 65min at21°C andthereweresignals


Figure 2. Reduction of IBA (5� 10ÿ3
M) by 4-methoxybenzene thiol (5� 10ÿ3


M) at 21°C. (A) Initial reduction. (B) After addition
of HSOÿ5 . Chemical shifts of the identi®ed compounds are indicated and * indicates signals of intermediates, 6a,b
Ar = 4ÿMeOC6H4


Table 2. Oxidation of IB by HSO5
ÿa


[HSO5
ÿ], M [HSO5


ÿ]/[IB] wIB wIBA wIBX


0.0104 0.51 0.82 0.18 —
0.0174 0.85 0.24 0.63 0.13
0.0338 1.65 — 0.78 0.22
0.0846 4.13 — 0.71 0.29


a In H2O–t-BuOH 7:3 v/v, pH 8.6,0.1M NaHCO3.
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of IBA and IBX in the ratio 1:1.8. On the basis of
comparisonof signalareaswith thatof mesitoateion the
combinedconcentrationsof IBA�IBX were53% of the
original [IB], showingthatIBX wasdecomposingbefore
its complete formation from IBA. Even with modest
concentrationof HSOÿ5 (ca.0.1M) thedecompositionof
IBX (andIBA) is inconvenientlyrapid.


Weestablishedregenerationof IBA asacatalystof the
hydrolysis of 4-nitrobenzenesulfonyl fluoride. We
reduced 0.01M IBA with 0.01M 4-methoxybenzene
thiol, 4, then added0.05M HSOÿ5 followed by 0.01M


sulfonyl fluoride.Within the time requiredto collect the
19F NMR spectrum(8–10min), thesignalof thesulfonyl
fluoride had disappearedand we saw only that of F.
Control experimentsconfirmed that the spontaneous


hydrolysis is relatively slow in solutions of OXONE.
Qualitative observationson the hydrolysis of pNPDPP
aredescribedin theExperimentalsection.


Reactions of peroxyphthalate ion


Magnesiumperoxyphthalate,MPPA, behavessimilarly
to HSOÿ5 in its reactions.When 0.01M 4-methoxyben-
zenethiol, 4, wasmixed with equimolarMPPA, signals
of 4 disappearedandnewsignals(doublets)of disulfide,
5, appearedat 7.37 and 6.91ppm, and those of the
sulfonate,7, appearedat 7.80and7.08ppm.We did not
seesignalsat 7.31 and6.44ppm of the intermediate,6,
which was formed in the reactionwith HSOÿ5 (Fig. 2),


Figure 3. (A) Reaction of IB (0.021 M) with 0.017 M HSOÿ5 after 20 min at 21°C. (B) Reaction of IBA (0.02 M) with equimolar
MPPA after 41 min at 21°C


Copyright  1999JohnWiley & Sons,Ltd. J. Phys.Org. Chem.12, 758–764(1999)


REDUCTIONOF o-IODOSOBENZOATE 761







and some of the disulfide could have formed by air
oxidation.


o-Iodobenzoateion is oxidizedto IBA andthento IBX
by MPPA [Table 3, and Fig. 3 (B)]. As in other
experiments,extentsof thereactionwereestimatedfrom
signal areasrelative to that of mesitoateion. In the
experiment illustrated in Fig. 3 (B) there was some
residualperoxyphthalatewith asignalat ca.7.70,m, and
anothersignalunderthatof phthalateion.


With equimolarreactantstherewasnolossof aromatic
iodine compounds,but the situationwas different with
more concentratedMPPA and IBA (Table 3). With
0.01M IBA and0.1M MPPAwesawno1H NMR signals
of IBA after31min at 21°C, andareasof signalsof IBX
were only 24% of thoseof the original IBA (Table 3).
Thedegradationof IBX by MPPA wasgreaterthanwith
HSOÿ5 undersimilar conditions(Tables2 and3). Signals
in the aromaticregion disappearedand that of t-BuOH
was so large that we have no information on possible
structuresof the aliphaticproducts.Oxidationof ethane
thiol by IBA gavethedisulfide,ratherthanthesulfonate,
asthefinal product.9


Oxidation of 4-methoxybenzene thiol


Thefinal oxidationproduct,4-methoxybenzenesulfonate
ion, 7, survivedoxidation,15 but we detectedintermedi-


ates in the course of reaction. Initially thiol, 4, was
oxidized to disulfide, 5, by IBA, and intermediate,6a,
appeared,probably by oxidation of disulfide, 5. On
additionof HSOÿ5 a secondintermediate,6b, appearedat
theexpenseof 6a. (Fig. 2), andsulfonate,7, wasformed.


A possiblereactionsequenceis shownin Scheme2, in
whichdisulfideis oxidizedto thethiol arenesulfinate,6a,
and HSOÿ5 oxidizes6a to the thiol arenesulfonate,6b.
The sulfonate,7, could be generatedby hydrolysesof
6a,b, which would reform thiol, 4, and 4 would be
recycledoxidatively.Alternatively the esters6a,b could
be oxidized to anhydrides which would be rapidly
hydrolyzedto an arenesulfinateion (which would then
berapidly oxidized),or to 7. Our hypothesisthat6a is a
sulfinateand6b a sulfonateis consistentwith the latter
havinghigherchemicalshifts (Fig. 2), but we recognize
that theseassignmentsarespeculative.


We did not see1H NMR signalsof 6a,b in reactions
with MPPA (Fig. 3), consistentwith the formation of
sulfinateor sulfonateesters,which would react rapidly
with a nucleophilic peroxyphthalatedianion to readily
give hydrolyzable mixed anhydrides.These reactions
wouldnotoccurwith HSOÿ5 whichis aweaknucleophile.


Thepostulatedreactionsequenceis shownin Scheme
2, although the overall reactions probably include
hydrolysesof 6a,b. The schemeincludesthe observed
chemicalshifts,ppm,(Fig. 2).


Decomposition of IBX


We did not observe quantitative formation of IBX
startingfrom either IBA or IB andoxidant,because1H
signalsin the aromaticregion decreasedwith time and
finally disappeared,indicatingthat IBX reactswith both
HSOÿ5 and MPPA. Reactionprobably involves further
oxidationat iodine, althoughsuchan intermediatemust
beshort-lived,becausewe sawno new1H NMR signals.


We considereda reaction in which a hypervalent
iodinecompoundis hydrolyzedto salicylateion, but we
did not seeits 1H NMR signalsat 7.88, d, 7.40, t, and
6.92, m, and there was no diminution of thesesignals
relative to those of mesitoate,when salicylate ion,
0.02M, was left with 0.2M HSOÿ5 for 1 day at 21.4°C
in H2O–t-BuOH 7:3 v/v, pH 7.4. Iodobenzenewas
oxidizedby HSOÿ5 to iodoxybenzene[Fig. 3 (A)]. In the
reaction conditions used for salicylate ion, and with
mesitoateion as a quantitativemarker, therewas 70%
reaction after 1 h at 21°C, with no loss of aromatic
signalsand after 3.7h we saw only signalsof iodoxy-
benzeneat8.04,d,2H 7.78,m,3H.With 0.02M reactants


Table 3. Oxidations by MPPAa


Time Yield (mol %)b


[MPPA]/[IB] [MPPA]/[IBA] (min) IB IBA IBX


1c 41 0.44 0.44 0.12
1.97c 48 0.09 0.68 0.23


10d 31 — — 0.24


a In H2O–t-BuOH 7:3 v/v, pH 7.4,0.1M NaHCO3, 21°C;
b Yields arecalculatedfrom relativeareasof the1H NMR signalsand
that of mesitoateion;
c 0.021M IB;
d 0.01M IBA.


Table 4. Oxidation of IB by IO4
ÿa


Time (h) 0 0.68 2.95 25.7 147
103 [IB] (M) 10.6 9.94 9.65 6.78(3)b 1.22(0.7)b


a In H2O, pH 6.1, 21.4°C with initially 0.1M NaIO4 and5� 10ÿ3
M


mesitoateion;
b Valuesin parenthesesare[IBA]/[IBX].


2ArSH
4; � � 7:30; 6:79


ÿ! ArSSAr
5; � � 6:91; 7:37


ÿ! ArSO:SAr
6a; � � 7:31; 6:44


ÿ! ArSO2:SAr
6b; � � 7:54; 7:01


ÿ! 2ArSOÿ3
7; � � 7:79;7:04


Scheme 2
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in theaboveconditionswesawthesame1H NMR signals
and 3%, 13% and 13% reactionafter 0.1, 2 and 22h,
respectively,probablybecauseHSOÿ5 graduallydecom-
posed.Therewasno decreasein the1H aromaticsignals
relativeto that of mesitoateion.


Theseobservationsindicate that the acyl residueis
involved in the decompositionof IBX. The carbonyl
groupin thecyclic form of IBX (andIBA) is conjugated
with the aromatic residue and a hypervalent iodo
compoundgeneratedby oxidationof IBX could loseits
aromaticcharacter.Possiblereactions,shownin Scheme
3 would generatedieneswhich shouldreactwith peroxy
acidsto form aliphaticcompounds.Wecouldnot identify
1H NMR signalsof thesehypotheticalproductsbecause
of thevery largesignalof theCH3 groupsof t-BuOH,and
wehavenoevidenceonthestep-wiseor concertednature
of thehypotheticalreactionsshownin Scheme3.


Reaction of periodate ion and IB


Periodateion oxidizesaryl sulfides,7 althoughit is less
reactive than HSOÿ5 in these reactions,5b,16 and we
examinedits reactionwith IB at 21.4°C. Theexperiment
was madewith 0.1M NaIO4 and 0.011M IB in H2O,
initial pH = 6.4, and0.005M mesitoateion asreference.
ThesolutionwasunbufferedbecauseNaHCO3 saltedout
thereactants.Thereactionwasslow,t1/2� 41


2days,but1H
NMR signalsof IB decreasedandthoseof IBA andIBX
appeared.With time there was some precipitation,
probablyof o-iodosoand o-iodoxy benzoicacid. From
the relativepeakareasof IB andmesitoateion kobs was
2� 10ÿ6 sÿ1 and the reaction was too slow to be
practicallyuseful.Therewasslowoxidationby KIO4 but
reactantswerenot completelysoluble.


CONCLUSIONS


Both HSOÿ5 andperoxyphthalateion allow IBA andIBX
to beusedasturnovercatalystsof hydrolysisof activated


phosphorus(V) estersand sulfonyl fluorides at mildly
alkaline pH in the presenceof sulfides. In these
conditions peroxyphthalateion is an effective depho-
sphorylatingagent.Periodateion oxidizeso-iodobenzo-
ate ion, but this reaction is too slow to be practically
useful.Thereis considerabledecompositionof aromatic
iodinecompoundswith [peroxyacid]>0.1M.


EXPERIMENTAL


Materials


Magnesiumperoxyphthalate(Lancaster),OXONE (Al-
drich), IBA (ACROS), iodobenzene(TCI), o-iodoben-
zoic acid (ACROS), and 4-methoxybenzenethiol
(ACROS), 4-nitrobenzenesulfonyl fluoride (Aldrich)
were usedas receivedand pNPDPPhad beenusedin
earlier work.6 The peroxy contents of OXONE and
peroxyphthalate,determinediodometrically, were 80%
and73% of theoretical,respectively,andconcentrations
werecorrectedaccordingly.Solutionsweremadeupwith
redistilled, deionizedwater in H2O–t-BuOH 7:3 v/v to
allow solubilization of the substratesand oxidation
productsof thesulfides.


Kinetics


The reactionof 10ÿ4 M 4-nitrobenzenesulfonylfluoride
(1) in water was followed in an HP 8451 diode array
spectrophotometerat 25.0°C at pH 8.5 (0.1M NaHCO3


buffer). Thesulfonyl fluoridewasaddedin 30ml MeCN
to 3ml of kinetic solution.The reactionwasfollowed at
240–280nm and in this rangevaluesof first-orderrate
constants,kobs, varied by <2%, except for the fastest
reactionswhere values were within 5%. There is an
isobesticpointat258nm.Theturnovercatalysisis shown
by the valuesof 103 kobs sÿ1, at 240, 275 and 280nm,
respectively: 1� 10ÿ4 M 1, 1� 10ÿ4 M IBA— 4.16,
4.24, and 4.25; and 2� 10ÿ4 M 1, 1� 10ÿ4 M IBA—


Scheme 3
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4.44 (4.87), 4.32 (4.95), and 4.42 (4.95). Values in
parentheseswerewith 1.04� 10ÿ4 M IBA.


Weattemptedto examinetheIBA catalyzedhydrolysis
of pNPDPP in the presenceof PhSH and HSOÿ5 (as
OXONE). In MeCN–H2O 3:7 v/v, pH 8.5 (nominal),
0.1M NaHCO3 buffer and 2.4� 10ÿ5 M pNPDPP,the
second-orderrate constantfor reaction with IBA was
0.56Mÿ1 sÿ1 at 25.0°C, which is similar to the valueof
1.0Mÿ1 sÿ1 at pH 7.0 in water.10 We could not obtain
goodkinetic dataspectrophotometrically in thepresence
of OXONE and PhSH, becauseprecipitatesformed,
althoughabsorbanceat 400nm increasedasexpected.


We madequalitativeobservationson the deactivation
of IBA using thioanisole,2, and its regenerationon
additionof HSOÿ5 in H2O–t-BuOH7:3v/v, pH 8.5,0.1M


NaHCO3. When10ÿ4 M pNPDPPwasaddedto 10ÿ3 M


IBA atca.21°C thesolutionbecameyellow within a few
minutes.Addition of 10ÿ3 M 2 stoppedcolor develop-
ment, but it immediately resumed on addition of
2� 10ÿ3 M HSOÿ5 . The color of p-nitrophenoxideion
was unaffectedby HSOÿ5 in theseconditions,provided
that thepH wasmaintained.


NMR spectroscopy


Spectrawere monitoredtypically in H2O–t–BuOH 7:3
v/v on a Varian Unity (INOVA) instrument,400MHz
for 1H, in isotopically normal solvents with a D2O
insert,TSPasexternalreference,andsuppressionof the
1H signal of H2O. As a result of signal suppressionwe
sawsome‘spikes’ in the spectra,which appearedin the
absenceof reactantsand were easily identified. The
breaksin NMR spectrawere due to theseadventitious
‘spikes’.Therewasa largesignalof CH3 of t-BuOHand
therefore we only monitored signals in the aromatic
region.Weusedmesitoate(2,4,6-trimethylbenzoate)ion,
�H = 6.86ppm,s,asa calibratingstandardfor estimating
extentsof reaction.11 The19F signalof 4-O2NC6H4SO2F
was at ÿ68.5ppm and that of Fÿ was at ÿ112.4ppm,
relativeto CF3Cl � = 0 ppmmeasuredwith CF3CO2H as
anexternalreference,� = 76.55ppm.


There was overlap of some 1H signals of the iodo
compoundsand of the oxidation products,but in all
conditions there were sufficient 1H signals to allow
quantificationof iodo compounds,basedon comparison
of peakareaswith thatof mesitoateion. Chemicalshifts


varied slightly with changesin the reaction medium
becausewe usedexternalreferences,but therewas no
effect on signal multiplicities or relative peakareas.In
mostcompoundsthatweexamined,hydrogensin agiven
moleculewerein 1:1ratios,whichassistedidentification.
The1H NMR signalsof thestockcompoundsaregivenin
Table1.
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Understanding the volume±solubility dependence: the
mobile order and disorder view†
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ABSTRACT: In the liquid phase, both the ephemeral character and the mobility of all intermolecular contacts and of
H-bonds in particular have the result that, at constant pressure, the dissolution of a liquid or solid compound does not
require the breaking of the solvent matrix. Contrary to the widely accepted idea, the observed volume–solubility
relationships do not arise from the energy required to create cavities of the solute dimension in the solvents for
locating the foreign molecules, but always have a hybrid origin stemming from the balance of elementary processes
involved in the overall solubility phenomenon. In order to stress the quantitative solubility dependence of non-
electrolytes on their molar size, the solubility of aprotic substances in solvents of varying size, polarity and hydrogen
bond ability was predicted from the mobile order and disorder (MOD) theory-derived solubility model. Obtained on a
strictly thermodynamic basis, the model allows reliable estimates of solubility and provides a correct understanding of
the solution behavior. The analysis of the relative importance of the various processes contributing to the overall
solubility demonstrates that, in water for instance, the linear decrease in solubility versus increasing size of the solute
is ruled by the balance of two volume-dependent entropic contributions: the hydrophobic effect opposing solution and
the mixing entropy correction factor that favors solution. Copyright 1999 John Wiley & Sons, Ltd.


KEYWORDS: Volume–solubility dependence; mobile order and disorder theory-derived solubility model;
hydrophobic effect; mixing entropy correction factor


INTRODUCTION


Among the readily available or easily calculated
structural and physico-chemical properties characterizing
neutral organic solutes, the molar volume (or any other
volume-related property such as the surface area or the
molar refraction) is perhaps the parameter most widely
used for correlating solubility data through single or
multilinear regressions.1–29 Reviews of the various
pathways of predicting solubility have been published
by Lymanet al,30 Yalkowsky and Banerjee,31 Grant and
Higuchi32and Horvath.33Traditionally, the interpretation
given to the presence of the molar volume as the main
descriptor in almost popular quantitative solubility–
property relationships (QSPR) and in linear solvation
energy or free energy models (LSER/LFER) essentially
relies on the endoergic contribution to the solution
process related to the creation of a cavity of the solute
dimension in the solvent. Disfavoring the solution
process, the volume-related term in these models, the
so-called cavity term, is generally preceded by a minus
sign indicating that any increase in the size of the solute


implies a lowering of solubility: the larger the size of the
solute, the greater is the amount of energy required to
overcome the solvent–solvent interactions for making
suitable cavities to enclose the solute, and the lower is the
solubility. Although they may yield good estimated
solubility values in many cases, all empirical and
semiempirical methods suffer from various failures. In
particular, group or fragment solubility constant con-
tribution approaches and correlative LSER/LFER or
QSPR methods are often class-specific, yielding the best
results when applied to simple homologous series of
chemicals. Being specifically designed to estimate
solubility in a particular solvent (usually in water), they
are limited in their applicability. Furthermore, although
all these approaches have some theoretical basis, their use
in predicting solubility remains essentially empirical, and
does not provide clear insights into the physical nature of
the phenomena underlying the solution process (there is
in fact little physical significance attached to the
regression coefficients).


In contrast to the above methods, thea priori
development of a comprehensive thermodynamic solu-
bility model for real solutions is based on the correct
understanding of all physical or chemical phenomena that
determine solubility, and also on the forces that operate
between molecules in solution. Such a solubility model is
then applicable to predict the solubility of any liquid or
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solid substancein any apolar, polar or protic solvent
including water,andmay in particularshedlight on the
molecularorigin of theempiricallyobserveddependence
of the solubility with respect to particular physico-
chemical properties. In fact, the general solubility
model34 basedon the non-ergodicthermodynamicsof
the mobile order and disorder (MOD) theory for H-
bondedliquids, developedby Huyskensand co-work-
ers,35–37 fullfils these objectives. To date, the MOD
theory-derivedsolubility equationhasbeensuccessfully
applied to predict the solubility of low-polarity sub-
stancesin individual andbinarysolventsystems,38–49the
mutualsolubility of waterandhydrocarbons50,51andthe
solubility of solid andliquid proton-acceptorsubstances
and alcohols in aprotic and protic solvents.52–60 The
MOD theory hasalso beenusedfor obtaining reliable
estimatesof then-octanol–waterpartitioncoefficientsof
environmentallyand pharmaceuticallyimportant com-
pounds61,62 and to explain different ionic conductivity
peculiarities observed in solution.63–67 In all these
applications,the hydrogenbondformationbetweenlike
and unlike moleculesis always treated by meansof
association constants instead of using Hansen or
Hildebrandcohesionparameters,henceallowing oneto
takeinto accounttheentropyeffectsinvolved in H-bond
formation.


The objective of the present investigation was to
demonstrate,in the frameof theMOD thermodynamics,
that the observedsolubility dependenceon the molar
volume of the solute is mainly of entropic origin, and
doesnot result from a hypotheticalendoergicprocess
associatedwith thebreakingof solvent–solventmolecu-
lar interactions in order to create a suitably sized
enclosurefor the solute. The nature of the entropic
effectswhich areat the origin of the volume–solubility
dependenceis, however,notalwaysidentical.Depending
upon whetherthe solvent is self-associatedor not, the
solubility variationwith thesizeof thesolutearisesfrom
the balance of two opposite entropic effects (the
hydrophobic effect and the correction factor for the
entropyof mixing), or from the oppositionbetweenan
unfavorableenthalpic contribution (the changein the
non-specific cohesion forces upon mixing) and a
favorable entropic contribution (the correction factor
for theentropyof mixing). Accordingly,it will beshown
that, althoughthe increasein the molar volume of the
solute lowers the solubility in most cases,the effect is
predictedto bereversedin non-associatedsolventswhose
modifiednon-specificcohesionparameteris closeto that
of the solute. That solubility may experimentally
decreaseor increasewith increasingsize of the solute
already plays against the sole interpretation of the
volume-relatedterm involved in the QSPRor LFER/
LSER solubility equationsin terms of cavity effects.
According to theseeffects only, the solubility should
always be expectedto decreaseas the solute becomes
increasinglylargerregardlessof thenatureof thesolvent.


THE MOD THEORY-DERIVED SOLUBILITY
MODEL


Basically, the MOD theory for H-bonded liquids
considersnot the equilibrium betweenconcentrationsof
self-associatedpolymericspeciespresentin the liquid at
agiventime,but theequilibriumbetweenfractionsof the
time during which the systemis found in a particular
state:thefractiong of thetimeduringwhichthemolecule
escapesfrom H-bonding,andthecomplementaryfraction
(1ÿg) of the time when the moleculeis bonded.In the
liquid state,themoleculesarecontinuouslymoving,and
thereis accordinglya perpetualchangein thepartnersof
interaction,evenwhentheinteractionis adirectionaland
stoichiometrichydrogenbond. In amphiphilic solvents,
the associated molecules move together until the
associationis broken. Some molecules will then be
completely free from H-bonding for a lapse of time
beforereformingnewtemporaryassociationswith oneor
another neighboring partner encounteredduring their
migrationthroughtheliquid. In contrastto whathappens
in H-bondedcrystals,the partnersof hydrogenbondsin
liquidsarenotmaintainedwith time,andall variousself-
associatedaggregates(dimers,trimers,tetramers,…, n-
mers)observedin solutionat a giventime areephemeral
or transienton a thermodynamictime-scale;the thermo-
dynamic entities may differ from the spectroscopic
entities.68 Although the number of H-bonds remains
constantin thecourseof thetime,thesebondsaremobile.
A molecule which, at a given time, is H-bonded to
anothermoleculecan find itself completelyfree a few
moment later and vice versa.The essentialdifference
betweennon-associatedand H-bondedliquids doesnot
residein the mobility of the molecules,but lies in the
fractions of the time during which some molecular
groupsor moleculesremainin contactwith eachother.
Whenpreferentialor specificinteractionsare formedin
liquids, theselead some interacting groups to remain
muchlongerin contactwith eachotherthanif governed
by randomcontacts.This is especiallytrue in thecaseof
H-bondingwhich requiresthat the H-atomof a proton-
donorgroupfollows mostof thetime theprotonacceptor
groupof a neighboringmoleculein its walk throughthe
liquid, just asa dog follows its masteron a leash.With
respectto non-associatedliquids, suchbehaviordrasti-
cally modifies the time schedule of the molecular
interactionsand confer on H-bondedliquids a higher
degreeof orderandsomekind of structure.Theorderis,
however,not static, originating from restrictionsin the
orientationsandpositionsof themoleculargroups,but is
mobile and intermittent. The mobile characterof the
orderrefersto the fact that during small fractionsof the
time, this kind of order vanishes.For the time during
which themoleculesarebonded,themobileorderlowers
the entropyof the systemwith respectto the situation
whereall amphiphilicgroupswould be completelyfree,
or wheretheintermolecularcontactswouldberuledby a
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randomlaw. Both theorderintroducedby the formation
of preferentialcontactsandthemobilecharacterof these
contactsconstitutethebasisof theMOD theory.


Thequantitativedevelopment34 of theMOD theoryis
at the basisof a new thermodynamictreatmentof non-
associatedandassociatedsolutions.Thedevelopmentled
in particular to a general predictive solubility model
[Eqn.(1)] containingseveralcontributionsaccountingfor
the influence of solvent–solvent, solute–solute and
solvent–soluteinteractionson the chemicalpotentialof
thesolute.Basedon a correctdescriptionof theenthalpy
and entropy changesaccompanyingthe fusion and
solutionprocesses,the predictiveequationfor solubility
in volume fraction, ΦB, completely describesthe free
energychangewhenasoluteB is dissolvedin asolventS.
Dependingupon the functional groupspresenton the
soluteandsolventmolecules,thecompleteMOD theory-
derived solubility expressionmay contain up to six
different terms:


ln �B � A� B� D� F �O�OH �1�


Characterizinganelementaryphysicalstepof thewhole
solubility process,each term in Eqn. (1) is thermo-
dynamicallywell defined,andaffectssolubility favorably
or unfavorably.Eachterm is discussedin detail below.


The term A representsthefluidization of thesoluteor
its ideal solubility. This contributioncorrespondsto the
suppressionof thecollectiveforceswhichbind thesolute
moleculeswithin their crystallinestate.The fluidization
termis a negativesolubility contributionwhich doesnot
dependon the solvent.At the temperatureT of interest,
this term is calculatedfrom the knowledgeof the molar
enthalpy of fusion, DmH, and from the absolute
equilibrium temperatureof melting, Tm, of the pure
crystallinesubstance:


A� ÿ�mH
R


1
T
ÿ 1


Tm


� �
�2�


This equation,however,is only anapproximationof the
ideal solubility in that it disregardsthe molar heat
capacitydifferenceof the liquid and solid forms of the
solute. Moreover, additional similar term(s) must be
included if the compoundundergoessolid-statephase
transition(s).In the absenceof an availableenthalpyof
fusion, the crystallinity contribution to the solubility is
calculatedfrom the equationproposedby Yalkowsky69


for rigid molecules,requiringonly themelting-point(Tm)
in Kelvin of thechemicalsubstance:


A� ÿ0:02278�Tm ÿ T� �3�


The term B is a correctionfactor for the entropyof
mixing derived from the difference in size of the
moleculesin solution.This term essentiallydependson
the ratio VB/VS betweenthe solute and solvent molar


volumes,and contributespositively to the solubility as
long as VB is greaterthan VS. Rememberthat, in the
MOD theory,theentropyof mixing in liquids is givenby
a hybrid expression36 accounting for the nominal
exchangein the positions between unlike molecules
andfor theexpansionof theindividualdomainsavailable
for themotionsof themoleculeswithin solution:


B� 0:5�S
VB


VS
ÿ 1


� �
� 0:5ln �B � �S


VB


VS


� �
�4�


The term D accountsfor the effect on the solubility
related to the changesin the solute–solute,solvent–
solvent and solute–solvent non-specific interactions
(induceddipole–induceddipole, induceddipole–dipole
and dipole–dipolecohesionforces) accompanyingthe
transferof the liquid solute from its pure phaseto the
solvent.To a first approximation,this contributionmay
be evaluatedin the usual way from the Scatchard–
Hildebrand equation for regular solutions using the
cohesion parameter. This equation, based on the
geometricmeanassumption,70 statesthat the adhesive
energyof a pair of unlike moleculesis the geometric
meanof thecohesiveenergiesof thetwo equivalentlike
pairs. A direct consequenceof the geometric mean
assumptionis that regular solutions always lead to
positive deviations from Raoult’s law and positive
enthalpies of mixing. Although the regular solution
theory is a reasonableapproximationfor relatively non-
polar systems,it no longerholdsfor solutionsin which
specificinteractions(H-bonds)occurbetweenthe solute
andsolventmolecules,becausesuchinteractionsmodify
the random distribution of the molecules. For such
systems,theeffectof thenewmodeof distributiononthe
D term is accountedfor by multiplying the Scatchard–
Hildebrandexpressionby the fractionof the time during
which the soluteis not boundto the solvent,i.e. during
which the distributionbetweenthe solventandunbound
solute moleculescan still be consideredto occur at
random.71 By assumingthatthenon-specificinteractions
involving the bound solute are negligible, the D
contribution,expressedby Eqn. (5), brings a reduction
in thesolubility:


D � ÿ 1


1:0�max�KOi ;KOHi � �S
VS


h i�2
SVB


RT
��0B ÿ �0S�2 �5�


wheremax(KOi
, KOHi


) standsfor theassociationconstant
governingthestrongestintermolecularH-bonddisplayed
by themoleculargroupsin solution.


The D contribution thus has the meaninggiven by
Hildebrandin themethodusingthecohesionparameters,
but refers,in the presentcontext,only to dispersionand
dipolar forces,excludingthe H-bonds.Accordingly, the
actual D term is calculated from correspondingnew
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parameters,�', called modified non-specificcohesion
parameters.


The term F describesthe hydrophobiceffect, which
accountsfor the reductionin solubility that resultsfrom
the formation of H-bondedchainsbetweenamphiphilic
solventmolecules.The MOD theoryproposesa natural
explanationof thehydrophobiceffect,62 andenablesthis
effect to be expressedquantitativelyby Eqn. (6). This
equation is composedof two parts:58 the first term
describesthenegativeentropicinfluenceof thesolvent–
solventH-bondchainson thesolubility of non-proticand
protic substances.For the latter category of solutes,
however, this first negative contribution is partially
counterbalancedby the secondterm, which expresses
thereductionin thelossof themobileorderentropyof the
solvent molecules due to the participation of the
amphiproticgroupsof the soluteto the solventH-bond
network.


F � ÿrS�S
VB


VS
�
X


i


vOHi �S�rS� bi� �6�


where vOHi
is the number of independentand active


proton–donorsites of type i on the solute and bi is a
constantaccountingfor theprimary(1.2),secondary(2.0)
or tertiary(2.9)characterof theproton-donorgroupin the
case when this group is a hydroxyl group and the
solubility is estimated in water; rs representsthe
‘structuration factor’ of the solvent which, at room
temperature,is equal to 0 for non-associatedsolvents
(hydrocarbons,esters,ethers,ketones,aldehydes,tertiary
aminesandamides,nitriles), to 1 for stronglyassociated
solventsformingsingleH-bondchains(alcohols)andto 2
for water and diols whose moleculesare involved in
double H-bondedchains.More exact valuesfor protic
solventscan be calculatedfrom particular expressions
issuedfrom the quantitativedevelopmentof the MOD
theory.34,50


ThetermO expressestheeffectonsolubility of theH-
bondsformedbetweenproton-acceptorsitesof thesolute
and proton-donor solvents. Each particular H-bond
interactionsuchasketone–alcoholcontributesto increase
solubility, and is characterizedby the group interaction
stability constant,KOi


. The overall O contribution is
alwayspositive,and is calculated,to a first approxima-
tion, as the sum of the partial contributionsthat each
proton-acceptorsite on thesolutebringsabout:


O�
X


i


vOi ln 1� KOi


�S


VS
ÿ vOi


�B


VB


� �� �
�7�


where i representsa particular type of proton-acceptor
groupof thesolutewhoseinteractionwith thesolventis
governedby KOi


andvOi
indicatesthe numberof active


andindependenttypei proton-acceptorsitesonthesolute
molecule.


The term OH describesthe effect on solubility of the
amphiphilicgroupson the solute[with the exceptionof
the reduction of the hydrophobiceffect already con-
sideredin Eqn.(6)]. Thewayin whichthesegroupsaffect
the solubility is twofold: (a) the insertionof the solute
molecules in their own H-bonded chains by self-
associationin solution tendsto decreasesolubility; (b)
with proton-acceptorandamphiphilicsolvents,both the
formation of single heteromolecularH-bonds and the
insertion of the solute moleculesin mixed H-bonded
chains promote the solubility. The net result of these
variousspecificinteractionsuponsolubility is described
by Eqn.(8):


OH �
X


i


vOHi ln 1� KOHi


�S


VS
� KBB


�B


VB


� ��
ÿ ln 1� KBB


VB


� ��
�8�


wherei representsaparticulartypeof proton-donorgroup
of the solute whose interaction with the solvent is
governedby the associationor insertionconstantKOHi


andvOHi
indicatesthenumberof activeandindependent


proton-donorsitesof type i on the solutemolecule.The
constantKBB is the stability constantwhich governsthe
soluteself-associationin solution.


From the above expressions,the volume fraction
solubility of any chemicalsubstancemay be predicted
a priori in any apolar,polar, protic or aprotic solvent
provided there is a knowledgeof a limited numberof
propertiescharacterizingboth the solute and solvent
molecules,andtheir interactionsin solution.Remember
that in the caseof solid solutes,the molar volumeto be
consideredis not thatof thecrystallinesubstance,but the
volume of the molecule in its hypotheticalsubcooled
liquid state.Suchvolumesarereadilyestimatedfrom the
addition of group contributions34,52 whosevalueswere
obtainedto fit besttheexperimentalmolar volumesof a
largenumberof liquids.


Keeping in mind the overall aim, we have limited
ourselves,for clarity and convenience,to study the
solubility of a number of inert and proton-acceptor
chemicalsof increasingvolume. Proton-donorsolutes
werenotconsideredin thiswork. Indeed,in thiscase,the
presenceof one additionalvolume-dependentcontribu-
tion (OH term) in the solubility predictive expression
would make it more complex and more difficult to
unraveltheway in which thesolutemolarvolumeaffects
solubility. Nevertheless,to featurethedifferent physical
phenomenaresponsiblefor the correlations between
solubility and the size of the solutes,we decided to
analyzeandcomparethevariationsof thenon-crystalline
solubilitiesof the aforementionedsolutesin solventsof
varying size, polarity and self-associatingability (the
non-crystallinesolubility, �L


B, is the liquid solubility or
thehypotheticalliquid subcooledsolubility in thecaseof
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a solid). For this purpose,thesolubilitieswerepredicted
in two apolarandtwo polar aproticsolvents(n-hexane,
benzene,butan-2-oneand n-butyl acetate)and in three
solventsof differing hydrophobicpropensitycapableof
self-associationand complexation with the solutes
(ethanol,n-butanolandwater).


RESULTS AND DISCUSSION


As noted previously, the number of terms in the
predictiveexpressionfor solubility is determinedby the
natureof the functional groupsdisplayedby the solute
and solventmolecules.For example,as long as one is
concernedwith thesolubility of aproticsolutes(display-
ing atmostonetypeof proton-acceptorgroup)in solvents
unableto self-associate(n-hexane,benzene,butan-2-one
andn-butyl acetate),theMOD solubility modelexpresses
the volume fraction solubility as the sum of three
contributionsonly [Eqn. (9)], i.e. the ideal solubility (A
term), the exchangeentropycorrectionfactor (B term),
and the changesin the non-specificcohesionforces(D
term):
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Whenthe sameaproticsolutesaredissolvedin solvents
able to self-associateand to interactwith the solute in
solution,thenthecorrespondingtermsF andO haveto be
added, and the solubility may be predicted by the
following expression:
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Note that the non-crystallineor liquid solubility, �L
B, is


readily obtained from both Eqns (9) and (10) by
subtractingthe ideal solubility (A term) from theoverall
solubility result,ln ΦB.


Using thesetwo equationsalong with the physico-
chemical parametersgiven in Tables 1 and 2, the
solubilities of a numberof solid and liquid substances
werecalculatedin thesevenpredeterminedsolvents.The
calculatedresults and the correspondingexperimental
dataare providedfor comparisonin Tables3–5. These
tablesalsoreportthe valuesof thevariouscontributions
involved in the solubility calculation. Although the


solubility data span over a 22-fold ln Φ range, the
presenttheoryprovidesreasonablyaccuratepredictions,
as shownby Fig. 1, illustrating the agreementbetween
predictedand observedsolubility values(the observed
versuspredictedstandarddeviationfor the271solubility
valuesreportedin this work amountsto 0.66ln Φ units).


In addition to its satisfactorypredictive ability, the
MOD solubility model also enablesone to understand
betterthe physicalphenomenaunderlyingthe solubility
process,andpermitsoneto assesshowandto whatextent
somefactors,suchasthe molar volume,may affect the
overallsolubility. Suchacomprehensiveknowledgemay
particularly be gainedfrom the analysisof the relative
importanceof thetermscontributingto thesolubility and
from considerationof their variationsversusthesoluteor
solvent properties. In this context, the origin of the
solubility dependenceon the solute molar volume is
analyzed below. For clarity, the results have been
separatedinto threeclasseson the basisof the natureof
thesolventconsidered:(a)theaproticsolvents(n-hexane,
benzene, butan-2-one and n-butyl acetate), (b) the
amphiprotic solvents (ethanol and n-butanol) with a
weakhydrophobictendencyand(c) waterwith its very
stronghydrophobiceffect.


The solubility in non-associated solvents


As far asonly aproticsolutesandsolventsareconcerned,
the non-crystalline or liquid solubility involves the
contribution of two terms only in the actual solubility
model. One of theseterms is of enthalpicnature,and
representsthe difference in the non-specificcohesion
forces betweenlike and unlike pairs of moleculesin
solution (D term). The other term is entropic, and
correspondsto the correctionof the exchangeentropy
relatedto thedifferencein sizeof thesoluteandsolvent
moleculesin solution (B term). Although both of these
contributions simultaneouslyincreasewith increasing
molarvolumeof thesolute(seeTable3), theygenerally
affectsolubility in oppositedirections:thecontributionB
enhancessolubility whereasthecontributionD lowersit.
As a result, two size-dependent solubility behaviorsare
theoretically expected to occur, and are observed
experimentally(Fig. 2). On the onehand,all molecular
systemswhosesoluteandsolventmodifiednon-specific
cohesionparameters,�'B and�'S, differ widely from one
another are essentially governed by the enthalpic
polarizability/dipolarity effects.Their solvationprocess,
andhencetheir non-crystallinesolubility, is ruledby the
D term.Beingcharacterizedby a negativevalueof theB
plus D terms, the non-crystalline solubility of these
systemswill decreaseasthe molar volumeof the solute
increases.In contrastwhensoluteandsolventmolecules
haveclosevaluesof theirmodifiednon-specificcohesion
parameters,�'B and�'S, thesolutionprocessis determined
by thecorrectionfactorof theentropyof mixing (B term)
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and is not due to the enhancementof this term with
respectto thepreviouscases,but is rathercausedby the
smallnessof the dispersion–dipolareffects. Such mol-
ecularsystemsare characterizedby a positive value of
theB plusD terms,andtheirsubcooledliquid solubilities


will generallyincreasewith increasein themolarvolume
of thesolute.Theseverysimplerulesenableusto explain
why, for instance, the non-crystalline solubility of
aliphatic hydrocarbonsof growing size increasesin
apolar or slightly polar solventssuch as n-hexaneand


Table 1. Physical properties of solid solutes


Solute Tm (K) DHm (kJmolÿ1) VB (cm3 molÿ1) �B (J1/2 cmÿ3/2) Ref.


n-Octadecane 301.40 61.40 326.9 15.71 72
n-Nonadecanea 305.20 45.83 343.1 15.75 72


296.00 13.81
n-Eicosane 309.80 69.89 359.4 15.78 72
n-Docosanea 317.20 48.97 391.4 15.86 72


316.20 28.21
n-Tricosanea 320.70 53.97 410.5 15.88 72


313.70 21.76
n-Tetracosanea 323.80 54.91 423.9 15.91 72


321.30 31.30
n-Octacosanea 334.35 64.64 493.0 16.00 72


331.15 35.44
n-Triacontanea 338.60 70.90 523.2 16.03 73


335.20 38.97
n-Dotriacontanea 342.10 76.00 555.9 16.06 72


338.90 42.70
n-Hexatriacontanea 349.05 88.83 621.0 16.12 72


345.25 40.46
Adamantane 541.00 10.91 140.6 17.45 74
Naphthalene 353.35 19.10 130.2 19.40 74
Anthracene 489.65 29.37 150.0 20.68 74
Thianthrene 428.40 25.44 165.8 21.02 75
Phenanthrene 374.00 15.72 171.0 20.00 74
trans-Stilbene 398.15 27.40 177.0 19.69 74
Biphenyl 342.60 18.66 160.0 19.45 74
Pyrene 424.40 17.11 182.0 20.77 76
Benzil 368.35 19.76 180.0 21.72 55
Carbazole 519.20 27.00 148.2 23.04 70
Thioxanthen-9-one 487.88 35.50 161.0 20.69 41
Dinonyl ketone 330.15 67.26 338.0 17.30 55
Didecyl ketone 336.65 76.20 371.0 17.20 55
Diundecylketone 342.15 78.03 404.0 16.93 55
Methyl palmitate 303.75 55.65 309.0 19.24 55
Methyl stearate 312.20 64.43 342.0 17.26 55
Palmitonitrile 304.55 56.80 283.6 17.24 56
Stearonitrile 314.15 65.81 316.6 17.68 56
Testosteroneformate 398.00 18.12 280.8 20.00 58
Testosteroneacetate 413.15 22.51 307.1 20.00 58
Testosteronepropionate 393.15 22.13 323.4 20.00 58
Testosteronebutyrate 382.15 25.31 339.6 20.00 58
Testosteronevalerate 380.15 30.96 355.8 20.00 58
Norethindroneacetate 480.00 27.30 311.8 20.00 58
Deoxycorticosteroneacetate 430.0 29.66 330.8 20.00 58
Megestrolacetate 488.15 332.6 20.00 58
Pregnenoloneacetate 423.15 341.1 20.00 58
Stanolonepropionate 394.15 24.51 341.3 20.00 58
Ethynodioldiacetate 399.15 359.3 20.00 58
Dromostanolonepropionate 399.15 361.2 20.00 58
Trioctadecylamine 327.15 222.66 937.5 16.47 77
N,N-Diphenylcapramide 320.65 35.16 334.0 17.93 56
N,N-Diphenyllauramide 330.15 40.77 367.0 17.54 56
N,N-Diphenylpalmitamide 342.65 52.76 433.0 17.55 78
N,N-Diphenylstearamide 345.45 57.58 466.0 17.60 78


a Melting (Tm andDHm) andtransitionphase(TtransandDHtrans) propertiesareprovided.
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benzene,but decreasesin polarsolventssuchasbutan-2-
oneandn-butyl acetate.Thereversebehavioris observed
with the aromatichydrocarbonsandsteroids:the larger
their molarvolume,the lower is their liquid solubility in
n-hexaneandthe greatertheir liquid solubility in butan-
2-oneandn-butyl acetate.At this stage,it is importantto
point out that the above statementsdo not discuss
whetherthe solubility of a given substanceis higheror
lower in different solvents,but refer to the expectedor
observed variations of solubility of compounds of
increasingsizein thesesolvents.


It is possibleto concludeon thebasisof Eqn.(9) that,
in the caseof non-proticsolutesdissolvedin non-protic
solvents, the observedvolume–solubility dependence
resultsfrom thebalancebetweentwo contributions(one
enthalpic and one entropic) varying linearly but in
oppositedirections with the molar size of the solute.
However, becausethese thermodynamiccontributions
still dependon other physico-chemicalparameters(the
solventmolarvolume,thesquaredifferenceof thesolute/
solventmodifiednon-specificcohesionparameters)than
simply the molar volume of the solute, one does not
observeperfect linear relationshipsbetweenthe solute
size and the non-crystallinesolubility, but only trends
favoring or disfavoring solubility. The double thermo-
dynamicorigin of thesolubility dependenceonthesolute
molar volume gives a hybrid characterto the volume-
basedterm encounteredin the QSPR,LFER or LSER
models, and thus comes into contradiction with its
traditional definition basedsolely on the endothermic
processof anassumedcavity formation.


The solubility in alcohols


In contrastto non-amphiproticsolvents,alcoholsareable
to self-associateandto undergospecificheteromolecular
interactions. Whereasalcohol self-associationalways
negativelyaffectsthesolubility of all solutesthroughthe
hydrophobiceffect,62 the molecularcomplexationonly
influencesthe solubility of interacting solutes.These


particularphysicalprocessesmust thereforebe consid-
eredto obtainaccurateestimatesof solubility in alcohols.
In the frame of the MOD solubility model, and
consideringinert or proton-acceptorsolutesonly, their
solubility in alcoholsarereliablycalculatedby Eqn.(10),
addingtheF andO contributionsto thetermsA, B andD
alreadyusedfor aproticsolvents.Althoughall contribu-
tions(excepttheA term)in Eqn.(10)varywith respectto
the molar volume of the solute,only the hydrophobic
effect (F term), the exchangeentropycorrectionfactor
effect (B term) and the dispersion–dipolarity effect (D
term) are substantiallyaffectedby the solutesize, and
must be consideredin studying the influence of the
volumeonthesolubility of non-proticsolutesin alcohols.
In view of therelativeparticipationof eachof theseterms
in the overall solutionprocess(seeTable 4), it appears
that the alcohol solubility is dominatedby the hydro-
phobic contributionwhich, in absolutevalue, increases
linearly with increasingsize of the solute.The impor-
tance of the hydrophobic effect and of its volume
dependence,added to the other unfavorablevolume-
related contribution, namely the D term, allows us to
understandwhy theoverallnon-crystallinesolubilitiesin
alcohols,and in ethanolor n-butanol in particular,are
loweredwhenthe molar volumeof the soluteincreases
(Fig. 3). Nevertheless,for the samereasonsas those
mentioned for the aprotic solvents, the observed
solubility decreaseis not strictly linear. Furthermore,
accordingto theextentof theO contributionrelatedto the
solute–solventcomplexation, each chemical class of
solutes is expectedto presentits own volume–liquid
solubility behavior.


From the foregoing, it can be concluded that the
experimentallyobservedalcoholsolubility decreasewith
increasingsize of the soluteonceagaindoesnot result
from theneedfor breakingof a largernumberof H-bonds


Table 2. Group interaction standard stability constants56±58


at 25°C


SoluteH-bondacceptor
SolventH-bond


donor Ko (cm3 molÿ1)


Aliphatic ketone — OH (alcohol) 170.0
Aliphatic ester — OH (alcohol) 110.0
Aliphatic nitrile — OH (alcohol) 150.0
Aliphatic tertiary amide — OH (alcohol) 600.0
Aliphatic tertiary amine — OH (water) 7500.0
Aliphatic ketone — OH (water) 5000.0
Aliphatic ether — OH (water) 3500.0
Aliphatic ester — OH (water) 3500.0
Aliphatic aldehyde — OH (water) 1000.0
Aromatic ring — OH (water) 80.0


Figure 1. Predicted versus experimental volume fraction
solubilities (ln ΦB) of non-electrolyte substances
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Table 3. Predicted [eqn (9)] vs observed solubilities in non-associated solvents at 25°C and the solubility contributions


Solute VB A B D Ln �pred
B Ln �exp


B Ref.


Solubility in n-hexane(VS= 131.6cm3 molÿ1, �S= 14.56MPa1/2)
n-Docosane 391.4 ÿ1.836 0.996 ÿ0.099 ÿ0.939 ÿ0.956 86
n-Tetracosane 423.9 ÿ2.975 1.438 ÿ0.213 ÿ1.749 ÿ1.366 52
n-Octacosane 493.0 ÿ4.248 1.915 ÿ0.358 ÿ2.691 ÿ2.590 34
n-Triacontane 523.2 ÿ5.154 2.119 ÿ0.428 ÿ3.463 ÿ3.219 34
n-Dotriacontane 555.9 ÿ6.010 2.302 ÿ0.490 ÿ4.197 ÿ3.863 34
n-Hexatriacontane 621.3 ÿ7.460 2.627 ÿ0.605 ÿ5.437 ÿ5.404 34
Adamantane 140.6 ÿ2.165 0.062 ÿ0.399 ÿ2.502 ÿ2.582 79
Naphthalene 130.2 ÿ1.185 ÿ0.962 ÿ0.009 ÿ2.156 ÿ2.154 80
Anthracene 150.0 ÿ4.510 0.135 ÿ2.259 ÿ6.634 ÿ6.538 80
Biphenyl 160.0 ÿ0.977 0.177 ÿ1.124 ÿ1.924 ÿ1.924 38
Thianthrene 165.8 ÿ3.120 0.245 ÿ2.772 ÿ5.647 ÿ5.514 75
Phenanthrene 171.0 ÿ1.353 0.266 ÿ1.825 ÿ2.912 ÿ2.914 80
trans-Stilbene 177.0 ÿ2.776 0.317 ÿ1.828 ÿ4.287 ÿ4.353 40
Pyrene 182.0 ÿ2.030 0.350 ÿ2.757 ÿ4.438 ÿ4.439 38
Carbazole 148.2 ÿ4.637 0.122 ÿ4.298 ÿ8.813 ÿ8.762 70
Thioxanthen-9-one 161.0 ÿ5.569 0.212 ÿ2.439 ÿ7.795 ÿ7.782 41
Benzil 180.0 ÿ1.519 0.338 ÿ3.670 ÿ4.851 ÿ4.851 55
Dinonyl ketone 338.0 ÿ2.630 1.147 ÿ0.831 ÿ2.314 ÿ2.178 55
Methyl palmitate 309.0 ÿ0.414 0.297 ÿ0.152 ÿ0.269 ÿ0.269 55
Methyl stearate 342.0 ÿ1.170 0.713 ÿ0.267 ÿ0.725 ÿ0.725 55
Palmitonitrile 283.6 ÿ0.482 0.258 ÿ0.046 ÿ0.270 ÿ0.338 81
Stearonitrile 316.6 ÿ1.352 0.802 ÿ0.557 ÿ1.107 ÿ1.110 81
Trioctadecylamine 937.5 ÿ6.481 3.966 ÿ1.298 ÿ3.812 ÿ3.609 77
Testosteronepropionate 323.4 ÿ1.300 1.156 ÿ3.697 ÿ3.817 ÿ4.423 58
Stanolonepropionate 341.3 ÿ2.409 1.267 ÿ4.028 ÿ5.167 ÿ4.200 58


Solubility in benzene(VS= 89.4cm3 molÿ1, �S= 18.95MPa1/2)
n-Octadecane(24°C) 326.9 ÿ0.350 0.257 ÿ0.015 ÿ0.108 ÿ0.127 83
n-Nonadecane(23°C) 343.1 ÿ0.549 0.412 ÿ0.036 ÿ0.173 ÿ0.189 83
n-Eicosane 359.4 ÿ1.060 0.823 ÿ0.150 ÿ0.387 ÿ0.321 83
n-Octacosane 493.0 ÿ4.248 2.953 ÿ1.532 ÿ2.827 ÿ2.837 38
n-Dotriacontane 555.9 ÿ6.010 3.484 ÿ1.825 ÿ4.351 ÿ4.374 84
Adamantane 140.6 ÿ2.165 0.436 ÿ0.090 ÿ1.818 ÿ2.309 79
Naphthalene 130.2 ÿ1.185 0.260 ÿ0.004 ÿ0.929 ÿ0.979 80
Anthracene 150.0 ÿ4.510 0.589 ÿ0.175 ÿ4.096 ÿ4.304 80
Biphenyl 160.0 ÿ0.977 0.344 ÿ0.004 ÿ0.636 ÿ0.630 38
Phenanthrene 171.0 ÿ1.353 0.485 ÿ0.027 ÿ0.894 ÿ1.100 80
Pyrene 182.0 ÿ2.030 0.694 ÿ0.145 ÿ1.481 ÿ2.114 38
Carbazole 148.2 ÿ4.637 0.578 ÿ0.987 ÿ5.046 ÿ4.917 70
Thioxanthen-9-one 161.0 ÿ5.569 0.691 ÿ0.194 ÿ5.073 ÿ4.679 41
Benzil 180.0 ÿ1.519 0.615 ÿ0.266 ÿ1.171 ÿ1.187 55
Dinonyl ketone 338.0 ÿ2.630 1.550 ÿ0.192 ÿ1.272 ÿ1.150 55
Didecyl ketone 371.0 ÿ3.515 1.979 ÿ0.327 ÿ1.863 ÿ1.602 55
Diundecylketone(30°C) 404.0 ÿ3.529 2.164 ÿ0.461 ÿ1.827 ÿ1.745 55
Palmitonitrile 283.6 ÿ0.482 0.318 ÿ0.008 ÿ0.171 ÿ0.158 82
Stearonitrile 316.6 ÿ1.352 0.867 ÿ0.034 ÿ0.518 ÿ0.464 82
Trioctadecylamine 937.5 ÿ6.481 5.630 ÿ2.041 ÿ2.892 ÿ3.048 77
Testosteroneformate 280.8 ÿ1.067 0.653 ÿ0.015 ÿ0.431 ÿ0.598 58
Testosteroneacetate 307.1 ÿ1.471 0.909 ÿ0.027 ÿ0.580 ÿ0.916 58
Testosteronepropionate 323.4 ÿ1.300 0.843 ÿ0.021 ÿ0.478 ÿ0.580 58
Testosteronebutyrate 339.6 ÿ1.636 1.054 ÿ0.032 ÿ0.616 ÿ0.616 58
Testosteronevalerate 355.8 ÿ2.251 1.400 ÿ0.056 ÿ0.916 ÿ0.799 58
Pregnenoloneacetate 341.1 ÿ2.848 1.597 ÿ0.082 ÿ1.347 ÿ1.609 58
N,N-Diphenylcapramide(30°C) 334.0 ÿ0.761 0.526 ÿ0.006 ÿ0.242 ÿ0.290 78
N,N-Diphenyllauramide(30°C) 367.0 ÿ1.323 0.922 ÿ0.036 ÿ0.438 ÿ0.478 78
N,N-Diphenylpalmitamide(30°C) 433.0 ÿ2.413 1.678 ÿ0.111 ÿ0.846 ÿ0.846 78
N,N-Diphenylstearamide(30°C) 466.0 ÿ2.797 1.954 ÿ0.130 ÿ0.973 ÿ0.973 78


Solubility in butan-2-one(Vs = 90.2cm3 molÿ1, �s = 20.90MPa1/2)
n-Eicosane 359.4 ÿ1.060 1.908 ÿ2.773 ÿ1.925 ÿ1.979 84
n-Docosane 391.4 ÿ1.836 2.320 ÿ3.693 ÿ3.209 ÿ3.242 84
n-Tricosane 410.5 ÿ1.966 2.461 ÿ3.901 ÿ3.406 ÿ3.527 84
n-Tetracosane 423.9 ÿ2.975 2.600 ÿ4.168 ÿ4.543 ÿ4.269 84
n-Octacosane 493.0 ÿ4.248 3.075 ÿ4.750 ÿ5.922 ÿ6.320 34
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in the alcoholnetworkto accommodatea largerforeign
substance.Insteadof this enthalpic interpretation,the
MOD theory proposes a natural and quantitative
explanation.The origin of the volume–solubilitydepen-
denceof aproticliquids or subcooledliquids in alcohols
is hybrid, and arises from the balance of opposite
volume-dependent physicalphenomenainvolved in the
wholesolutionprocess:theD andF contributionswhich
disfavor solubility versus the B contribution favoring
solubility in mostcases.


The solubility in water


Whatessentiallydifferentiatesalcoholsandwaterusedas
solventsis the relative importanceof the solvophobic
effect that they have on solutes.Becauseof both its
exceptionallysmall molar volume and its insertion in
double H-bondedchains,water has the greatestsolvo-
phobic (hydrophobic) tendency among all H-bonded
solvents.In thecaseof alcoholsandwater,thedifference
in their hydrophobicpropensityis clearly evidencedby
comparingtheresultsof theF contribution(Tables4 and
5) involvedin thesolubility estimationsof compoundsof
similar volumes.Thevery largedifferencesin thevalues
of the solvophobic effect opposing solution readily


explain why solubilities in water are lower than those
in alcohols.


Consideringonly non-proticsoluteswhichareliquid at
25°C, their solubility in water(Table5) werecalculated
from Eqn.(11)by settingboththefluidizationconstant(A
term) and the changein the dispersivecohesionforces
upon mixing (D term) equal to zero in Eqn. (10). In
previous studies,38,55,58,60 the latter contribution has
indeedbeenshownto be of no or minor importancein
estimatingaqueoussolubility. Note that Eqn. (11) does
not takeinto accounttheamountof watertransferredinto
theorganicphaseduring thesolutionprocess.
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Theresultsindicatesthat,givenahomologousseriesof
solutes,the solubilities in water,as in alcohols,always
decreasewith increasingsizeof the solute.However,in
contrastto what happensin alcohols, the observedor
predictedsolubility behaviorappearsmuchmoreregular


Table 3. Predicted [eqn (9)] vs observed solubilities in non-associated solvents at 25°C and the solubility contributions


Solute VB A B D Ln �pred
B Ln �exp


B Ref.


Dinonyl ketone 338.0 ÿ2.630 1.837 ÿ1.392 ÿ2.185 ÿ2.168 55
Diundecylketone(30°C) 404.0 ÿ3.529 2.424 ÿ2.376 ÿ3.481 ÿ3.461 55
Palmitonitrile 283.6 ÿ0.482 0.339 ÿ0.045 ÿ0.187 ÿ0.200 82
Stearonitrile 316.6 ÿ1.352 1.002 ÿ0.308 ÿ0.658 ÿ0.640 82
N,N-Diphenylcapramide(30°C) 334.0 ÿ0.761 0.559 ÿ0.064 ÿ0.265 ÿ0.307 78
N,N-Diphenyllauramide(30°C) 367.0 ÿ1.323 1.067 ÿ0.295 ÿ0.551 ÿ0.554 78
N,N-Diphenylpalmitamide(30°C) 433.0 ÿ2.413 2.110 ÿ1.100 ÿ1.404 ÿ1.183 78
N,N-Diphenylstearamide(30°C) 466.0 ÿ2.797 2.441 ÿ1.338 ÿ1.694 ÿ1.774 78
Trioctadecylamine 937.5 ÿ6.481 5.865 ÿ7.294 ÿ7.909 ÿ7.858 77


Solubility in n-butyl acetate(Vs = 132.5cm3 molÿ1, �s = 19.66MPa1/2)
n-Octadecane(24°C) 326.9 ÿ0.350 0.227 ÿ0.055 ÿ0.178 ÿ0.148 83
n-Nonadecane(23°C) 343.1 ÿ0.549 0.390 ÿ0.153 ÿ0.312 ÿ0.356 83
n-Eicosane 359.4 ÿ1.060 0.933 ÿ0.926 ÿ1.054 ÿ1.493 83
n-Docosane 391.4 ÿ1.836 1.385 ÿ1.843 ÿ2.294 ÿ2.319 52
n-Tricosane 410.5 ÿ1.966 1.493 ÿ1.974 ÿ2.447 ÿ2.547 52
n-Tetracosane 423.9 ÿ2.975 1.642 ÿ2.276 ÿ3.609 ÿ3.257 52
n-Octacosane 493.0 ÿ4.204 2.004 ÿ2.623 ÿ4.867 ÿ5.021 38
Anthracene 150.0 ÿ4.510 0.127 ÿ0.061 ÿ4.445 ÿ4.896 80
Pyrene 182.0 ÿ2.030 0.292 ÿ0.063 ÿ1.802 ÿ2.529 87
Thioxanthen-9-one 161.0 ÿ5.569 0.212 ÿ0.068 ÿ5.426 ÿ5.251 41
Dinonyl ketone 338.0 ÿ2.630 1.111 ÿ0.586 ÿ2.105 ÿ2.156 55
Didecyl ketone 371.0 ÿ3.515 1.352 ÿ0.816 ÿ2.979 ÿ3.302 55
Diundecylketone(30°C) 404.0 ÿ3.529 1.520 ÿ1.091 ÿ3.099 ÿ3.290 55
Palmitonitrile 283.6 ÿ0.482 0.252 ÿ0.037 ÿ0.267 ÿ0.284 82
Stearonitrile 316.6 ÿ1.352 0.681 ÿ0.159 ÿ0.830 ÿ0.854 82
N,N-Diphenylcapramide(30°C) 334.0 ÿ0.761 0.429 ÿ0.038 ÿ0.371 ÿ0.405 78
N,N-Diphenyllauramide(30°C) 367.0 ÿ1.323 0.776 ÿ0.172 ÿ0.719 ÿ0.783 78
N,N-Diphenylpalmitamide(30°C) 433.0 ÿ2.413 1.385 ÿ0.461 ÿ1.489 ÿ1.673 78
N,N-Diphenylstearamide(30°C) 466.0 ÿ2.797 1.596 ÿ0.529 ÿ1.730 ÿ1.994 78
Trioctadecylamine 937.5 ÿ6.481 4.009 ÿ3.770 ÿ6.242 ÿ5.979 77
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within each congeneric series, and the solute size
dependenceremainsidentical from onechemicalgroup
to another. Irrespectiveof the basic structure of the
chemicalsconsidered,the liquid solubility decreasesby
about1.2–1.3ln Φ unitsfor eachmethylenegroupadded
into the hydrocarbonmolecularbackbone.For instance,
the meanaqueousvolume fraction solubility increment
observedby increasingthe carbonchain length by one


CH2 group (16.25cm3 molÿ1) amountsto ÿ1.24 ln Φ
unitsongoingfrom benzeneto n-hexylbenzene,toÿ1.22
ln Φ units from propan-2-oneto decan-2-oneor from
methyl acetateto methyl myristateand to ÿ1.29 ln Φ
units when moving up the homologous series of
aldehydesfrom propanalto n-nonanal.Thermodynami-
cally, thequasi-lineardependenceof theliquid solubility
on the solutemolar volume is demonstratedfrom Eqn.


Table 4. Predicted [Eqn. (10)] vs observed solubilities in alcohols at 25°C and the solubility contributions


Solute VB A B D F O Ln�pred
B Ln�exp


B Ref.


Solubility in ethanol(Vs = 58.7cm3 molÿ1, �s = 17.81MPa1/2)
n-Octadecane(24°C) 326.9 ÿ0.350 3.032 ÿ0.537 ÿ5.341 ÿ3.196 ÿ2.743 83
n-Nonadecane(23°C) 343.1 ÿ0.549 3.225 ÿ0.558 ÿ5.679 ÿ3.562 ÿ3.347 83
n-Eicosane 359.4 ÿ1.060 3.425 ÿ0.581 ÿ6.035 ÿ4.251 ÿ4.063 34
n-Tricosane 410.5 ÿ1.966 3.956 ÿ0.612 ÿ6.967 ÿ5.589 ÿ5.573 38
n-Octacosane 493.0 ÿ4.248 4.763 ÿ0.651 ÿ8.397 ÿ8.534 ÿ7.875 38
Adamantane(20°C) 140.6 ÿ2.246 1.104 ÿ0.009 ÿ2.321 ÿ3.473 ÿ4.719 85
Naphthalene 130.2 ÿ1.185 0.925 ÿ0.109 ÿ2.013 ÿ2.383 ÿ2.475 80
Anthracene 150.0 ÿ4.510 1.245 ÿ0.496 ÿ2.551 ÿ6.312 ÿ6.194 80
Phenanthrene 171.0 ÿ1.353 1.426 ÿ0.298 ÿ2.767 ÿ2.992 ÿ3.226 80
Pyrene 182.0 ÿ2.030 1.593 ÿ0.621 ÿ3.050 ÿ4.108 ÿ4.629 38
trans-Stilbene 177.0 ÿ2.776 1.544 ÿ0.247 ÿ2.980 ÿ4.459 ÿ4.644 40
Thianthrene 165.8 ÿ3.120 1.425 ÿ0.681 ÿ2.809 ÿ5.186 ÿ5.834 75
Thioxanthen-9-one 161.0 ÿ5.569 1.372 ÿ0.138 ÿ2.734 1.357 ÿ5.712 ÿ6.204 41
Dinonyl ketone 338.0 ÿ2.630 3.187 ÿ0.009 ÿ5.620 1.339 ÿ3.733 ÿ3.990 55
Didecyl ketone 371.0 ÿ3.515 3.559 ÿ0.014 ÿ6.273 1.353 ÿ4.890 ÿ4.991 55
Methyl stearate 342.0 ÿ1.170 3.072 ÿ0.014 ÿ5.370 0.935 ÿ2.547 ÿ2.600 55
Testosteroneformate 280.8 ÿ1.067 1.503 ÿ0.057 ÿ2.441 1.348 ÿ0.713 ÿ2.302 58
Testosteroneacetate 307.1 ÿ1.471 2.183 ÿ0.097 ÿ3.688 1.853 ÿ1.204 ÿ2.489 58
Testosteronepropionate 323.4 ÿ1.300 2.197 ÿ0.095 ÿ3.672 1.772 ÿ1.109 ÿ1.966 58
Testosteronebutyrate 339.6 ÿ1.636 2.718 ÿ0.128 ÿ4.661 2.069 ÿ1.661 ÿ2.453 58
Testosteronevalerate 355.8 ÿ2.251 3.191 ÿ0.159 ÿ5.568 2.279 ÿ2.513 ÿ3.219 58
Norethindroneacetate 311.8 ÿ4.172 2.953 ÿ0.152 ÿ5.233 2.391 ÿ4.200 ÿ2.476 58
Deoxycorticosteroneacetate 330.8 ÿ3.669 2.956 ÿ0.147 ÿ5.170 3.536 ÿ2.489 ÿ3.324 58
Megestrolacetate 332.6 ÿ4.328 3.085 ÿ0.156 ÿ5.428 3.657 ÿ3.170 ÿ4.135 58
Pregnenoloneacetate 341.1 ÿ2.848 3.152 ÿ0.159 ÿ5.537 2.337 ÿ3.058 ÿ3.772 58
Ethynodioldiacetate 359.3 ÿ2.301 3.318 ÿ0.226 ÿ5.817 2.023 ÿ2.996 ÿ2.830 58
Dromostanolonepropionate 361.2 ÿ2.301 3.263 ÿ0.163 ÿ5.700 2.292 ÿ2.604 ÿ3.442 58
Cholesterylacetate 462.3 ÿ2.050 4.434 ÿ0.307 ÿ7.802 1.049 ÿ4.678 ÿ4.976 58


Solubility in n-butanol(Vs = 92.0cm3 molÿ1, �s = 17.16MPa1/2)
n-Octadecane(24°C) 326.9 ÿ0.350 1.667 ÿ0.202 ÿ3.030 ÿ1.916 ÿ1.494 83
n-Eicosane 359.4 ÿ1.060 2.041 ÿ0.249 ÿ3.707 ÿ2.975 ÿ2.749 83
n-Tricosane 410.5 ÿ1.966 2.446 ÿ0.263 ÿ4.393 ÿ4.176 ÿ4.029 38
n-Octacosane 493.0 ÿ4.248 3.016 ÿ0.267 ÿ5.353 ÿ6.852 ÿ6.908 38
Adamantane(20°C) 140.6 ÿ2.246 0.459 ÿ0.003 ÿ1.470 ÿ3.259 ÿ4.199 85
Naphthalene 130.2 ÿ1.185 0.347 ÿ0.215 ÿ1.278 ÿ2.331 ÿ2.389 80
Anthracene 150.0 ÿ4.510 0.559 ÿ0.746 ÿ1.628 ÿ6.325 ÿ6.641 80
Pyrene 182.0 ÿ2.030 0.818 ÿ0.923 ÿ1.945 ÿ4.080 ÿ4.404 38
trans-Stilbene 177.0 ÿ2.776 0.780 ÿ0.445 ÿ1.899 ÿ4.340 ÿ4.585 40
Thianthrene 165.8 ÿ3.120 0.692 ÿ0.986 ÿ1.792 ÿ5.206 ÿ5.501 75
Thioxanthen-9-one 161.0 ÿ5.569 0.653 ÿ0.283 ÿ1.745 1.044 ÿ5.900 ÿ6.218 41
Dinonyl ketone 338.0 ÿ2.630 1.920 ÿ0.001 ÿ3.528 1.013 ÿ3.226 ÿ3.245 55
Didecyl ketone 371.0 ÿ3.515 2.187 ÿ0.000 ÿ3.976 1.035 ÿ4.269 ÿ4.135 55
Diundecylketone(30°C) 404.0 ÿ3.529 2.410 ÿ0.003 ÿ4.339 1.037 ÿ4.423 ÿ4.474 55
Methyl palmitate 309.0 ÿ0.414 1.768 ÿ0.001 ÿ3.192 0.638 ÿ1.956 ÿ2.058 55
Methyl stearate 342.0 ÿ1.170 0.899 ÿ0.056 ÿ1.524 0.490 ÿ0.605 ÿ0.680 55
Palmitonitrile 283.6 ÿ0.482 0.889 0.000 ÿ1.564 0.449 ÿ0.708 ÿ0.456 82
Stearonitrile 316.6 ÿ1.352 1.585 ÿ0.010 ÿ2.895 0.831 ÿ1.841 ÿ1.349 82
N,N-Diphenylcapramide(30°C) 334.0 ÿ0.761 0.823 ÿ0.003 ÿ1.338 0.819 ÿ0.460 ÿ0.427 78
N,N-Diphenyllauramide(30°C) 367.0 ÿ1.323 1.362 ÿ0.001 ÿ2.299 1.403 ÿ0.859 ÿ0.882 78
N,N-Diphenylpalmitamide(30°C) 433.0 ÿ2.413 2.412 ÿ0.003 ÿ4.258 1.912 ÿ2.350 ÿ1.967 78
N,N-Diphenylstearamide(30°C) 466.0 ÿ2.797 2.712 ÿ0.005 ÿ4.792 1.960 ÿ2.922 ÿ2.248 78
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Table 5. Predicted [Eqn. (10)] vs observed solubilities of liquid chemical substances in water at 25°C and the solubility
contributions


Solute VB B F O Ln�pred
B Ln�exp


B Ref.


Aliphatic hydrocarbons
n-Pentane 116.1 3.636 ÿ12.827 ÿ9.191 ÿ9.476 5
n-Hexane 131.6 4.127 ÿ14.541 ÿ10.414 ÿ10.870 5
n-Heptane 147.5 4.624 ÿ16.298 ÿ11.675 ÿ12.345 5
n-Octane 163.5 5.117 ÿ18.066 ÿ12.949 ÿ13.876 5
n-Nonane 179.7 5.612 ÿ19.056 ÿ14.245 ÿ15.256 10
n-Decane 195.9 6.102 ÿ21.646 ÿ15.544 ÿ17.702 10
n-Undecane 211.2 6.563 ÿ23.337 ÿ16.774 ÿ19.032 10
n-Dodecane 228.6 7.083 ÿ25.260 ÿ18.177 ÿ19.137 10
n-Tetradecane 260.3 8.024 ÿ28.762 ÿ20.739 ÿ19.675 88
Cyclopentane 94.7 2.942 ÿ10.458 ÿ7.516 ÿ8.436 5
Cyclohexane 108.8 3.402 ÿ12.020 ÿ8.618 ÿ9.356 5
Cycloheptane 121.7 3.814 ÿ13.447 ÿ9.632 ÿ10.188 10
Cyclooctane 135.8 4.259 ÿ15.005 ÿ10.746 ÿ11.552 10
Methylcyclopentane 113.1 3.540 ÿ12.496 ÿ8.956 ÿ9.778 5
Methylcyclohexane 128.3 4.023 ÿ14.176 ÿ10.153 ÿ10.918 5
Ethylcyclohexane 142.4 4.465 ÿ15.735 ÿ11.270 ÿ11.735 9
Decalin 162.8 5.096 ÿ17.989 ÿ12.893 ÿ13.766 10


Aromatichydrocarbons
Benzene 89.4 2.747 ÿ9.799 1.690 ÿ5.367 ÿ6.194 5
Toluene 106.3 3.318 ÿ11.732 1.690 ÿ6.725 ÿ7.330 5
p-Xylene 123.3 3.864 ÿ13.620 1.690 ÿ8.066 ÿ8.471 5
Ethylbenzene 122.4 3.836 ÿ13.520 1.690 ÿ7.995 ÿ8.479 5
n-Propylbenzene 139.4 4.371 ÿ15.402 1.690 ÿ9.341 ÿ9.730 5
n-Butylbenezene 156.1 4.889 ÿ17.248 1.690 ÿ10.669 ÿ11.206 5
n-Pentylbenzene 172.7 5.399 ÿ19.083 1.690 ÿ11.994 ÿ12.440 5
n-Hexylbenzene 194.5 6.060 ÿ21.492 1.690 ÿ13.741 ÿ13.634 5
n-Decylbenzene 255.2 7.873 ÿ28.199 1.690 ÿ18.636 ÿ19.648 89
4-Ethyltoluene 136.5 4.374 ÿ15.413 1.690 ÿ9.349 ÿ9.131 5
2-Isopropyltoluene 153.1 4.797 ÿ16.917 1.690 ÿ10.430 ÿ10.534 88
1,4-Diethylbenzene 155.7 4.877 ÿ17.204 1.690 ÿ10.637 ÿ10.495 5
1-Methylnaphthalene 139.4 4.371 ÿ15.402 1.690 ÿ9.341 ÿ10.490 5
1-Ethylnaphthalene 154.9 4.852 ÿ17.116 1.690 ÿ10.573 ÿ11.467 5
1,4,5-Trimethylnaphthalene 181.2 5.657 ÿ20.022 1.690 ÿ12.675 ÿ13.014 90


Ketones
Propan-2-one 74.0 2.248 ÿ8.177 5.625 ÿ0.304 ÿ0.695 19
Butan-2-one 89.5 2.771 ÿ9.889 5.625 ÿ1.493 ÿ1.801 3
Pentan-2-one 106.5 3.328 ÿ11.768 5.625 ÿ2.863 ÿ2.690 5
Hexan-2-one 123.5 3.809 ÿ13.391 5.603 ÿ3.979 ÿ3.937 5
Heptan-2-one 140.8 4.399 ÿ15.493 5.620 ÿ5.473 ÿ5.231 5
Octan-2-one 156.3 4.891 ÿ17.250 5.624 ÿ6.736 ÿ6.577 5
Nonan-2-one 173.3 5.415 ÿ19.143 5.625 ÿ8.103 ÿ7.693 5
Decan-2-one 189.5 5.909 ÿ20.938 5.625 ÿ9.404 ÿ9.262 3
Pentan-3-one 105.8 3.305 ÿ11.691 5.625 ÿ2.761 ÿ2.787 14
Hexan-3-one 123.4 3.806 ÿ13.378 5.603 ÿ3.969 ÿ4.007 14
Heptan-3-one 139.5 4.357 ÿ15.342 5.620 ÿ5.366 ÿ5.194 91
Octan-3-one 155.9 4.878 ÿ17.205 5.624 ÿ6.704 ÿ6.395 91
Nonan-3-one 171.5 5.360 ÿ18.944 5.625 ÿ7.959 ÿ7.336 91
Cyclopentanone 88.7 2.745 ÿ9.801 5.625 ÿ1.431 ÿ1.195 91
Cyclohexanone 103.5 3.231 ÿ11.436 5.625 ÿ2.580 ÿ2.365 91
Cycloheptanone 118.0 3.595 ÿ12.620 5.587 ÿ3.438 ÿ3.336 91
Carvone 155.7 4.872 ÿ17.183 5.624 ÿ6.688 ÿ6.603 14
Menthone 172.3 5.385 ÿ19.032 5.625 ÿ8.023 ÿ7.170 14


Esters
Ethyl formate 80.8 2.480 ÿ8.928 5.270 ÿ1.178 ÿ2.180 5
n-Propyl formate 97.3 3.029 ÿ10.751 5.270 ÿ2.452 ÿ3.461 5
n-Butyl formate 115.5 3.537 ÿ12.433 5.240 ÿ3.656 ÿ4.393 92
n-Pentylformate 131.2 4.092 ÿ14.404 5.262 ÿ5.050 ÿ5.831 92
n-Hexyl formate 147.7 4.623 ÿ16.293 5.268 ÿ6.402 ÿ6.449 92
n-Heptyl formate 164.2 5.137 ÿ18.136 5.269 ÿ7.730 ÿ6.364 92
n-Octyl formate 181.0 5.651 ÿ19.998 5.270 ÿ9.077 ÿ7.475 92
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Table 5. Continued


Solute VB B F O Ln�pred
B Ln�exp


B Ref.


n-Nonyl formate 196.7 6.126 ÿ21.734 5.270 ÿ10.338 ÿ9.812 91
Methyl acetate 79.4 2.433 ÿ8.773 5.270 ÿ1.070 ÿ1.353 5
Ethyl acetate 97.9 3.048 ÿ10.818 5.270 ÿ2.500 ÿ2.425 5
n-Propylacetate 115.0 3.517 ÿ12.363 5.238 ÿ3.607 ÿ3.823 5
n-Butyl acetate 131.6 4.105 ÿ14.451 5.263 ÿ5.083 ÿ5.183 93
n-Pentylacetate 148.7 4.655 ÿ16.406 5.268 ÿ6.483 ÿ6.258 5
n-Hexyl acetate 164.3 5.140 ÿ18.147 5.269 ÿ7.738 ÿ7.470 5
n-Heptyl acetate 180.8 5.645 ÿ19.976 5.270 ÿ9.061 ÿ8.312 92
n-Octyl acetate 197.9 6.163 ÿ21.867 5.270 ÿ10.434 ÿ8.436 91
Methyl propionate 96.3 2.996 ÿ10.641 5.270 ÿ2.375 ÿ2.691 5
Ethyl propionate 114.5 3.497 ÿ12.291 5.236 ÿ3.558 ÿ3.690 5
n-Propylpropionate 131.9 4.115 ÿ14.486 5.263 ÿ5.108 ÿ5.112 93
n-Butyl propionate 148.7 4.655 ÿ16.406 5.268 ÿ6.483 ÿ6.212 93
n-Pentylpropionate 164.6 5.149 ÿ18.180 5.269 ÿ7.762 ÿ6.985 14
n-Hexyl propionate 181.9 5.678 ÿ20.097 5.270 ÿ9.150 ÿ8.497 92
Methyl butyrate 113.7 3.465 ÿ12.175 5.233 ÿ3.477 ÿ3.928 92
Ethyl butyrate 132.2 4.125 ÿ14.522 5.263 ÿ5.134 ÿ4.972 5
n-Propylbutyrate 149.1 4.667 ÿ16.451 5.268 ÿ6.516 ÿ6.324 5
n-Butyl butyrate 165.8 5.186 ÿ18.313 5.269 ÿ7.858 ÿ7.266 92
n-Pentylbutyrate 181.6 5.669 ÿ20.064 5.270 ÿ9.125 ÿ8.179 92
n-Hexyl butyrate 199.1 6.199 ÿ21.999 5.270 ÿ10.531 ÿ8.441 91
Methyl valerate 129.8 4.045 ÿ14.239 5.262 ÿ4.932 ÿ5.174 5
Methyl caproate 147.2 4.607 ÿ16.237 5.268 ÿ6.362 ÿ6.521 5
Methyl heptanoate 163.6 5.118 ÿ18.069 5.269 ÿ7.682 ÿ6.867 92
Methyl caprylate 180.3 5.629 ÿ19.920 5.270 ÿ9.021 ÿ9.519 5
Methyl pelargonate 195.8 6.099 ÿ21.635 5.270 ÿ10.266 ÿ10.565 3
Methyl caprate 213.4 6.629 ÿ23.580 5.270 ÿ11.682 ÿ12.344 3
Methyl laurate 246.3 7.609 ÿ27.215 5.270 ÿ14.337 ÿ11.625 89
Methyl myristate 279.6 8.592 ÿ30.895 5.270 ÿ17.033 ÿ16.587 89
Ethyl valerate 148.5 4.648 ÿ16.383 5.268 ÿ6.467 ÿ5.937 5
Ethyl caproate 165.8 5.180 ÿ18.291 5.269 ÿ7.842 ÿ7.117 5
Ethyl heptanoate 179.5 5.605 ÿ19.832 5.270 ÿ8.957 ÿ7.958 5
Ethyl caprylate 198.2 6.172 ÿ21.900 5.270 ÿ10.459 ÿ9.878 92
Ethyl pelargonate 215.2 6.683 ÿ23.779 5.270 ÿ11.827 ÿ10.286 5
Ethyl caprate 231.6 7.172 ÿ25.591 5.270 ÿ13.149 ÿ10.903 5
Ethyl laurate 265.0 8.162 ÿ29.282 5.270 ÿ15.850 ÿ14.683 89
Cyclohexylformate 127.4 3.965 ÿ13.953 5.260 ÿ4.729 ÿ5.298 92
Cyclohexylacetate 146.6 4.588 ÿ16.170 5.268 ÿ6.313 ÿ5.844 92
Cyclohexylpropionate 166.9 5.220 ÿ18.435 5.269 ÿ7.946 ÿ7.114 92
Cyclohexylbutyrate 177.9 5.556 ÿ19.655 5.270 ÿ8.829 ÿ6.445 91


Ethers
Diethyl ether 103.8 3.241 ÿ11.470 5.270 ÿ2.959 ÿ2.496 5
Methyl propyl ether 100.4 3.130 ÿ11.094 5.270 ÿ2.694 ÿ3.207 5
Methyl butyl ether 118.4 3.647 ÿ12.826 5.247 ÿ3.932 ÿ4.416 5
Methyl isobutyl ether 120.6 3.728 ÿ13.112 5.251 ÿ4.133 ÿ4.192 14
Ethyl n-propyl ether 119.3 3.680 ÿ12.945 5.249 ÿ4.016 ÿ3.652 5
Di-n-propyl ether 138.8 4.340 ÿ15.285 5.266 ÿ5.679 ÿ5.706 5
Diisopropylether 141.1 4.414 ÿ15.547 5.267 ÿ5.866 ÿ5.873 14
Di-n-butyl ether 169.4 5.296 ÿ18.713 5.269 ÿ8.148 ÿ8.154 14
Cyclopropylethyl ether 96.9 3.016 ÿ10.707 5.270 ÿ2.421 ÿ3.811 14
Tetrahydrofuran 81.1 2.490 ÿ8.961 5.270 ÿ1.201 ÿ1.434 8
Tetrahydropyran 97.7 3.042 ÿ10.795 5.270 ÿ2.483 ÿ2.224 91


Aldehydes
Propanal 72.1 2.183 ÿ7.967 4.029 ÿ1.755 ÿ1.346 5
Butanal 88.3 2.535 ÿ8.939 3.925 ÿ2.479 ÿ2.466 5
Isobutanal 90.8 2.668 ÿ9.423 3.955 ÿ2.800 ÿ2.760 94
Pentanal 106.4 3.286 ÿ11.597 4.014 ÿ4.297 ÿ4.201 5
Hexanal 123.1 3.848 ÿ13.556 4.026 ÿ5.682 ÿ5.124 94
Heptanal 134.4 4.210 ÿ14.830 4.028 ÿ6.592 ÿ6.338 94
Octanal 156.1 4.888 ÿ17.244 4.030 ÿ8.327 ÿ7.291 5
2-Ethylhexanal 150.1 4.703 ÿ16.579 4.030 ÿ7.847 ÿ7.692 94
Nonanal 172.1 5.380 ÿ19.015 4.030 ÿ9.606 ÿ9.059 5
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(11) which, for dilute solutions (ΦS�ΦB), can be
rewrittenas


ln �B � C1ÿ 0:08287VB � 0:50ln VB �12�


or convertedinto the molar solubility scale(SB� 1000
ΦB/VB):


logSB � C2ÿ 0:0360VB ÿ 0:2174ln VB �13�


with


C1 � ÿ1:948� vo ln 1� Ko


18:1


� �
and


C2 � 2:154� vo


2:302
ln 1� Ko


18:1


� �
TheconstantsC1 andC2 includeall factorsof Eqn.(11)
which do not dependon the solute molar volume and
contain,in particular,the solvationeffects(O term) due
to solute–solventspecific interactions.Dependingon
both the type andthe numberof proton-acceptorgroups
on the solute, [ketone, ether, ester, diester (vo = 2),
aromatic ring, etc.] and on the strength(Ko) of their
interactionwith water,Eqns(12) and(13) give rise to a
setof nearlylinearthermodynamicrelationshipsrelating,
for eachcongenericseries,the liquid aqueoussolubility
to the molar volume of the congeners(Fig. 4). Within
eachchemicalseries,the aqueoussolubility is governed
by the samefactors, and shows the same theoretical
dependenceon the solutesize as shownby the parallel
characterof theequations.Theserelationshipsonly differ
from oneanotherby thevaluesof theintercept(C1 or C2).
Being explicitly issuedfrom the quantitativedevelop-


ment of the MOD non-ergodicthermodynamics,Eqn.
(12) or (13) could be consideredas the fundamental
theoretical basis of the various empirical volume–
solubility straightlines reportedby McAuliffe,25 Lande
andBanerjee,22 Gert-Jande Maagdet al.99 andHuibers
and Katritzky.100 Indeed, the present thermodynamic
treatmentnot only providesexplanationsfor why all the
empirically derived straight lines are characterizedby
very similar slopes ranging from ÿ0.03 to ÿ0.04
[comparedwith ÿ0.036for Eqn. (13)], but alsoenables
oneto explainthegreatvariationsobservedin thevalues
of the interceptwhich encode,amongother,thespecific
solvationeffectsassociatedwith thefunctionalityandthe
degreeof unsaturationandof cyclizationrelevantto each
chemicalseriesof compounds.However,if Eqns(12)and
(13) closely resemblethe regressionequationsobtained
from experimentaldata,theyhavea completelydifferent
origin, anddiffer totally in essence.Theuseof themolar
volume as a key descriptor in several approachesto
solubility prediction, such as linear solvation energy
relationships(LSER), and various group contribution
methods including UNIFAC, always relies on the
enthalpicinterpretationof thesolutionprocessreflecting
the needto createa cavity in waterto accommodatethe
solute:the largerthesolute,thegreateris thenumberof
H-bondsthatareto bebroken,thehigheris theenergyto
supplyfor thisbreakingandthelower is thesolubility. In
contrast,thepresenceof thesolutesizein Eqns(12) and
(13) hasonceagaina hybrid origin stemmingfrom two
entropiceffectswith oppositesigns,i.e. thehydrophobic
effect(F term)opposingsolutionandthemixing entropy
correctionfactor(B term)favoringsolution.Althoughthe
absolutevaluesof both of theseeffects increasewith
increasingmolar volumeof the solute,the hydrophobic
effect increasesmuch faster, and the corresponding
mobile order entropy decreaseof the water molecules
upon introduction of the solute becomesrapidly the


Table 5. Continued


Solute VB B F O Ln�pred
B Ln�exp


B Ref.


Diesters
Ethyl glutarate 184.2 5.748 ÿ20.354 10.539 ÿ4.067 ÿ4.757 95
Ethyl adipate 200.7 6.220 ÿ22.068 10.528 ÿ5.320 ÿ5.473 95
Ethyl pimelate 217.5 6.744 ÿ24.004 10.537 ÿ6.723 ÿ6.223 95
Ethyl suberate 234.7 7.263 ÿ25.926 10.539 ÿ8.124 ÿ7.279 95
Ethyl azelate 251.1 7.751 ÿ27.744 10.539 ÿ9.454 ÿ8.267 95
Ethyl sebacate 267.8 8.245 ÿ29.591 10.539 ÿ10.807 ÿ9.397 95


Tertiary amines
Triethylamine 118.2 3.509 ÿ12.268 5.957 ÿ2.802 ÿ2.331 96
Dimethylbutylamine 119.3 3.571 ÿ12.500 5.968 ÿ2.961 ÿ3.351 96
Dimethylcyclohexylamine 127.4 3.922 ÿ13.778 6.005 ÿ3.852 ÿ4.241 97
Diisopropylethylamine 152.4 4.765 ÿ16.798 6.026 ÿ6.007 ÿ5.682 96
Triallylamine 144.2 4.502 ÿ15.857 6.024 ÿ5.331 ÿ5.905 96
Tripropylamine 161.2 5.041 ÿ17.791 6.028 ÿ6.722 ÿ8.430 96
Diethylcyclohexylamine 161.5 5.050 ÿ17.824 6.028 ÿ6.746 ÿ6.203 97
Diethyloctylamine 174.8 5.461 ÿ19.307 6.029 ÿ7.818 ÿ7.824 96
Tributylamine 202.7 6.307 ÿ22.397 6.029 ÿ10.061 ÿ6.816 96
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leading term responsiblefor the observedquasi-linear
solubility lowering asthe solutesizeincreases.Figure5
illustrates the variation of the relative contributions
encodedin theoverall liquid solubility valuesin thecase
of then-alkyl acetateand2-alkyl ketonechemicalseries.
Clearly, the results reveal that the aqueoussolubility
dependenceof aprotic substancesupon their molar
volumeis essentiallygovernedby thehydrophobiceffect
(F term)whichincreasesmorerapidly thanthecorrection
factor for the entropyof mixing (B term), whereasthe
solvation effect (O term) remains constant within a
particularhomologouschemicalseries.


CONCLUSION


Thegeneralsolubility equationfor realsolutions,derived
from the MOD theory,hasbeensuccessfullyappliedto
predictthesolubility of anumberof aproticsubstancesin
solvents of varying volume, polarity and H-bonding
ability. In addition to its reasonablyaccuratepredictive
ability, the MOD solubility modelenablesoneto assess
the relative importanceof the variousphysico-chemical
processesinvolvedin theoverallsolubility phenomenon.
Being derivedon a strictly thermodynamicbasis,it also
providesnaturalexplanationsconcerningtheorigin of the


Figure 2. Napierian logarithm of the non-crystalline volume fraction solubility (ln �L
B) versus the molar volume (VB) of the solute


in aprotic solvents
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experimentallyobserveddependencebetweensolubility
andsomemolecularpropertiessuchasthemolarvolume
of the solute. The traditional interpretationsof the
volume–solubility relationshipsgenerallystart from the
fact that,to dissolvea substance,a cavity of suitablesize
mustfirst be createdwithin the solventfor locating the
foreign molecules, and that this particular process
requiresbreakingof thesolventmatrix or destructionof
the net of H-bondslinking associatedsolventmolecules
like water.


These phenomenologicaltheories are questionable,
however, becausethey do not adequatelytake into
account the specific nature of the liquid state. Most
theories in their quantitative developmentignore the
continuousmotions of the molecules,and are mainly
staticregardingsolutionsmorelike deformedlatticesof
molecules,ratherthanascollectionsof individualentities
in continuousrapidmotionwith respectto eachother.At
constantpressure,thereis no practicalneedto createa
cavity to dissolveasolidor a liquid substancein wateror


Figure 3. Napierian logarithm of the non-crystalline volume fraction solubility (ln �L
B) versus the molar volume (VB) of the solute


in alcohols


Figure 4. Napierian logarithm of the volume fraction solubility (ln ΦB) versus the molar volume (VB) of liquid solutes in water
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in any other liquid. When a solutemoleculeentersthe
solvent,the mobile solventmoleculesadaptthemselves
to the presenceof the moving volume of the foreign
substance,and both volumesare simply addedunless
unlike molecules differing in size and shape, when
mixed,will rearrangethemselvessothatthefinal volume
is notexactlythesumof thevolumesadded.In particular,
the introduction of a substanceinto liquid alcohol or
water does not prevent a hydroxyl group following
anotherhydroxyl group in its walk through the liquid.
Both simply move togetheraroundthe obstaclecreated
by thenewneighbor.


The H-bonded chains in water or in alcohols are
moreovernot affectedby the introductionof a chemical
because,in the perpetualmotionsof the water(alcohol)
molecules,the H-bondsare transientspecieswhich are
continuouslybrokenandthenformedagainwith another
partner on a very short time-scale.Both the negative
enthalpyof solution for most organic liquids of eight
carbonsor less101,102andtheveryweakalkanesolubility
dependenceon temperature103,104 unambiguouslyde-
monstratethat the introduction of inert substancesin
waterdoesnot requireanappreciablebreakingof water–
water H-bonds. Moreover, the small value (2.3� 0.3
KJ molÿ1) of the energy of transfer of an alkane
methylenegroup from its own phaseto water obtained
from calorimetricmeasurements,105 i.e. only onetenthof
the energy of a hydrogenbond, can be explainedby
simply consideringthechangesin thenonspecificforces
uponmixing.


Finally, the traditional interpretationof the volume–
solubility dependenceassumingthat thelargerthesolute
moleculethegreateris theenergyrequiredfor breakinga
greaternumberof molecularcontacts(dispersive,dipolar
or H-bonds) would imply that, whatever the solvent
considered,the solubility of aprotic compoundsshould


alwaysbe lowereduponincreasingtheir molar volume.
Such general behavior is, however, not observed
experimentallyand, as demonstratedin this work, the
solubility may either increaseor decreaseaccordingto
the relative importance of the various contributions
involved in the overall solubility process.All these
observations thus really question the necessity for
creatingcavitieswhich is universallyconsideredat the
basisof thedependenceobservedbetweenthesolubility
andthemolar volume.


Taking properaccountof the essentialcharacteristics
of the liquid state,the MOD theory-derivedsolubility
model proposesan alternativethermodynamicexplana-
tion concerningtheorigin of theexperimentallyobserved
volume–solubility relationships.The variation of the
liquid (subcooledliquid) solubility with respectto the
molar volume of the solutealwayshasa hybrid origin,
and results from the balanceof elementaryprocesses
affecting solubility in oppositedirections.On the one
hand,theliquid solubility of aproticcompoundsin apolar
or polaraproticsolventsmayeitherincreaseor decrease
dependinguponwhetherthe changein the non-specific
cohesionforces(D term) is smalleror greaterthan the
correctionfactor for the entropyof mixing (B term). In
these cases,the observedbehavior results from two
thermodynamicprocessesof different nature,enthalpic
and entropic.On the other hand,in protic solvents,the
behaviorof liquid solubility versussolutemolar volume
is essentially governed by two opposite elementary
processeswhich are both of entropic nature: the
hydrophobiceffect (F term) opposingsolution and the
correctionfactorfor themixing entropy(B term)favoring
solution. Because,in the caseof aprotic solutes, the
former effect always overcomesthe latter, one always
observesa solubility decreaseas the size of the solute
increases.That the solubility decreasein water is more


Figure 5. Contributions of the mixing entropy correction factor (B), the hydrophobic effect (F) and the solute±water H-bond
formation (O) to the aqueous volume fraction solubility (ln ΦB) of some liquid n-alkyl acetates and 2-alkyl ketones at 25°C
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pronouncedthanthatin alcoholsis furthermoreexplained
by the strongerhydrophobicpropensityof water with
respectto thatof alcohols.In conclusion,theformationof
a cavity is definitely not a necessarystepin the solution
processof a substancein a liquid.
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Polypodanes
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ABSTRACT: He I UV photoelectron spectra of four naturally occurring polyenes were measured. The spectra were
interpreted on the basis of empirical arguments and semiempirical MO calculations. The results show that through-
bond interactions betweenp-orbitals are discernible in spite of the non-rigid molecular geometry. This work shows
that natural products have electronic structures which are of interest to a wider circle of chemists than just those who
specialize in natural products. Copyright 1999 John Wiley & Sons, Ltd.
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INTRODUCTION


Many natural products have unusual molecular structures
and, as a consequence, they may also have interesting
electronic structures. The interest in the electronic
structure of natural products may stem from either the
relationship between the electronic structure and biolo-
gical function of the compound or the uniqueness of the
electronic structure from the point of view of basic
research. One of the best examples is artemisinin, which
contains an unusual endoperoxide functional group1 and
this group may be related to its biological (anti-malarial)
function. The polypodanes discussed in this work are
major components of the bark resin which is used in
ethnomedicine for the treatment of skin diseases and
other ailments.


The molecular structures of natural products have been
extensively investigated by NMR techniques; indeed,
such studies are essential for the identification of new
compounds. On the other hand, very few studies of the
electronic structures of natural products have been
reported.2 Several reasons can be put forward for the
scarcity of electronic structure data. The standard method
for electronic structure analysis (UV photoelectron
spectroscopy in combination with MO calculations;
UPS/MO) requires that natural product compounds be
isolated in quantities (0.5–1 g) which are often unavail-
able. Furthermore, many natural products decompose at
elevated temperatures that are required to produce
sufficient vapour pressures for UPS measurements.


Finally, many natural products contain numerous func-
tional groups, which give rise to overlapping spectral
bands, thus rendering such molecules unsuitable for UPS/
MO analysis.


This paper is the first in a series of studies dedicated to
the electronic structure of natural products. The selection
of the polypodanes1–4 originates from our interest in
intramolecular, through-bond (TB) interactions and from
the availability of these compounds in relatively large
quantities following our work on the phytochemistry of
Asian plants.3,4 We have demonstrated previously that
TB interactions in non-rigid, monocyclic, non-conju-
gated polyenes can be studied successfully by the UPS
method.5
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EXPERIMENTAL


Spectrawere recordedusing a modified Perkin-Elmer
PS16 UV photoelectronspectrometerusing the He I
line. The platesof the 127° cylindrical analyserwere
scanned,producing a resolution as indicated by the
FWHM of the Ar� 2P3/2 peakof about25 meV. Spectra
werecalibratedusingN2O assumingthe sharpfeatures6


at 12.89,16.39and 20.11eV, and were recordedat (1)
143, (2) 115, (3) 135 and (4) 74°C. AM1 calculations
were performed with the HyperChem 5 program
package7 and included full geometry optimization.
The conformer spacesearchwas achievedusing the
Spartanprogram.8


The stembark of Cratoxylumcochinchinense(Lour.)
B1. was collectedin SouthVietnam and Singapore.In
eachcase,the groundplant material was continuously
extracted by percolation with hot hexane. Column
chromatographyof the crude extracts(silica gel, ethyl
acetate–hexanestepgradient)followed by gel permea-
tion chromatography[SephadexLH-20, CHCl3–MeOH
(1:1)] andreversed-phasecolumnchromatography(C18,
acetone–acetonitrilegradient) gave polypoda-7,13,17,
21-tetraen-3b-o1 (1) from the Vietnamesematerialand
polypoda-8(26),13,17,21-tetraen-3b-o1 (3) from the
Singaporematerial. Oxidation of 1 and 3 with Jones
reagentaffordedthe ketones2 and 4, respectively.3,4


RESULTS AND DISCUSSION


The UPSspectraof 1–4 areshownin Fig. 1. The most
interesting part of the spectracomprisesbands with
ionizationenergy(IE) <10eV. Thesebandscorrespond
to ionizationsfrom p-orbitalsandoxygenlonepairs(nO)
of the keto group.The hydroxyl groupoxygenlone pair
nOH appearsabove 10eV. The rest of the bandsare
poorly resolved; they belong to ionizations from s-
orbitals and are of minor interest.The assignmentof
spectra is usually achieved with the aid of MO
calculations.We selectedthe AM1 methodas the best
compromisebetweencomputationalcost and accuracy.
However,AM1 results(Table1) arenotveryusefulin the
presentstudy becauseof the high density of p-ioniza-
tions. It is well knownthat in suchcasesMO resultsare
generally unreliable. The only useful prediction from
AM1 calculations concernsthe nO energy, which is
suggestedto behigherthanthatof p-orbitals.Thep and
nO orbitalscaninteractvia a TB mechanism.


Suchintramolecularinteractionsarethe main interest
in this work and will be discussedin somedetail. The
interactionsin ourmoleculescanbeclassifiedasbeingof
1,4-p,p, 1,5-p,p and1,6-n,p type.The largerthe energy
separationbetweennon-conjugatedorbitals, the weaker
their interaction becomesunless there is an efficient
‘relay’ in theform of intervenings-orbitals.Inspectionof
the number of resolvable p bands can reveal such
interactions;themorebandsthereare,thestrongerarethe
orbital interactions.Takingthis argumentinto considera-
tion, wecanconcludethatp,p interactionsarestrongerin
1 than in its D8(26) isomer (3), as evidencedby the
appearanceof a singlep bandfor 3 (at 8.7eV) vs two p


Figure 1. He I photoelectron spectra of polypodanes 1±4


Table 1. Ionization energies (IE) and AM1 orbital energies (e)
for compounds 1±4


Compound IE (eV) e (eV) MO charactera


1 8.53 9.13 p13–p17� p21
9.20 p7
9.26 p7–p13� p21


9.30 9.27 p13� p17� p21
2 8.70 9.16 p13–p17� p21


9.33 p7� p21
9.48 p7–p13� p21
9.74 p13� p17� p21


10.06 nO
3 8.70 9.05 p13–p17� p21


9.31 p13–p21
9.55 p8
9.65 p13� p17� p21


4 8.45 9.14 p13–p17� p21
8.85 9.40 p13–p21


9.71 p17� p21
9.76 p8


10.06 nO


a Thepn labelsdesignateC=C bondsoriginatingat Cn carbons.
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bands (at 8.53 and 9.3eV) for 1. Furthermore,the
averageIE of thep-manifold is lower in 1 than3, which
alsosuggestsenhancedTB interactions.Thedestabiliza-
tion of the manifold is causedby p, s interactions
betweendoublebondsandthes skeleton.Long-rangeTB
interactionshave been studied and discussedin great
detail2,9 but usually on examplesof rigid bicyclic or
monocyclicsystems.Theinterestingpoint is thatwe can
distinguishTB interactionsevenin non-rigidmolecules.
Why are interactionsmore pronouncedin 1 than in 3?
The explanationcanbe soughtin the ‘all- trans’ effect10


which favours interactionsin moleculeswith a greater
numberof trans C=C configurations(1). The through
space(TS)andTB interactionsarecompetitiveandoften
occur simultaneouslyin a particular molecule.10 They
can, however, be distinguishedon the basis of their
spatial range; TB interactions can have long ranges
whereasTS interactionsrely on direct overlapand are
often short range.10 In the polypodanes,TS interactions
areunlikely owing to themolecularstructure,which has
spatiallywell separateddoublebonds.


The presenceof a keto groupin 2 and4 significantly
modifiestheappearanceof thep-manifold.Compound4
now hasobservablesplitting whereas2 doesnot.ThenO


orbital energy is lower (more negative) than the p-
manifold which (in the simple perturbation theory
picture) leadsto selectivedestabilizationof p-orbitals.
The extent of destabilization will depend on the
proximity (on the energyscale)of nO to eachp orbital.
The destabilisationis reflectedin the changesof p band
contours:thebandwhich is split in 1 ceasesto besoin 2,
while thecompactbandin 3 exhibitsa smallsplitting (at
8.45eV) in 4.


The possibility that the measuredspectrumrefers to
the superpositionof conformerspectrashould also be
considered.The presenceof a conformermixture would


be significant only if conformers have noticeably
different electronic structures.One can calculate MO
levels for eachconformerand comparethe levels with
bandshapes.However,in view of theunreliability of the
AM1 method in predicting closely spaced orbital
ionizations, we instead performed a conformational
spacesearchin order to establishwhat would be the
population of higher energy conformers(assuminga
Boltzmanndistribution).Thepopulationof higherenergy
conformersat the temperatureof the experimentturned
out to be lessthan 17% (for 1 and 4) and thus cannot
influencebandshapesappreciably.Thepartially resolved
featuresin the lowest IE bandsof 1 and4 canhencebe
attributed to orbital interactions rather than to the
superpositionof conformerspectra.


Finally, it is interestingto comparethe spectraof the
polyenes1–4with thatof all-cis-1,4,7,10-cyclododecate-
traene.11 The dodecatetraene(which also containsfour
unconjugatedp-bonds)can serveas a referencefor the
analysisof variousintramolecularinteractions.The first
interestingobservationis that p ionization energiesare
higher in dodecatetraene(8.9 and 9.3eV) than in the
polypodanes,in spite of the presenceof formally
electron-withdrawing hydroxyl or keto groups in the
latter.This is to beexpectedbecauseof thelargerdensity
of s-orbitals in the polypodanesand subsequentstrong
TB interactionsbetweenp- and s-orbitals. The second
notable observationconcernssplitting of p bands.In
dodecatetraenethe splitting is approximately 0.4eV,
which is similar to 4 but smallerthanin 1. Thechangein
p bondsplitting on goingfrom 3 to 4 andfrom 1 to 2 has
already been rationalized by the of the keto groups.
Similarity of p bond splitting is an indication that TB
interactionshavesimilar effectiveness.


CONCLUSION


We have demonstratedtwo important points, first that
naturalproductsoften haveinterestingelectronicstruc-
tureswhich canbe studiedby the UPS/MOmethodand
secondthatTB interactionscanbeobservedin non-rigid
polyenecompounds.Both conclusionsshouldencourage
furtherstudiesof suchcompounds.An exampleintended
to give a clearerpicture of TB interactionsis shownin
Fig. 2, which displaysthe HOMO electrondensityof 1.
The orbital has most of its electron density localized
alongthe side-chain.Onecanseethreedoublebond(p-
orbital)moietieswhicharelinkedvia ‘bridges’composed
of s-electron densities. The MO densities in other
compoundsexhibit very similar typesof interactions.
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4-Nitropyrazole: a nitrogen or an oxygen base in the gas
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ABSTRACT: Protonated 3- and 4-nitropyrazoles were subject to collisional activation and neutralization–
reionization mass spectrometric studies using a large scale tandem mass spectrometer. The gas phase basicities of 2-
and 4-nitroimidazoles were determined by means of Fourier transform ion cyclotron resonance spectroscopy. These
and other neutral and protonated molecules were studied byab initio methods up to and including the CCSD(T)/6–
31�G* level. This information was used to assess the site of protonation of 3-nitro- and 4-nitropyrazole in the gas
phase: at the equilibrium these compounds protonate on the heterocyclic nitrogen rather than on the oxygen of the
nitro group. Copyright 1999 John Wiley & Sons, Ltd.


KEYWORDS: nitroimidazoles; nitropyrazoles; protonation; ion cyclotron resonance mass spectrometry; collision
activation; neutralization and reionization mass spectrometry;ab initio


INTRODUCTION


It was suggested in a previous work1 that the acid–base
properties of 3-nitropyrazole (1) could be ‘abnormal’
when compared with those of 4-nitropyrazole (2).
Furthermore, it has been shown that amphiprotic
compounds like pyrrole and indole carboxylic acids
behave as NH acids in the gas phase and not as OH acids,
as would be expected.2 Therefore, we have decided to
examine whether 4-nitropyrazole protonates on the azole
N2 nitrogen atom (2aH� cation), like pyrazole itself, or
on the nitro group, i.e. on the oxygen (2bH� cation), as
other nitro derivatives.3


EXPERIMENTAL


Materials


The synthesis of compounds1–6 has been described in
previous publications.1,4,5
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Mass spectrometry


Thespectrawererecordedon a large-scaletandemmass
spectrometerof E1B1 E2 E3B2 E4 geometry (E
standsfor electric sector,B for magneticsectorand 
for the collision cells installed in various field-free
regions,Micromass,Autospec6F).6 Typical conditions
were8 kV acceleratingvoltage,1 mA emissioncurrent,
70eV ionization electronenergyand200°C ion source
temperature.Chemical ionization was performedusing
either methaneor methanolas the reagentgas at an
estimated0.5–1Torr ion sourcepressure.The samples
were introducedwith a direct insertion probe or via a
heated(180°C) septuminlet device.


The collisional activation(CA) spectrawereobtained
by presurizingthe collision cell locatedin front of E3


with oxygen (ca 70% transmittance)and scanningthe
field of E3; thefragmentswererecordedwith anoff-axis
photomultiplier detector in the fifth-free region. In
neutralization–reionization(NR) experiments,7 thecolli-
sion with oxygenwasprecededby collision with xenon
(also 70% transmittance),the residual non-neutralized
ionsbeingremovedfrom thefastneutralbeamby floating
at 9 kV an intermediate calibration source situated
betweentheneutralizationandreionizationcells.


ResolvedCA spectrawere recordedusing a linked
scanning of the fields E3B2E4, the fragments being
detectedby thefinal off-axis photomultiplier.


FT-ICR mass spectrometry


Gas-phasebasicitieswere determinedfrom equilibrium
proton-transferreactionsconductedin a modifiedBruker
CMS-47Fouriertransformion cyclotronresonance(FT-
ICR) massspectrometer.8–11 The gas-phasebasicitiesof
compounds3 and4 weredeterminedthroughthestudyof
thepositionof equilibrium(1), whereB is thecompound
of unknownbasicity(3 or 4) andBref is a referencebase:


BH��g� � Bref�g� � B�g� � BrefH
��g� Kp; �GB �1�


Kp is the equilibrium constant,and � GB is given by �
GB=ÿRT ln Kp, being the differencebetweenthe gas-
phasebasicitiesof B andBref. Thegas-phasebasicityof a


baseB is the standardGibbsenergychangefor reaction
(2):


BH��g� � B�g� � H��g� �2�


The experimentaldetailsof thesemeasurementshave
beengivenelsewhere.12 Wepresentin Table1 theresults
leadingto thedeterminationof theGB valuesof 3 and4.


Computational details


Standardab initio anddensityfunctionaltheorycalcula-
tionswerecarriedoutby meansof theGaussian-94series
of programs13 at severallevelsof the theory,B3LYP/6–
31G* B3LYP/6–311�G* and CCSD(T)/6–31�
G*.14–21The geometriesof the systemsincludedin this
study were optimized using the B3LYP density func-
tional method18–21 together with 6–31�G* basis set
expansion.This level of theoryhasbeenfound to yield
reliable geometries for a wide variety of chemical
compounds.22–28Thecorrespondingvibrationalfrequen-
cies as well as the zero point energy(ZPE, not scaled)
corrections were evaluated at the same level. The
minimum energystructurefor the cationsprotonatedon
thenitro grouphastheO–H protondirectedtowardsthe
secondoxygen.


We assessthe importanceof high-order correlation
contributions to energy, as they may play a non-
negligible role both for azolesand the nitro group.For
this purposewe carriedout CCSD(T)/6–31�G* single
point calculations29 for somesuitablecasesthatmight be
controversial.In all thesehigh-correlatedcalculationsthe
B3LYP/6–31�G* optimizedgeometrieswereused.


RESULTS AND DISCUSSION


Collisional activation mass spectrometry


Although the electron ionization mass spectrometry
(EIMS) of nitrodiazoles was studied in a series of
remarkablepapersby Luitjen and van Thuijl,30–33 the
behaviour of the protonatedmolecules generatedby
chemicalionization (CIMS) hasnot, to the bestof our


Table 1. Experimental results pertaining to the determination of the gas-phase basicities of 2-nitroimidazole (3) and 4-
nitroimidazole (4)a


Compound Reference GB (Bref)
b � GB GB (compound) GB (compound,average)


3 (C2H5)2S 827.0 6.1 833.1 833.7� 0.8
(nÿC3H7)2S 834.9 ÿ0.7 834.2


4 (CH3CO)2CH2 836.8 4.1 840.9 841.6� 0.9
(nÿC4H9)2S 842.1 0.1 842.2


a All valuesin kJmolÿ1.
b All theGB valuesfor the referencebasesaretakenfrom HunterandLias.37
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knowledge,receivedmuchattention.34 In fact, only the
CA spectraof protonatednitrobenzeneshave already
beenstudiedandinterpretedon the basisof preferential
protonationat the nitro groups.35 Before looking at the
nitropyrazoles,wethereforeinvestigatedtheCA/NR data
of nitrobenzeneitself 7 asa model for oxygenprotona-
tion.


The CA spectrumof protonatednitrobenzene,7H�


(m/z124), is shownin Fig. 1 (a). This spectrumfeatures
threeintensepeaksat m/z107,94 and77 corresponding
to the lossesof HO�, NO� and HNO2, respectively.In
fact, without the presenceof the collision gas, two
unimolecularreactionchannelsareoperating:the lossof
NO� andthelossof NO2


� [metastableion (MI) spectrum:
m/z94/m/z78= 2.1]. Theseslow reactionsarethusmost
probably rearrangementreactionsand do not therefore
requirering protonation.Thermodynamically, the losses
of NO� andof NO2


� arealsopredictedto be the easiest
reactions:


P
DHf = 813kJmolÿ1 (ionized phenol plus


NO�) and 1009kJmolÿ1 (ionized benzeneplus NO2
�)


comparedwith 1021kJmolÿ1 (ionized nitrosobenzene
plusHO�) and1047kJmolÿ1 (phenylcationplusnitrous
acid).36 From proton affinity measurement,the heat of
formationof protonatednitrobenzenehasbeenestimated
as789kJmolÿ1.36


Uponneutralization–reionization[Fig. 1 (b)], a weak,
but significant,recoverysignalis detectedat m/z124for
‘survivor ions’. The peaksfor the lossesof NO� and
HNO2 arestill intense,while thepeakscorrespondingto
the unimolecular dissociationsare now of very low
intensity. Such a behaviouris not unexpected,as it is
usuallyadmittedthatmoreaverageenergyis depositedin


the ions in NR than in CA, thus favouring simple
cleavageover rearrangementreactions.The disappear-
anceof thechargestrippingsignalin NRMS (m/z62) is
alsoexpectedandattributedto a lower probability of M
→ M2� doubleionizationcomparedwith theM�→ M2�


single ionization seen in the CA spectrum.Another
significantdifferencebetweentheCA andNR spectrais
alsoobservedat m/z30 correspondingto thereionization
of NO� lost in themetastablefragmentation.NO2


� is also
observed,but its intensityis surprisinglylower.


Takentogether,thesedataclearly indicatepreferential
protonation of the nitro group over ring protonation.
Diagnostic peaks appearsto be the collision-induced
losses of a hydroxyl radical and nitrous acid. The
recoverysignalin theNR spectrumis tentativelyascribed
to theproductionof a nitroxide in thegasphase.


The MI and CA data of the isomeric protonated
nitropyrazolesarecollectedin Table2. Justasin thecase
of protonatednitrobenzene,7H�, the CA spectrumof
2H� featuresaverystronglossof HO� in agreementwith
preferentialoxygenprotonation.All other peaksare of
low intensity (lessthan 10%). Among thesepeaks,the
lossof 46Da(m/z68,lossof NO2


�) is worthyof noteand
could be interpreted as the result of ring nitrogen
protonation. However, in contrast to the case of
nitrobenzene,the loss of OH� is the less energy-
demandingreaction (base peak of the MI spectrum,
Table2).


Upon neutralization–reionization(Fig. 2), the loss of
HO� remainsa prominent processand new peaksare
observed at m/z 46 and 30 corresponding to the
reionization of the neutrals lost in the unimolecular
fragmentations(MI spectra).The recoverysignal is of
low intensity and could be associatedagain with the
productionof a nitroxide.


The behaviour of protonated3-nitropyrazole 1H�


appearsto be intermediatebetweenthoseof protonated
nitrobenzeneand4-nitropyrazole. The main unimolecu-
lar reactionsareagainthe lossesof NO2


� andNO�, but a
peak for an HO� is also detected.Upon collisional
activation, this last reaction is strongly enhanced,
pointing to theoccurrenceof a simplecleavagereaction
andthusprotonationon the oxygen.Anothersignificant


Figure 1. CA (O2) (a) and NR (Xe/O2) (b) spectra of
protonated nitrobenzene (m/z 124)
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reactioninducedby collision is the loss of 16Da (O),
which is more probably ascribed to a ring nitrogen
protonatedspecies.


Upon neutralization–reionization, the loss of HO�
remainsvery intense,but thepeaksat m/z98, 84 and68
disappear.The intensepeaksdetectedat m/z30 and46
are due to reionization of NO� and NO2


� lost in the
metastablereactions.It emergesfrom theseresultsthat
protonationof 3-nitropyrazolecould yield a mixture of
O- andring N-protonatedspecies.Thespeciesprotonated
on oxygencouldberesponsibleof theobservationof the
weakrecoverysignalandthelossof 17Da,while theN-
protonatedspeciescould generatean unstableneutral
dissociatingspontaneouslybetweenthe neutralization
and reionization cells with, in fine, formation of new
intensefragmentsseenat m/z66, 51 and40.


If theseconclusionsreally apply, onecanpredict the
behaviourof the protonated1-methyl3- and4-nitropyr-
azolesuponcollisional activation:a very intenselossof
HO� for 5H� andan increasedintensityof the lossesof
NO2
� andO for 6H�. That is effectively thecaseshown


in Fig. 3 by the peaksat m/z82 and 112 for 5H�, and
peaksof very low abundancein thecaseof 6H�.


In summary,nitrobenzene,7, protonateson the nitro
group(thatis,ontheoxygen)with formationof the7bH�


cation.The nitropyrazoles,1 and2, protonatepreferen-
tially alsoon thenitro groups,resultingin the1bH� and
2bH� cations,but thereis possiblya smallproportionof
protonationon the azole(N-protonation)which leadsto
1aH� and2aH� cations.Thissecondkind of protonation
is clearly more important for 3-nitro- than for 4-
nitropyrazoles.


FT-ICR mass spectrometry


To have more experimental data for the following


section,the gas-phasebasicitiesof two nitro-imidazoles
which are known to protonateon the imidazole, were
measured: 2-nitroimidazole (3), GB= 833.9�
0.4kJmolÿ1, and 4-nitroimidazole (4), GB= 841.8�
0.8kJmolÿ1. In this work, we do not take into account
the annulartautomerismof 3(5)-nitropyrazoleand4(5)-
nitroimidazolebecausebothtautomershavevery similar
energies:1,5 in any case,the tautomersdepictedare the
moststable.TheotherexperimentalGBvaluesof Table3
arefrom HunterandLias .37


Theoretical calculations


FT-ICR techniquesprovideaccuratevaluesfor the gas-
phasebasicitiesof thesystemsinvestigated,but unfortu-
natelydo not provideanyinformationon theprotonation
site. Hence, in order to assesswhich is the preferred
protonationsiteof thenitropyrazolesunderinvestigation
we havecarriedout somepreliminarycalculationsat the
B3LYP/6–31�G* level. The calculationsindicatethat
thecationsformeduponprotonationat the ring nitrogen


Table 2. MI and CA (O2) spectra of the protonated 3-nitro- and 4-nitropyrazoles (m/z 114) (m/z 98±57 regions; abundances
relative to the most intense peak)


m/z 98 97 84 70 68 67 66 57a


1H� MI 15 36 100
CA 24b 95 12 1 100 16b 6b 1


2H� MI 100 3 14
CA <1b 100 <1 4 10 4b 2b 2


a Chargestrippingpeaks.
b Shoulders.


Figure 2. NR spectra (xenon/oxygen) of protonated 4- (a)
and 3- (b) nitropyrazoles (m/z 114)
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of the azolesare more stable than thoseformed upon
protonationat the oxygenatom of the nitro group (see
Table A1 in the appendix).Although the energy gap
betweenboth forms is quite large for nitroimidazoles,
theseresultscannotbe takenasconclusivefor nitropyr-
azoles,sincethegapis of thesameorderof magnitudeas
the errors associatedwith this level of theory. An
alternativeway to look into the problem would be to
establisha correlationbetweenexperimentalvaluesand
theoreticalestimates,including systemswhoseprotona-
tion site is unambiguouslyknown. For this purposewe


haveconsiderednitrobenzeneandnitromethane.Unfor-
tunately, the linear correlation found for those com-
pounds,whichprotonateatthenitro group,hasadifferent
slope and a different intercept than that found for the
azoles(seeFig. 4). Furthermore,usingthe experimental
gas-phasebasicity of 3- and 4-nitropyrazoles, and
assumingthatbothcorrelationswerecorrect,oneshould
concludethat thesecompoundsshouldprotonateat the
nitro groupratherthanat the ring nitrogen.


At thispoint it seemsnecessaryto find alevelof theory
which bringsboth correlationsto a single one.For this
purposewe havedecidedeither to significantly enlarge
thebasissetusedin theB3LYPcalculations,or to include
high-order correlation effects in standard ab initio
calculations through the use of CCSD(T) formalism
togetherwith a 6–31�G* basissetexpansion.The raw
computationalresultsat levelsB3LYP/6–311�G* and
CCSD(T)/6–31�G* are given in the Appendix.These
datawereusedto computethe GB valuesof the various
species studied in this work as well as those of
nitromethane,nitrobenzene,pyrazole and imidazole,
taken as appropriate references. These results are
presentedin Table 3 together with the experimental
results.


GB�B3LYP=6--311�G��=kJ molÿ1


� ÿ�72� 34� � �1:08� 0:04�GB�exp�=kJ molÿ1


n� 8;R2 � 0:991; SD� 6:4 �3�
GB�CCSD(T)=6--31�G��=kJ molÿ1


� ÿ�102� 18� � �1:11� 0:02�GB�exp�=kJ molÿ1


n� 8;R2 � 0:998; SD� 3:4 �4�
Inspectionof theseresultsindicatesthat both compu-


Figure 3. CA (O2) spectra (partial) of protonated 1-methyl-3-
nitro (a) and 1-methyl-4-nitro (b) pyrazoles (m/z 128) (linked
E/B/E scans)


Table 3. Experimental and computed gas-phase basicities of the various molecules studied in this worka


Compound GB[B3LYP/6–311�G*] GB[CCSD(T)/6–31�G*] GB (experimental)


leadingto 1aH� 783.5 776.4
1 789.0b


leadingto 1bH� 758.3 743.8
leadingto 2aH� 782.6 776.1


2 788.7b


leadingto 2bH� 759.6 746.2
leadingto 3aH� 824.3 824.3


3 833.7c


leadingto 3bH� 755.2 737.0
leadingto 4aH� 829.9 828.7


4 841.6c


leadingto 4bH� 777.1 761.7
Nitromethane 697.5 693.8 721.6d


Nitrobenzene 766.9 748.4 769.5d


Pyrazole 859.4 849.6 860.5d


Imidazole 907.1 903.7 909.2d


a All valuesin kJmolÿ1.
b FromAbboudet al.12 andNotario et al.,38 re-scaledaccordingto HunterandLias37


c This work.
d From 37
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Figure 4. Plot of B3LYP/6±31� G* calculations against experimental GB values. Open circles correspond to the protonation on
the ring nitrogen (a cations). Open squares correspond to the protonation on the nitro group of nitroazoles (b cations)


Figure 5. Plot of B3LYP/6±311� G* calculations against experimental GB values. Same conventions as in Fig. 4
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tationalmethodsperformwell in thesensethata unique
linear correlationincluding oxygen-andnitrogenproto-
natedspecieshasbeenfound[eqns(3) and(4) andFig 5
andFig 6]. Both levelsof theoryconfirm that 3- and4-
nitropyrazolesshouldprotonateat thering nitrogen,even
though the energy gap with respect to the nitro-
protonatedspeciesis much smaller than that typically
found for the imidazoleanalogues.


The mostsignificantdiscrepancybetweenboth linear
correlationscorrespondsto nitromethane.Actually, if the
pointcorrespondingto nitromethaneis removedandEqn.
(3) is used,the estimatedgas-phasebasicity of nitro-
methaneis 704kJmolÿ1, while if Eqn. (4) is used,the
estimatedvalue is 718kJmolÿ1, much closer to the
experimentalvalue(721.6kJmolÿ1).


This discrepancymight indicatetheexistenceof some
additionalproblem,as a tautomerismof the protonated
form of nitromethanenot taken into account in our
analysis.Nevertheless,whenthis point is removedfrom
bothlinearcorrelations,ourpreviousconclusionsremain
unchanged,although the correlation basedon B3LYP
calculationsimproves[eqs(5) and(6)].


GB�B3LYP=6--311�G��=kJ molÿ1


� �20� 29� � �0:98� 0:04�GB�exp�=kJ molÿ1


n� 7;R2 � 0:994; SD� 4:2 �5�


GB�CCSD(T)=6--31�G��=kJ molÿ1


� �75� 17� � �0:92� 0:02�GB�exp�=kJ molÿ1


n� 7;R2 � 0:997; SD� 2:7 �6�


CONCLUSIONS


Theseresultsstrongly suggestthat compounds1 and 2
protonateon theheterocyclicnitrogen,ratherthanon the
oxygen of the nitro group. Notice, however, that the
differencesin stabilitiesof the couples1aH�/1bH� and
2aH�/2bH� are modest,in the range25–30kJmolÿ1.
Thesevaluesare sufficientlysmall to easily allow the
formation of 1bH� and 2bH� under conditionsof mild
excitationand thusrationalizethe behaviourof the CA/
NR experiments. An intriguing possibility openedby
these experimentsis the possibility of finding other
heterocyclicsystemswherein protonationof the nitro
group could be favoured thermodynamically,under
equilibrium conditions,over the protonationof the aza
nitrogen(s).
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ABSTRACT: Apertureless scanning near-field optical microscopy (SNOM) in the reflection-back-to-the-fiber
configuration is possible on rough surfaces of practical importance and reaches 15 nm lateral resolution. The feedback
for constant distance mode is provided by shear-force atomic force microscopy. Any artifacts in the atomic force
microscopy will translate into artificial optical responses. Very sharp tapered tips (radius ca. 15 nm, apex angle<10°)
are required. Only these give the strongly enhanced reflectance in shear-force distance, do not break as easily as do
more blunt tips, and can follow the topography in order to provide chemical SNOM contrast without topographic
errors. In the absence of significant reflectance enhancement, if blunt or abrased or broken tips are used, not SNOM
but artificial ‘optical contrast’ is recorded. Metal-coated tips are unsuitable: they become hot, give poor resolution and
are the source of numerous additional artifacts that are summarized for comparison. The SNOM artifacts are
subdivided into:


* topographic errors—if chemical uniform topography does give some optical response;
* lack of spatial correlation—if the optical signal does not reproduce the site of the emitter or of the chemical


contrast;
* tip imaging—very large features and more or less negative differentials therefrom;
* contrast inversion—false sign of optical contrast;
* split optical contrast—signal is split into two unequal parts with the same (false) sign of the contrast;
* artificial stripes—instead of chemical/emissive contrast artificial stripes, that are not always ‘interference fringes’


or ‘edge-contrast’.


The artifacts can be easily recognized in published images from different techniques and modes of SNOM. Their
analysis would be facilitated if fullx/y/zdata were published instead of two-dimensional images. We therefore
disclose interactively analyzable VRML data in the EPOC version. Copyright 1999 John Wiley & Sons, Ltd.


KEYWORDS: SNOM; artifacts; uncoated tips; near-field; enhanced reflectance; chemical contrast; interactive
VRML files


Additional material for this paper is available from the epoc website at http://www.wiley.com/epoc


INTRODUCTION


Supermicroscopic techniques like scanning tunneling
microscopy (STM), atomic force microscopy (AFM)1 or
scanning near-field optical microscopy (SNOM)2,3 have
matured in the investigation of rough surfaces with
practical applications.1–3 However, atomic resolution
remains restricted to very flat surfaces and STM or AFM.3,4


Aperture-SNOM has severe problems with topogra-
phies,5 but these are not present in apertureless SNOM.
Actually, eight principally different SNOM techniques


exist and various operation modes can be distinguished
(e.g. contact or non-contact, constant distance or constant
height, reflection or transmission modes, etc.).2 However,
authors have still been cautious with the interpretation of
highly resolved SNOM images in apertureless contact
transmission mode, i.e. with far-field light collection.6


Metal-coated tips in small-aperture-SNOM (<100 nm)
become very hot (>100°C)7 and are very blunt. Thus, the
aperture cannot be operated at constant shear-force
distance on rough or sensitive surfaces. The only choice
would be constant height mode, but that gives rise to
interference and other topography related errors. Further-
more, shadowing effects are hard to treat. Only cold and
sharp tips can follow topographies of rough surfaces in
constant distance and collect optical information inde-
pendent of topography.2,3 This technique relies on the
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change of reflectanceback to the fiber as the tip
approachesthe surface.8 Such changes have been
denied,9 but we havebeenable to unequivocallyshow
a suddenincreasein reflectanceand the absenceof
interferencefringeswith very sharpuncoatedtips.10 We
alsoshowedtheabsenceof thesuddenincrease(or evena
suddendecrease)when broken or abrasedtips were
used.10 Clearly, in the latter casesonly artifactscan be
recorded.Furthermore,depolarizationSNOM with an
uncoatedtip at 30nm ‘constantheight’ over a grooved
metalsurface(50nm thick) on glassgaveedge-contrast
butnotmaterialscontrast,11 althoughthatexperimentdid
not benefitfrom a suddenincreasein reflectivity.


It appearsto be important to documentthe various
typesof artifacts in topographyand SNOM that occur
with deficienttips in orderto clarify the issue.Artificial
imagesin other modesof SNOM are then also easily
recognizedand valid submicroscopicSNOM images
distinguished from artifacts. Thorough analyses of
publisheddata are not possiblewith pixel graphicsin
paperor electronicpublications.A validity checkof such
data is not possible.We thereforepresentfull three-
dimensionaldataof all AFM andSNOM imagesalsoin
VRML format (seeEPOCversion).Thesedatacan be
interactivelyanalyzedwith public domainsoftware,e.g.
Cosmoplayer,or proprietary imaging software. Inter-
activedataaresubjectto efficient datamining andlater
improvementsof displayandanalyticalinvestigation,as
toolsbecomeavailable.


ARTIFACTS IN AFM TOPOGRAPHIES ON
ROUGH SURFACES


AFM providesthe mostpopularfeedbackmechanismfor
SNOM in constantdistancemode. As a rule SNOM
imagescannotbeanalyzedif a surfacecannotbeproperly
measuredby AFM. We thereforehaveto briefly address
the recognition of AFM artifacts in this review. It is
obvious that both contactand non-contactAFM cannot
trace caves, overhangs,verticals and slopes that are
steeperthan their slopeangleson a surface.All artifacts
that derive from unsuitablegeometriceffectshavebeen
termed tip/sample convolution and various correction
formulaehavebeenreported,in particular for atomic or
molecular resolution.However,no generaltechniqueis
available for corrections of tip/sample convolution at
irregularor very high topographies.1,12 Thequantification
of a topographic structure with several mathematical
approacheswasrecentlyanalyzed.13


Non-contact AFM tips are particularly sharp and
slender.They arevibratedfor the so-called‘shear-force’
modeandarewell-suitedfor particularlyroughsurfaces.3


However,suchtipsareverystiff andmaybreak,providing
anotherrisk of artifacts.Suchbreakagemay leavesharp
edges,maintainingfairly goodAFM resolution,but also
smoothand wide apexes.In the latter instancesmaller


objectswill imagethetip andnotopographyof thesurface
is obtained.Thus,nanoparticlesof 100–200nm width and
ca. 65nm height may give rise to artificial ‘objects’ as
largeas1 or 2mm in width and80nm in height.14 There
arestraightforwardmeansto detecttip breakages.Tipscan
bejudgedby microscopic inspection,light diffraction and
the absenceof near-fieldenhancementof reflectance(see
below). Reliability testsof AFM topographiesare only
possible when full three-dimensionaldata are made
available. We thereforepoint to some typical artificial
AFM dataof extremegeometries in the Appendixto this
review that canbe interactivelyviewedandanalyzedon
the EPOCsite.


Artifacts by surface modi®cation in AFM


Thepreviousproblemof erraticsurfacescraping/ablating4


hasbeensettledby selectingcantileversthat havethe tip
preciselyontheiraxis.1,15As accumulateddustalsocreates
asymmetry,it is the duty of the operatorto checkif 5–10
scansdo not changethe surface.Conversely,asymmetric
cantilevertips canbeusedin purposefulsurfacemodifica-
tion, e.g. scrapingout squareholes(submicro-or micro-
containers)into organiccrystalsurfaces.1,15


ARTIFACTS IN SNOM ON ROUGH SURFACES


Aperture-SNOM using metal-coated tips


Metal-coatedtips with aperturesbelow 100nm may
become very hot (100–500°C) due to absorptionof
confinedlight7 and that fact hasbeenusedto fabricate
local pits on anthracene.16 The risk of local melting or
charring of organic or biological objects is obvious.
Furthermore,coatedtips must be flat at their endsfor
technical reasonsand are additionally blunted by the
metal layer of typically 100nm thickness.17 Flat probes
of thatsizecannotmeasureroughsurfacesin shear-force
mode:if they are soft the materialwill be razedoff, if
they are hard the metal coated tips will break when
vibratedat 5–10nm distancefrom the surface.A 12nm
lateral resolution was claimed by fitting a theoretical
model of a 20nm aperture and invoking a Fourier
transformtransferfunction.18 That claim hasfrequently
beencitedin theliterature,buthasneverbeenconfirmed.


Theextremeheatproblemsthatareto beexpectedwith
20nm apertures7 should certainly be considered.Two
approacheshavebeentried to getmetalcoatedtips some
tensof nmawayfrom thesurface.Thus,oneeitherrelied
on ‘someprotrusionat the largeflat area’ (diameterca.
300nm)‘that mightbetherefor theshear-forcecontrol’,5


but this techniqueintroducedcrosstalkwith the firmly
attachedremoteaperturewhich is no longerat constant
distance in the presenceof topography.The second
approachusesconstantheightmode,i.e. the apertureis
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fixedatalevelabovethehighestprotrusionof thesurface
that is scannedunder it. The former techniquesuffers
from a displacementof the topographicand the optical
imagesthat would be distortedby topographicartifacts.
Thelattertechniqueis subjectto interferencefringesthat
are formed betweenthe planar metal disk (>300nm
diameterwith a centraldielectric)andthesurface.19


Furthermore,various shadowingeffects have to be
consideredboth in reflection (light collectedthrougha
20–100nmnarrowsliceof air with radiusof ca.150nm)
and transmission(stray centersin the far-field). Conse-
quently, it is extremely hard to interpret the optical
contrast in such experiments,and interpretationsare
frequentlynot tried.18,20In a recentreport21 Ramanlight
couldnot becollectedfrom the innerpartof a scratchin
Si, 2mm wide and 1mm deepin a 10–20nm distance
setup.It appearsthat themetalcoatedtip wentsodeeply
into that scratchthat it washard to collect Ramanlight
out of it at 45° to the probe axis. Actually it proved
possible to collect the typical Raman signal at
519.7cmÿ1 from a scratch in Si with a SNOM that
collectsin the near-fieldinto a sharpuncoatedfiber tip
andthusavoidsall shadowingeffects.22


Artificial bright/dark/bright featuresalong the scan
directioninsteadof disc-shapedfluorescenceimageshave
beenobtainedfrom stained100nm diameterpolystyrene
spheresstuck in a 25nm high polymer film with a
‘relatively large’ aperture(Al-coating). Thesewere less
convincingly interpretedas ‘torus’ shapes.23 Further-
more, the half-width of the disc-shapedfluorescenceas
collectedwith 50nm aperturesof thesameparticlesin a
10mm film couldnot be improvedbelow210nm.23


A detailedstudy of artifacts in aperture-SNOMhas
been published.24 An elegantsolution for minimizing
interferenceeffectswith flat metal coatedtips hasbeen
givenby Krameret al.: the topographyis measuredin a
forward scan in constant height mode; the obtained
distanceinformationis thenappliedfor theregulationin
moreremoteconstantdistancebackwardscans.25 How-
ever, this techniquecan only be applied to very minor
topographyin the 10nm range.Far-field aperturedtips
havebeenfabricated26,27 that aresharpandavoid close
contact of the metal coating with the surface.Their
aperturesizes are rather large, but useful photolitho-
graphicpropertiesremain.26


Apertureless SNOM with uncoated tips


The technique of re¯ection-back-to-the-®ber
SNOM. SNOM in the reflection-back-to-the-fiber con-
figurationwasfirst proposedby Courjonet al.,8 but they
could not avoid interferencefringes in the approach
curves of their setup.The more sensitivecommercial
setupwith crosspolarizeddetection(Rasterscope2 4000
SNOM) unites various favorable featuresthat are not
availablewith apertureSNOM. Approachrecordsshow


theabsenceof interferencefringesin theopticalsignal.
10


The tips are sharpand easily and reproduciblypulled
(15nmendradius,apexangle<10°). Theystaycold and
produce no shadowingeffects. Both transparentand
opaque samples can be studied, and there is no
displacementbetween simultaneoustopographic and
optical images.As the scanningis in constantshear-
force distance(at constantdamping of the vibration
amplitude)largetopographiesup to themm rangedo not
introduce topographicerrors. This fact is exceedingly
importantfor technicalapplicationsto industrialsurfaces
including nanoparticlepreparations.22 The light that is
collectedbackby the illuminating tip in thenear-fieldat
enhancedefficiency10 maybespectroscopicallyanalyzed
(local fluorescenceand Raman)22,28 in addition to the
localizationof chemicalcontrastthatincludesall specific
shear-forceresponsesaswell. Constantheightmeasure-
mentsare not useful, becausethe enhancementof the
near-fieldreflectanceinto thefiber would belost andthe
chemicalcontrastderivesexclusivelyfrom variationsin
theenhancement.10 Thus,themeaningof constantheight
measurementsfor chemicalSNOM contrastis question-
able, becauseit would introduce topographicartifacts
insteadof avoiding them. However, interesting‘edge-
contrast’mayemerge.11


Reliable reflection-back-to-the-fiber SNOM uses
quartzglasstips that arepulled assharpaspossible,not
only for thehigh lateralresolutionof 18nm,29,30butalso
becausemore blunt tips (e.g. etchedoneswith radii of
>60nm) tendto breakreadilyuponscanningdueto their
high stiffness.22 By doing so they lose their ability to
collect enhancedreflectance.10 The high optical resolu-
tion powerof sharpuncoatedtips hasalsobeenverified
with 25nm high Al test samplesthat gave an edge
resolutionof 15 nm.31


In theabsenceof reflectanceenhancementin theshear-
forcegapnoSNOMimagesbutartifactsarerecordedand
it is essential to control the effect at every single
measurement.It thushappenedthata previousreporton
sudden enhancementcould not be verified and was
retreated.9 Unfortunately,theshear-forcetopographiesof
broken tips with sharp edges sometimesgive AFM
imagesthatlook reasonable,andtherisk of breakingstiff
tips is very high if they are not very sharp.It is thus
importantto classifythetypesof artifactsthatmayoccur
if blunt, broken or abrasedtips are used,even if tip
breakageis mosteasilyrecognizedby theloss(or lack)of
enhancedreflectancein theshear-forcegap.


Correlation of optical and topographic images. Valid
SNOM imagesmust precisely correlatewith simulta-
neoustopographyif that is causedby a chemical or
physicalstatevariation.Thisrequirementis alsothebasis
for chemical contrast and local spectroscopy.It was
claimedthatsuchcorrelationof ‘true optical contrast’to
surfacetopographyshouldnot exist even for uncoated
tips.5,32,33 However, images that do not exhibit such


Copyright  1999JohnWiley & Sons,Ltd. J. Phys.Org. Chem.12, 797–807(1999)


ARTIFACTS IN SNOM 799







correlationareartificial unlesssomechemicalor physical
changewas createdlocally on a rough surfacewithout
significantchangeof the topography.29,32,34Of course,
topography on chemically and physically uniform
surfacesmust not give an optical contrast if sharp
uncoatedtips with apexanglesof <10° areused(steep-
nesscontrastoccursat slopesthat approachor exceed
80°)28–30,35 and if local far-field light concentrationis
excluded.34 Thus, topographyitself doesnot give rise
to optical contrast in properly done reflection SNOM
usingthe variationsin the near-fieldenhancedreflected
light [Fig. 1(c,d) is another example]. Any alleged
crosstalkby the Z-motion5 is experimentallyexcluded
for these easily controlled conditions. If no precise
correlationof chemistryandoptical contrastoccurs,the
SNOM is in error due to easily recognized false
conditionsduringits measurement,in particularby using
blunt, abrasedor brokentips thatdo not give thesudden
enhancement.10 NumeroussuccessfulSNOM measure-
ments with precise site or topographycorrelation of
chemical contrast or fluorescencecontrast have been
published,2,3,10,22,26,28–30,34whereas deviations from
such close correlation or the appearanceof optical
contrast on chemically uniform surfaces33 show the
recording of artifacts similar to the ones that are
describedfor brokentips in the following subsections.


Topographic errors. It was claimed ‘from general
principles’ that ‘all SNOM configurationsat constant
distancemode’containtopographicartifacts,particularly
with highly resolvingsharpuncoatedtips.36 While these
considerationsmight be valuable for the steepness
contrastat (near) vertical steps,they are irrelevant for
well-done reflection-back-to-the-fiber SNOM at slopes
below the slopeangleof the tip. As alreadymentioned,
topographyitself [up to 1 or 2mm heights;max.heightis
368nm in Figure 1(c)]2,3,28,35doesnot give an optical
contrastas long asthe tip can follow the topographyat
constantdistance.That is valid for both protrusionsand
pits on the same surface22 and is amply documen-
ted.10,26,28–30,34However,thefavorablesituationis lost if
thesharptip breaksor if blunt tips areused.


Figure1(a,b)depictsthe AFM andthe optical image
of a surfaceof p-nitroanilineon its (100) faceaftershort
applicationof NO2 gasto give thediazoniumsalt.37 The
tip was blunt. The size of the topographicislands is
typical for that chemicalreaction,althoughthe islands
appearsmoothenedwhen comparedwith more struc-
turedimagesthat wereobtainedwith a sharptip in Fig.
1(c). Thus,we havesometip/sampleconvolutionin Fig.
1(a). It is clearly seenthat no correlationexistsbetween
topographyandthe optical image.Figure1(b) is totally
artificial and doesnot containvalid SNOM: a blunt tip


Figure 1. Simultaneous 10 mm shear-force AFM (a) and SNOM (b) of large features with a blunt tip in the absence of signi®cant
sudden enhancement of re¯ectance showing an optical artifact that is also recognizable by the absence of correlation with the
topography, and correct AFM (c) and SNOM (d) images of the same sample with a sharp tip, showing complete absence of an
optical contrast, because of chemical uniformity on the rough surface. The z-scale is 400 nm in (a) and (c). High and low
resolution VRML images of (a)±(d) are available from the epoc website at http://www.wiley.com/epoc
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wasusedthat did not showthe suddenenhancementof
reflectance.In the correct SNOM image [Fig. 1(d)]
using a sharptip that experiencedthe suddenenhance-
ment, no optical contrast occurs, becausethe rough
surfacein Fig. 1(c) is chemically uniform at all sites,
giving no changein enhancedreflectanceat constant
distancethroughout.


A spectacularartifact was found with a broken but
apparentlyaxial symmetric tip that gave rise to the
artificial imagesby fluorescing100–200nm particlesin
polyvidoneof Fig. 2.


Eventhefive smaller‘topographicfeatures’areby far
too large and they producethe sametype of optical
artifact as does the extremely extendedtopographic
artifact (its maximum‘height’ is 160 nm). The optical
image obtainedunder thesefalse conditionsresembles
the negativefirst derivativeof all ‘topographies’in Fig.
2(a) and a similar image can be createdby highpass
filtering and inversion of the data from Fig. 2(a).
Interestingly the optical responsetraced the inverted
slopeof the topographicartifact in this particularcase.
Unfortunatelythe microscopicinspectionof the broken
tip in question,whichgaveanenhancementfactorof only
1.3 on that surface,was not precise enough for the
modeling of that artifact. We note, however, some
resemblanceto the featuresof Fig. 10 in Ref. 33 and
presumethat a relatedartifact had occurredthere in a
scanof pits, althoughtherewasno alignmentalongthe
scandirection. It shouldbe madeclear that the optical
imagein Fig.2 is not theresultof acontrastenhancement
differentiation. The optical image in a PSTM (photon
scanningtunnelingmicroscopy)investigationof a 91nm


latexspherein constantheightmodeis quitedifferent.20


The reported feature was about 2mm wide. It was
presentedas a differentiatedimagein order to enhance
the interferencefringessurroundingthe sphere.20 While
theimagewasinterpretedin termsof a ‘field distribution
that cannotbe detectedby any far-field technique’, it
shouldbe statedthat this hugetopographicartifact has
nothing in commonwith the one in Fig. 2(b) that was
taken in constantdistancemode without interferences.
Furthermore,PSTMin constantdistancemodeof a1mm-
periodSiN gratingwith a tip havinga 50nm apexwas
reportedto resultin a ‘mainly topographicimage’.20


We must stress here that correct topography and
submicroscopiclocal fluorescencecontrastof the nano-
particles used in Fig. 2 was obtained if a sharp tip
(enhancementfactor of 4.8) wasused.22 An exampleis
given in Fig. 3 in which the aggregationphenomenaof
the sameparticlesin the sameresin,thoughat 46 times
higherconcentration,werealsoinvestigatedwith a sharp
tip. Figure3(a,b) revealssingleparticlesof correctsize
and aggregatedones,precisecorrespondenceof topo-
graphyandfluorescenceSNOM andadditionalinforma-
tion regardingthe modesof aggregation,aswell as the
thicknessof the resincover(the topographicobjectsare
found10nm largerthanthefluorescenceareas).22


Contrast inversion. Thesignof thechemicalcontrastis
hard to predict as many different mechanismsare at
work, including absorbance,fluorescence,Rayleigh,
Raman, polarization and largely unknown specific
shear-forceresponses.Completecancellationis possible
thoughunlikely. FluorescenceandRamanemissionsmay


Figure 2. Simultaneous noncontact shear-force AFM (a) and SNOM contrast (b) of nanoparticles with 100±200 nm diameter
using an apparently axially symmetric broken tip showing topographic and optical artifacts; cross sections are taken horizontal at
y = 10.0 mm. High and low resolution VRML images of (a), (b) are available from the epoc website
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besortedoutdueto thechangein wavelengths.Thereare
somereportsof contrastreversalduringSNOMmeasure-
ments in the literature.9 It was proposed that dust
particles adsorbedto the tip and hung from it. With
coatedtips the interpretationof false contrastinvoked
shear-forcephaseeffects.24 It is our experiencethat
contrastinversionmay occur upon tip breakageduring
scanning,theoccurrenceof thateventbeingimmediately
detectedby thedropof thepowermeterreading.Another


reportproved15nmopticalresolutionata2–5nmheight
Al islandstepwith 40%of the tips, whereas60%of the
tips providedinversecontrast‘that cannotbe near-field
but must be far-field contrast.31 No reasonsfor the
differenceweregiven andno enhancementfactorswere
reported.The reasonseemsto be quite obvious: the
deficientmeasurementsmustbetheresultof bluntand/or
brokentips thatdonotprofit from theenhancementin the
shear-forcegap(e.g.five-fold) but collect far-field light


Figure 3. Correct 3.8 mm AFM and ¯uorescence SNOM images of aggregating 100±200 nm particles in raked polyvidone; the z-
scale in (a) is 200 nm; a cutoff ®lter (OG 515, Schott, Germany) eliminated the 488nm primary light in the optical image (b). High
and low resolution VRML images of (a), (b) are available from the epoc website


Figure 4. Arti®cial 10 mm AFM (z = 300 nm; height 135 nm) and ¯uorescence SNOM (cutoff ®lter) of the same nanoparticles as
in Figs 2 and 3 with an apparently asymmetric blunt tip showing (a) tip imaging in the topography and (b) split false contrast in
the optical image that is extended toward the left. For comparison correct 3 mm AFM and SNOM images (no ®lter) are given of a
partly brominated anthracene surface:28 the islands (c) (z = 500 nm, heights up to 155 nm) give the correct negative optical
contrast of 9,10-dibromoanthracene with respect to anthracene (d), which corresponds precisely with the sites of the islands, of
course. High and low resolution VRML images of (a)±(d) are available from the epoc website
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at a muchlower level of intensity.In Fig. 4 we presenta
clearcutexamplewith anasymmetricallybrokentip that
was unsuitable for SNOM becauseit gave only an
enhancementfactor of about 1.3 as it approachedthe
surfaceof a polyvidoneresinwith the samefluorescent
dye nanoparticlesasin Figs2 and3 at high dilution. At
first glanceacorrelationbetweentopographicandoptical
image seemsto exist. However, a closer inspection
revealsthat theoptical contrastis extendedto the left, is
split into two parts and is dark insteadof bright as it


shouldbe from fluorescingparticles.We presentclear
proof that only far-field fluorescencelight wascollected
in this experiment at a rather low intensity, but
considerablyless at the sites of tip imaging. The tip
imagesthatarecausedby nanospheresof at least100and
at most200nmdiameterare1.3mm wide (135nm high).
No fluorescencelight was coupledinto the tip while it
wasimagedby the spheresin the absenceof the sudden
enhancement.Suchconditionsaretotally different from
the onesof artifact-freemeasurementswherethe same


Figure 5. Simultaneous 5 mm shear-force AFM (a) and SNOM (b) of a Pt/C test pattern with an abrased tip showing non-
coincidence of topographic and optical image; the optical response is arti®cial and there was no signi®cant sudden
enhancement; dark areas are depressions down to the supporting glass of 2 nm. High and low resolution VRML images of (a), (b)
are available from the epoc website


Figure 6. Simultaneous shear-force AFM and SNOM of a microtome cut (two different sites) of a ¯uorescent textile ®ber with a
blunt tip exhibiting stripe artifacts; topographies (a) and (c); and optical images (b) and (d). High and low resolution VRML images
of (a)±(d) are available from the epoc website
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fluorescentsphereswerefoundto bebright at thecorrect
size (Fig. 3). Thus,only parasiticfluorescentlight was
detectedin the artificial Fig. 4(b). Figure 4(c,d) shows
correct negativechemical contrastas recordedwith a
good tip on islandsof comparablesize of a different
sample,which is neithersplit nor displaced,asrequired.


Displacement of optical and topographic contrast.
The most importantchecksfor the validity of a SNOM
measurementin reflection-back-to-the-fiber mode are
significant sudden enhancement(factor of >3) and
precisesite or topographycorrespondenceof the optical
contrast.If theseconditionsarenot metonehasartifacts
in the optical and frequently also in the topographic
image. A clearcut exampleof image displacementis
shown in Fig. 5, where a Pt/C test pattern (Kramer
sample)38 wasscanned,which doesnot providea useful
shear-forcemechanismbut leads to wear of the tip.
Abrasionof tips wasdetectedby inspectionwith a light
microscopeafter severalscans.It is uselessto judgethe
edgeresolutionof ourSNOM(valid lateralresolutionsof
18 nm29,30 and 15 nm31 had been shown under non-
abrasiveconditions,seeabove)with artificial imagesthat
becomeworsewith anyfurtherscan.TheSNOMin Fig.5
(b) is indeedartificial: first, thedarkfeaturesthatseemto
reproducethe topography are significantly displaced


from thetopography,andsecond,therearebrightareasto
theright of sevendarkfeaturesin Fig. 5(b),althoughof a
different characterthanin Fig. 2(b). A similar displace-
ment of topographicand optical features[seealso Fig.
4(a,b)]is recognizablein a paperthat imagedthesurface
of anITO sampleusingabluntuncoatedtip with 100nm
diameter.39 A related problem occurredin the photon
tunnelingthrougha SiN pyramidaltip whena chromo-
somewasscannedin forcecontact:theopticalimagewas
largely displaced and some interference fringes ap-
peared.20 Clearly, the optical featuresin Fig. 8 of that
papershouldbeconsideredartificial.


Arti®cial stripes' contrast. Interestingthoughartificial
imagesareobtainedwith blunt or brokenuncoatedtips
alongextendedslopeareas,evenif thesewould not pose
problems to sharp tips. Series of parallel stripes are
obtainedalongtherimsandslopesthat,of course,donot
showany usefuloptical propertiesbut areartificial. We
presentheresampleimagesfor the classificationof the
artifactthatmaybeeasilyavoidedby usingsharptipsthat
collect the fluorescenceprecisely at the site of the
fluorescer,and that havebeensuccessfullyusedfor the
determinationof diffusion coefficientsusing the expo-
nential declineof the intensity in the diffusion zoneof
fluorescentdyes,whencollectedin theshear-forcegap.22


Figure 7. Simultaneous 11 mm shear-force AFM and SNOM with a blunt tip of a partly autoxidized crystal of benzothiazoline-2-
thiol on (001) showing (a) islands in the topography and (b) arti®cial stripe contrast instead of chemical contrast10,28 in the
optical image. Correct AFM (c) and SNOM images (d) with correct negative contrast of the oxidized, less polar disul®de28 were
obtained with a sharp tip and are shown for comparison. The z-scale in (a) and (c) is 800 nm. High and low resolution VRML
images of (a)±(d) are available from the epoc website
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The primary 488nm light was filtered off in these
experimentsby putting a bandpassfilter in front of the
detector.The fluorescenttextile fibers (polyethyleneter-
ephthalate)wereembeddedin a commonresin(Techno-
vit, Kulzer, Wehrheim, Germany) and cut with a
microtome.Thetopographiesin Fig.6(a,c)wereobtained
with blunt tips.


As might be expected, blunt tips in shear-force
distancewithout suddenenhancementdo not give valid
fluorescencecontrast.Thefive stripesin Fig. 6(b), lower
right, derive from a blunt tip exploringa uniform slope
areawith a tilt of 32° overa rangeof 1.5mm in constant
distance.In Fig. 6(d) thering stripeartifactswerecreated
atslopesof 40–70°, thesteeperareasbeingontheright in
Fig. 6(c). Suchslopesarenot troublesomefor sharptips
in enhancedfluorescencecollection.22 However, the
artificial optical reponsein Fig. 6(b,d) is not a useful
fluorescencecontrast.Theartifactsin Fig. 6 aredifferent
from theonesdiscussedin Figs1, 2 and4. Theyarealso
different from the ‘edge-contrast’that wasdescribedin
Ref.11.Theoriginsof thesestripesarelargelyunknown.
A more detailed analysis of the effects might be
performedwith the VRML primary dataof Figs 6 and
7. However,thattypeof artifactcanbeeasilyavoidedby
usinggoodtips. It appearsthatsimilar artifactsshouldbe
discussedin Figs 6 and7 of Ref. 33, which showsome
resemblanceto thepresentFig. 6, andarelikely to bethe
resultof bluntand/orbrokentips.Stripes’artifactsarenot
restrictedto concavetopographies.They arealso found
with convexfeatures,providedthetip is blunt or broken.
Figure7(a,c)showsthe topographiesof islandsthat are
grownon 2-mercaptobenzothiazole by slowautoxidation
on the samecrystalspecies.The blunt andthe sharptip
give remarkablydifferent artificial stripe type (b) and
correct negativecontrast (d) of the less polar bis-(2-
benzothiazoline)-disulfide under sudden enhancement
conditions.10,28


Thetopographyis easy,theslopeanglesrangingfrom
10 to 22°. However, blunt tips experience severe
problemsat theseslopes.The poor performanceof a
100nm tip probing282nm latexspheresis recognizable
in Ref.39 with a ratherweakstripecontrast.It shouldbe
notedagainthata steepnesscontrastis unavoidableeven
for very sharptips if theslopeanglesarelargerthanthe
slopeangleof the tip.


CONCLUSIONS


FromthevariousSNOM techniquesthe reflection-back-
to-the-fiberconstantdistancemodewith crossedpolar-
izationdetection(sensitivityimprovement)is suitablefor
roughsurfacesof industrialimportance.It hasto bekept
in mind that this technique uses uncoated tips and
requires the occurrence of the sudden increase of
reflectanceas the tip goesto shear-forcedistance(3–8
fold increase or more). Artifact-free high-resolution


SNOM usesvariationsin the intensityof that near-field
light. Theweakbackgroundis notdistancemodulatedon
that level and does not interfere. However, such
enhancementis only availablefor very sharptips (e.g.
radius of 15 nm), which fortunately have a lower
tendencyto breakthan blunt ones(radiusof >50 nm).
Blunt and brokentips do not show the effect and thus
provide only artifacts. We collected various types of
artifacts that occur also with other SNOM techniques,
thoughusuallyfor differentreasons,in orderto facilitate
the localizationof faulty claims in the literatureand to
supportfurthertheuseof theparticularlystraightforward
techniquewith highly resolvingcold uncoatedtips. For
controlledSNOMtheremustbeapowermeterin front of
the operatoror elsea recorderfor the documentationof
the largeincreasein intensityat shear-forcedistance.A
wealth of dataon clearcuttechnicaluseof SNOM22 is
alreadyavailable.
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Jülich, is thankedfor the samplefor Fig. A2 andDr A.
Kramer,Garching,for thesamplefor Fig. 5.


REFERENCES


1. G. Kaupp,J.Schmeyers,U. Pogodda,M. Haak,T. Marquardtand
M. Plagmann,Thin Solid Films 264, 205–211(1995).


2. G. Kaupp. in ComprehensiveSupramolecularChemistry, Vol. 8,
editedby J.E. D. Davies,pp.381–423� 21 color plates.Elsevier,
Oxford (1996).


3. G. Kaupp, Chem. Unserer Zeit 31, 129–139 (1997). English
translationat http://kaupp.chemie.uni-oldenburg.de1997.


4. S. N. MagonovandM.-H. Whangbo.SurfaceAnalysiswith STM
and AFM. VCH, Weinheim (1996). [Unfortunately on p. 36 an
asymmetriccantilever tip is imaged without recognition of its
surfacescrapingproperties(seeRefs1 and15).]


5. B. Hecht,H. Bielefeldt,Y. Inouye,L. NovotnyandD. W. Pohl,J.
Appl. Phys.81, 2492–2498(1997).


6. H. K. Danzebrink, A. Castiaux,C. Girard, X. Bouju and G.
Wilkening, Ultramicroscopy71, 371–377(1998).


7. A. H. La Rosa,B. I. YakobsonandH. D. Hallen,Appl.Phys.Lett.
67, 2597–2599(1995).


8. D. Courjon,J.-M. Vigoureux,M. Spajer,K. Sarayeddineand S.
Leblanc, Appl. Opt. 29, 3734(1990).


9. V. Sandoghdar,S. Wegscheider,G. Krauschand J. Mlynek, J.
Appl.Phys.81, 2499–2503(1997).Theauthorsusedtipswith radii
of 50–100nm, which breakvery readily uponscanning;seetext.


10. G. Kaupp and A. Herrmann,J. Phys.Org. Chem.12, 141–143
(1999).


11. C. Adelmann,J. Hetzler,G. Scheiber,T. Schimmel,M. Wegener,
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APPENDIX


Some typical AFM artifacts and their recognition
from the three-dimensional data


In mostcasesAFM andSTM dataarepublishedastwo-
dimensionalprojectionsand thus cannot be judged in
terms of possible artifacts or used for efficient data
mining. Perspectiveimagesare somewhatmore reveal-
ing, but still cannot be checked further. Only full
disclosureof the three-dimensionalx/y/z data can be
usedto judgewhethertwo-dimensionalimagesarepartly
or fully artificial.


Verticals and overhangs, unavoidable AFM artifacts.
It may be useful to disclosehere some three-dimen-
sionalAFM dataof a mica surfacethat is coveredwith
a monolayerof hexagonalclosestpackedlatex spheres,
a typical example for unavoidable AFM artifacts.
Figure A1 showsa 1mm wide contactAFM scanwith
a commonSi3N4 tip (apexangle90°) in a 1:1:1 (x/y/z)
perspectiverepresentation.The hexagonalarrangement
of the hills is clearly seenbut, rather than having the
shapeof spheres,appearflattened(not seenin the two-
dimensionalprojections of top-view images).Clearly
the measurementis artificial at the steeperpartsof the
spheresand the mediumdepthat the trianglesbetween
three 220nm spheresis only 83nm, and the medium
depth betweentwo spheresis only 61nm in Figure
A1(a). The tip cannot reach the ground betweenthe
spheres.The inverted image (upside down) exhibits
sharp rims (actually trenches) and peaks (actually
depths) that are images of the tip. Such artifacts on
spherescan be decreased,but never avoided with
sharpertips or with non-contactAFM.


Steep slopes; improvements with sharper tips. If
slopesreachor exceedtheslopeangleof thetip, onegets
imagesof thetip. Forexample,if thesurfaceof extremely
roughporoussilica on silicon is scannedwith a common
Si3N4 tip, thefeaturesobtainedarepyramidswith smooth
apexes,which indicate that the slopesare steeperthan
45°. This is interactivelyanalyzablewith theVRML data
for Fig. A2(a). Also shown[Fig. A2(b)] is the improve-
ment with sharp non-contacttips: much more of the
topographycanbeseen.Theupperpartsof thefeaturesin
Fig. A2(b) give a goodimpressionof theroughness.The
tip descendsdown to more than 1mm depth.However,
the slopesapproachthe slopeangleof the tip andthere
may be verticals or caves, which cannot show up.
Anyhow,theimageis artificial downin thedeepvalleys,
ascanalsobeanalyzedby inversionof theimage(upside
down) in three-dimensionalrepresentations.2,40


Asymmetries due to improper conditions of
measurement. The symmetry of topographicobjects
may be distortedfor various reasons.For examplethe
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moundsof Fig. A1(a) have an elliptical shape(com-
pressionor artifact?)andthepyramidsin Fig. A2(a) are
skew,while thefeaturesof Fig. A2(b) look similar when
viewedfrom everyside.Thequality of themeasurement
of all AFM topographiesshouldbe interactivelyjudged
by turning the perspectiveimagesby 90° (also180 and
270°).1,41 If presumedlysymmetricfeaturesareconsist-
ently foundwith largelydifferentslopeson varioussides
(thesearemeasuredat severalcross-sections),the scan-
ninganglewasprobablynotoptimizedor thesamplewas


too inclined in the measurement,both factors giving
rise to distortedtopographies.


It appearsclearthatanysimultaneousoptical contrast
from imagepartsthatareartificial in theAFM cannotbe
correctSNOM. Fortunatelymany technicalsurfacesdo
not exhibit extremely steep slopes and thus provide
artifact-freeAFM topographies,butunfortunatelyquality
andreliability testsof that type andfurther analysesare
not possiblewith hitherto publishedpixel graphicsor
printedimageswhich lack full data.


Figure A1. 1mm contact AFM image (a) of spheres with 220 nm diameter that appear ¯attened; (b) inverted image showing tip
imaging at the steep sites. High and low resolution VRML images of (a), (b) are available from the epoc website


Figure A2. 10 mm surface images of porous SiO2 on Si (nominal depth 2 mm, diameter 1.5 mm); (a) contact AFM using a Si3N4 tip
with an apex angle of 45°; (b) shear-force non-contact AFM using a ®ber tip with an apex angle of 10°, showing both valid and
invalid parts in the image. High and low resolution VRML images of (a), (b) are available from the epoc website
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Cation radical chain cycloaddition polymerization:
a fundamentally new polymerization mechanism
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ABSTRACT: Cation radical chain cycloaddition polymerization, a fundamentally new addition polymerization
method involving cation radical intermediates in each propagation step, is described and demonstrated. The
cycloaddition reactions of appropriately constituted difunctional monomers, catalyzed by tris(4-bromophenyl)ami-
nium hexachloroantimonate in dichloromethane solvent at 0°C, is shown to afford polymers having average
molecular weights of up to 150000. Both cyclobutanation and Diels–Alder polymers were obtained in this way. The
surprising efficiency of these polymerization reactions is believed to be the result of rapid intramolecular hole transfer
from the site at which the hole is originally generated in the cycloaddition step to a reactive, terminal alkene moiety.
Consequently, chain propagation is much more efficient than in the cycloadditions of corresponding monofunctional
compounds, which necessarily involve intermolecular hole transfer. Copyright 1999 John Wiley & Sons, Ltd.


KEYWORDS: cation radical chain cycloaddition polymerization; intramolecular hole transfer; chain propagation


INTRODUCTION


Cation radical cycloaddition reactions potentially can
occur via either a catalytic or chain mechanism (Scheme
1). 1 In the specific context of an aminium salt-induced
cycloaddition, the substrate molecule (S) is ionized to the
corresponding cation radical by intermolecular hole
transfer from the aminium salt. The substrate cation
radical then cycloadds to a molecule of neutral substrate
to yield a cyclodimer cation radical, which then must be
neutralized by hole transfer to an appropriate neutral
molecule. If the single electron donor is the neutral
triarylamine, which is formed in the first step and also by
decomposition of the aminium salt,2 the aminium salt
catalyst is regenerated, resulting in a truecatalytic
mechanism. If, on the other hand, the hole transfer is to
neutral S as the single electron donor, the cation radical
of the substrate is generated and the resulting mechanism
is acation radical chain mechanism.


In the context of cation radical cycloadditions of
difunctional molecules (Scheme 2), addition polymeriza-
tion is at least a formal possibility. A key requirement for
polymerization is the transfer of the hole, either directly
or indirectly, from the site at which it is initially formed


in the cycloaddition reaction (which in the example
illustrated in Scheme 2 is the cyclobutane ring) to a
reactive terminal alkene site. The operation of a catalytic
mechanism in the context of the cation radical poly-
merization of a bifunctional molecule then necessarily


Scheme 1. Chain vs catalytic mechanisms of cation radical
cycloadditions
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involvesa stepgrowth polymerizationprocess(Scheme
3). This follows because,in this mechanism,the dimer
cationradicalis alwaysneutralizedby thetriarylamineto
the correspondingneutral dimer, and thereforefurther
oligomerization and polymerization must involve the
successivere-ionization of the dimer and each higher
oligomer,in turn,by theaminiumsalt.Giventheyieldsin
typical cycloadditionreactionsof monofunctionalsub-
strates(ca 30–80%),3 and the stringent requirements
uponthe yields in the individual (consecutive)reactions
of anefficientstepgrowthpolymerization,4 theprospects
for efficient catalytic cation radical cycloadditionpoly-
merizationwould not appearto beencouraging.Evenin
thecaseof a cationradicalchainmechanism,oneof the
two possible scenarios also leads to a relatively
undesirablestepgrowth mechanism(Scheme3). Thus,
if the dimer cation radical D�� is neutralizedby hole
transfer to the monomer prior to intramolecularhole
transfer, a step growth process once again results.
However,if intramolecularhole transferto give D'�� is
fasterthanintermolecularholetransferto themonomer,a
chain polymerizationprocesscan be the result. Since,


given appropriatelinkers and a sufficiently exergonic
hole transfer, intramolecular hole transfer can be
exceptionally rapid, it appearsnot unreasonableto
postulatean intrinsic advantagefor cation radical chain
polymerization over cation radical cycloadditions of
correspondingneutralmonofunctionalmolecules,based
uponthe advantageof intramolecularhole transferover
intermolecularhole transfer.Consequently,the possibi-
lity of relatively efficient cation radical chain polymer-
ization was considereda realistic one in spite of the
modestefficiency of most aminium salt-inducedcation
radicalcycloadditions.


RESULTS AND DISCUSSION


Cyclobutanationwasselectedas the specificcycloaddi-
tion type for initial, exploratorystudies,especiallysince
this cycloadditionmoderequiresonly a single,symme-
trical difunctionalmonomer.Further,sincethe cyclobu-
tadimerizationof trans-anetholehasbeenstudiedfairly
extensively,2,5,6this reactionwaschosenasa monofunc-
tional model for thesestudies(Scheme4). Monomer2
(Scheme5) was thereforeselectedas an appropriately
closedifunctionalanalogueof trans-anethole.In fact, 2
hasan oxidationpotentialwhich is essentiallyidentical
with that of trans-anethole(bothhavepeakpotentialsat
1.23V vs SCE7). The synthesisof 2 from commercially


Scheme 3. Chain growth vs step growth polymerization


Scheme 4. Cation radical cyclobutadimerization of trans-
anethole


Scheme 2. Cation radical cyclobutanation polymerization
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available 1,2-diphenoxyethanevia propionylation, re-
duction and dehydrationis straightforward.The poly-
merization of 2 in saturateddichloromethanesolution
(0.056M) at ambienttemperature(the low solubility of
2 at 0°C wasproblematic)in the presenceof 15 mol%
of tris(4-bromophenyl)aminium hexachloroantimonate
(1��) proceededfairly smoothlyto the desiredcyclobu-
tapolymer (a preliminary report on the cyclobutapoly-


merizationof 2 hasalreadyappeared8). After a reaction
time of 7 min, the monomer had been completely
consumedand the resulting polymer had Mw = 9400
[polydispersityindex (PDI) = 5.30]. The crudepolymer
wassubsequentlypurifiedby chromatographyon alumi-
na, but the NMR spectra of the crude and purified
polymers were essentially identical except for the
presenceof the spentcatalyst(the neutraltriarylamine)


Scheme 5. A cation radical chain cyclobutanation polymerization


Scheme 6. Mechanism of cation radical cycloaddition polymerization of 2
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in the crude polymer. The 1H NMR spectrumof the
polymer(55°C, CDCl3) showsbroadenedabsorptionsat
� 1.1 (diagnosticfor methyl attachedto a cyclobutane
ring), 1.7 (the non-benzylicmethine),2.7 (the benzylic
methine),4.1 (the ether methylenes)and 6.8,7.0 (aro-
matic protons),correspondingcloselyto the absorptions
of the trans,anti,trans-cyclobutadimerof trans-anethole.
In addition, weak propenyl end-groupabsorptionsare
foundat� 1.8,6.0and6.3.The13C NMR spectrumunder
thesameconditionshasabsorptionsat � 18.8,43.3,52.5,
66.8,114.6,127.7,136.2and157.0,againcorresponding
very closelyto thoseof the trans,anti,trans-cyclobutadi-
mer of trans-anethole.Whenthe reactionof 2 is carried
out for a longer time (10 min), the polymer has
Mw = 37000 (PDI = 7.31), and the 1H and 13C NMR
spectraare closely comparableto those of the lower
molecularweight polymerandthe trans-anetholecyclo-
butadimer.In additionto theabsorptionin the1H NMR at
� 1.1, correspondingto the methyl groupsattachedto a
cyclobutanering, a much weakerabsorptionat 0.7–0.9
was also observed,correspondingto methyl groups
attachedto either acyclic carbonsor to a cyclohexane
ring. This absorptionamountedto no morethan10–15%
of the� 1.1absorptionandwasobserved,at leastto some
extent,evenwhen the polymerizationswere run in the
presenceof sodium carbonateor di-tert-butylpyridine.
Conceivably this could correspond in part to the
competingproductionof someacyclicpolymerresulting
from acid-catalyzed,carbocation-mediated polymeriza-
tion or from cationicblock polymerizationof thetermini
of thecationradicalpolymer.However,the fact that the
absorptionswere found even under basic conditions
suggeststhat,at leastin part, theseabsorptionscouldbe
the result of extraneoussubstancesintroducedduring
workupandhandling.


The proposedmechanismfor the cationradicalchain
cyclobutapolymerization of 2 inducedby the triarylami-
nium salt 1�� (Scheme6) is basedupon the known
mechanismof the trans-anetholedimerizationand the
theoreticalconsiderationsdiscussedin the introduction.
In particular,the intramolecularhole transfershownin
step 3(a) should be strongly exergonic, given the
difference in the oxidation potentials of the trans-
anetholedimer (ca 1.6 V9) and trans-anethole(1.23V).
Whether the hole transfer from the long bond of the


initially formed diarylcyclobutanecation radical to the
trans-anethole-like terminal site occurs via bonds or
throughspaceis not yet clear,but efficient transmission
via theethylenedioxylinkageis by nomeansimplausible.
That thecationradicalcyclobutapolymerizationof 2 is a
chain growth process is strongly suggestedby the
theoretical argumentsdeveloped in the introduction,
and is further supportedby experimentalobservations.
First,theobservedpolydispersityindicesaremuchhigher
than the theoreticalmaximumof 2.0 for a stepgrowth
process.10Further,studiesof themolecularweightsof the
polymers generatedat early reaction times, i.e. under
conditions where the monomer is only partially con-
sumed,yield molecularweights which are very much
larger than thosepredictedfor a step growth process.
Specifically, the Mw in a step growth process is
proportional to the monomermolecularweight and to
thequantity(1� p)/(1ÿp), wherep is thefractionof the
monomerwhich hasbeenconsumed.10 In thecasewhere
p = 0.82,themolecularweightof thepolymergenerated
from 2 (which hasa molecularweightof 294))via a step
growth processshould be 2973, whereasthat actually
observedwas15300.Similarly, the predictedmolecular
weight in the casewhere p = 0.5 is only 882 (average
trimer), whereasan averagemolecularweight of 5000
wasobservedexperimentally.It is importantto notethat
theefficiencyof thesepolymerizationsvariesfrom batch
to batch of the initiator and with monomerpurity. In
comparisonexperiments,it is thereforeessentialto run
side-by-sideexperiments.


A limiting factor in thecaseof thecyclobutapolymer-
ization of 2 is its relatively low solubility in dichloro-
methaneat 0°C (ca 0.05M). In order to increasethe
degreeof polymerization,an appropriatemonomerwas
soughtwhich would permit polymerizationat substan-
tially higher initial monomer concentrations.An un-
symmetricalversionof monomer2, havingonepropenyl
groupin anorthopositionandonein theparapositionof
the other ring, was thereforesynthesized(monomer3;
Scheme7). The polymerizationof monomer3 in the
presenceof 10mol%of 1�� ataconcentrationof 0.192M


for 8 min yielded a cyclobutapolymerhaving Mw =
86700 (PDI = 1.84), i.e. roughly twice the averagemol-
ecular weight obtainable from the polymerization of
monomer2 using15mol%of 1��. Thecyclobutapolymer


Scheme 7. Synthesis of a more soluble monomer
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structurewas again readily confirmedby proton NMR
andCOSYspectra.


Indirect Diels±Alder polymerization


Diels–Aldercycloadditionsto s-cisconjugateddienesare
alsoa well knownreactionof cationradicalssuchasthat
of trans-anethole.1,3 In thecaseof anacyclic dienesuch
as1,3-pentadiene,the predominantconformationof the
conjugateddiene linkage is s-trans, so that addition
initially occursat leastin partto yield avinylcyclobutane
adduct.11 However,thelattertypically rearrangesrapidly
via a cation radical vinylcyclobutanerearrangementto


the cyclohexene product,12 which can therefore be
consideredtheresultof anindirectDiels–Alderreaction.
Further, cyclobutanationof a 1,3-pentadienemoiety
would involve astericallyunhindered(i.e. unsubstituted)
dieneterminus,and thereforeshouldproceedrelatively
rapidly in comparison with addition to a terminal
propenyl moiety such as was involved in the caseof
monomers2 and3. Themonomer4, whichshouldexhibit
analogouschemistryto that observedfor 1,3-pentadiene
and anisole, was thereforeprepared(Scheme8). The
polymerizationof 4 in dichloromethanesolution(0.31M)
at 0°C in the presenceof 10 mol% of 1�� proceeded
efficiently, yielding a polymer of weight averagemol-
ecularweight59000after10min (Scheme9). Whenthe


Scheme 8. Synthesis of the Diels±Alder monomer 4


Scheme 9. Polymerization of monomer 4


Scheme 10. Cyclobutadimerization/oligomerization of monomer 4
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initial monomerconcentrationwas increasedto 0.37M,
themolecularweight increasedto 153000.


To characterizethe polymer structureand to obtain
information about the relative amountsof cyclobutane
and Diels–Alder linkages in the polymer, model
compoundsfor both types of polymer linkage were
prepared.First,a mixtureof thecyclobutadimer(5) of 4,
along with the trimer, tetramerand lower cyclobutaoli-
gomers,was preparedby reacting 4 with 1�� in the
presenceof excess2,6-di(tert-butyl)pyridine (Scheme
10).13 Interestingly,no Diels–Alderadductswerenoted
in the productsof this reaction,andit thereforeappears
thattheinitial additionof thecationradicalof 4 to neutral
4 occurspredominantlyvia the cyclobutanationmode.
Second,the model reactionof 5-anisyl-trans-1,3-penta-
diene with trans-anetholein the presenceof 1�� was
studied(Scheme11).Althoughnotaperfectmodelof the
propenyl function of 4, which is ortho to the oxygen
function, trans-anetholeis a readilyavailablecompound
thecycloadditionsof which to variousconjugateddienes
had alreadybeenstudied.This reaction,at very short
reactiontimes(very low conversions),led to amixtureof
vinylcyclobutaneandDiels–Alderadducts,as indicated
by GC–MS,but theconversionof theformerto thelatter
wasfairly rapid.As aconsequence,only theDiels–Alder
adduct could be isolated in pure form, and this was
apparentlyasinglediastereoisomer(6a), thatcorrespond-
ing to the endo addition mode. Comparisonof the
500MHz 1H NMR spectrumof thepolymerwith thoseof
thevinylcyclobutaneandDiels–Aldermodelcompounds
thenrevealedthat thepolymerdoesconsistof a mixture
of thesetwo linkages(>4:1 Diels–Alder: cyclobutane),
but the relative amount of cyclobutane linkages is
substantialevenat relatively high degreesof polymer-
ization.


Thedisparitybetweentheamountof vinylcyclobutane
rearrangementin the polymerandin the modelreaction
with trans-anetholeappearedsignificant,and prompted
the study of a model reaction which more closely
parallelsthe polymerizationof 4, viz. the reactionof o-
propenyl anisole with 5-anisyl-1,3-pentadiene. This


reaction,in fact, generateda product distribution very
similar to thatobservedin thepolymer,with cyclobutane
linkages being formed almost exclusively initally and
persistingin substantialamountseven to high conver-
sions.Comparisonof the proton NMR spectraof this
latter mixture of vinylcyclobutane and Diels–Alder
adducts with that of the polymer provided clear
confirmationof the structureof poly(4) asa mixture of
thesetwo cycloadditionmodes.The percentageof acid-
catalyzed (linear) polymer linkages is negligible. As
would be expected,the propenyland pentadienylend-
groupabsorptionsobservedin the polymerarecompar-
able to each other in amount. At low degreesof
polymerization,the cyclobutanelinkageswere strongly
predominant,but as the polymerization proceededto
highermolecularweights,thepercentageof Diels–Alder
linkages increased markedly. In the presenceof a
relatively largeamountof the aminiumsalt catalyst(30
mol%), thecyclobutanelinkagesof thepolymercouldbe
rearrangedto a predominantlyDiels–Alder structure.
Further, the spectra of the crude polymers (from
polymerizations carried out to various molecular
weights),were virtually superimposableupon thoseof
purified polymers(chromatography)and closely corre-
spondedto (were virtually superimposableupon) the
spectraof thecycloadductmixturesobtainedin themore
appropriatemodelreaction.


CONCLUSION


A fundamentally new polymerization method, cation
radical chain cycloaddition polymerization, has been
proposedand demonstrated.Polymershaving average
molecularweightsof up to 150 000 havebeenobtained
underexceptionallymild thermalconditionsandin short
reactiontimes.Both cyclobutapolymerizationandindir-
ectDiels–Alderpolymerizationhavebeendemonstrated.
The enhancedefficiency of cation radical chain poly-
merizationascomparedwith thecorrespondingreactions
of monofunctionalcompoundsappearsto bebasedupon


Scheme 11. Cation radical cycloaddition of trans-anethole and ortho-anethole to 4-trans-(2,4-pentadienyl)anisole
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the efficiency of intramolecularhole transfer,which is
unique to the polymerization process, relative to
intermolecularhole transfer,which is involved in the
correspondingmonofunctionalchemistry.


EXPERIMENTAL


Analysis. Routine1H NMR and13C NMR wererecorded
on a BrukerAC250spectrometerassolutionsin CDCl3.
High-field 1H NMR spectrawererecordedon a General
Electric GN-500 spectrometer.Chemicalshifts (�) are
reported in parts per million downfield from a tetra-
methylsilanereference,and coupling constants(J) are
given in Hz. Low-resolutionmassspectrometry(LRMS)
was performedwith a Hewlett-PackardModel 5971A
GC–MSsystemequippedwith a DB-1 capillary column
(15 m� 0.25mm i.d.). High-resolutionmassspectro-
metry (HRMS) wascarriedout on a Dupont(CEC) 21-
110B massspectrometer.Gel permeationchromatogra-
phy (GPC) was carried out in tetrahydrofuranusing a
WatersModel 550 HPLC pump, a WatersModel 410
differential refractometer,anda WatersModel 745 data
modulewith anUltrastyragel500Å columnconnectedin
serieswith a Styragel104 Å column.The GPCanalyses
werecalibratedwith polystyrenestandards.


Solvents, catalyst and reagents. Reagent-gradedichloro-
methanewas distilled from phosphoruspentoxide im-
mediately prior to use. Tris(4-bromophenyl)aminium
hexachloroantimonatewasusedasreceivedfrom Aldrich.
All otherreagentsusedasstartingmaterialswereusedas
receivedfrom Aldrich.


Synthesis of Monomer 2. 1,2-Diphenoxyethane (Al-
drich) was first subjectedto bis(propionylationby a
literatureprocedure.14 From15g of 1,2-diphenoxyethane
was obtained 21g (94%) of 1,2-bis(4-propionylphen-
oxy)ethane(99% purity by GC): m.p. 112–114°C; 1H
NMR, � 1.2(t, 6H), 2.9(q, 4H), 4.4(s,4H), 6.94(d, 4H),
7.93 (d, 4H); 13C NMR, � 8.3, 31.4,66.4,114.2,130.2,
133.1,162.1,199.4; IR (C=O), 1687; LRMS, m/z326
(M�), 297,241,207,177,134,121(base).Reductionof
this diketone (16.7 g) with sodium borohydride (2:1
molar ratio of hydride to diketone)in a 3:1 solution of
ethanolandtetrahydrofuranfor 1 h at roomtemperature,
followed by quenchingof thereactionat 0°C with acetic
acid(10%)andextractionwith dichloromethane,yielded
19g of the correspondingdiol, 1,2-bis[4-(1-hydroxy-1-
propyl)phenoxy]ethane,which wasusedwithout further
purification:m.p. 71–72°C; 1H NMR, � 0.8 (t,6H), 1.6–
1.8 (m,4H), 1.8 (br s,2H),4.2 (s,4H),4.4 (t,2H), 6.8 (d,
4H), 7.2 (d,4H); 13C NMR, � 10.1,31.7,66.5,72.1,114.5,
127.2,137.2,158.0; IR(OH), 3360. Monomer 2 was
preparedby the dehydrationof the precedingdiol: to
6.6g (0.02mol) of thediol dissolvedin pyridine(25ml)
was addeda slight excess(7.0g, 0.045mol) of phos-


phorusoxychlorideat roomtemperatureandthesolution
wasrefluxedfor 1.5h. After coolingthereactionmixture
in an ice bath, water was addedslowly, followed by
dichloromethanesolvent. The crude monomer 2 was
obtained by separationof the dichloromethanelayer,
washingit with water and drying and evaporatingthe
solvent. Column chromatography on alumina (1:1
hexane–dichloromethane) gave 2.48g (42.4%) of 2,
which wasfoundto beat least98%pureby GC criteria:
m.p.175–176°C; 1H NMR, � 1.8(dd,6H),4.3(s,4H),6.1
(dq, 2H, J = 15.8Hz), 6.3 (d,2H, J = 15.8Hz), 6.8 (d,
4H), 7.3 (d, 4H); 13C NMR, � 8.4, 66.6, 114.7,124.0,
126.9,130.2,131.2,157.1;LRMS, m/z294 (M�), 164,
133 (base); HRMS, m/z calculated for C20H22O2


294.1619,found294.1613;Ep = 1.23V vs SCE.


Polymerization of 2. To a solution of 2 (200mg,
0.68mmol) in dry dichloromethane(12ml) at room
temperature under a nitrogen atmosphere, 80mg
(0.1mmol) of 1�� were added, with stirring. After
7 min thereactionmixturewasquenchedwith anexcess
of saturated potassium carbonate in methanol. The
organiclayer waswashedwith water (3� 10ml), dried
andthesolventremovedto give 230mg of thepolymer.
GCanalysisof thecrudeproductrevealedtheabsenceof
any of the starting monomer.The crude polymer was
subjectedto column chromatographyon alumina. The
column was first eluted with 9:1 hexane–dichloro-
methaneto remove the neutral triarylamine (1), then
with dichloromethaneto elute the polymer. The NMR
specrumof the polymer (see below) was essentially
identical beforeand after chromatographicpurification,
except for the aromatic absorptionsarising from the
presenceof 1 in the crudematerial.The weight-average
molecularweight(Mw) of thispolymerwasfound(GPC)
to be 9460, with a PDI of 5.30. When the samepoly-
merizationreactionwas carried out in the presenceof
excesspowderedpotassiumcarbonatefor either 10 or
30min to minimizeanyacid-catalyzedsidereactions,the
NMR of the polymer was again identical with that
obtainedin the absenceof potassiumcarbonate.In this
case, however, the Mw was lowered to 3700, with
PDI = 3.0.


Whenthepolymerizationof 2 is carriedout underthe
sameconditionsasdescribedabove,but the reactionis
allowedto run for 10min, theMw is foundto increaseto
37000 (PDI = 7.31). The NMR spectraof this higher
molecular weight polymer is virtually identical with
those of the two lower molecular weight polymers
describedabove:1H NMR (55°C, CDCl3), � 1.1 (br s,
methyl attachedto the cyclobutanering), 1.7 (br s, non-
benzylicmethine),2.6(br s,benzylicmethine),4.1(br s,
ether methylenes),6.6–7.2 (br, aromatics);13C NMR
(55°C, CDCl3), � 18.8 (methyl group attachedto CB
ring), 43.3(non-benzylicCB carbon),52.5(benzylicCB
carbon),66.8(ethercarbons),114.8,127.7,136.4,157.2.
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1-(2-Bromoethoxy)-2-(2-propenyl)benzene. A mixture
of 2-allylphenol(10.05g, 0.075mol), 1,2-dibromoethane
(28.5g, 0.15mol), and potassiumcarbonate(12.42g,
0.09mol) in N,N-dimethylformamide(25ml) wasstirred
at room temperaturefor 48h and then subjectedto
aqueousworkup. Columnchromatographyon silica gel
(13:1 hexane–ethylacetate)afforded the pure product
(14g, 77.5%): 1H NMR (CDCl3, 250MHz), � 3.42 (d,
2H, J = 6.67Hz), 3.68 (t, 2H, J = 6.11Hz), 4.31 (t, 2H,
J = 6.11Hz), 5.06 (dd, 2H, J = 15.2, 9.51Hz), 6.0 (m,
1H), 6.82 (d, 1H, J = 8.2Hz), 6.98 (d, 1H, J = 7.32Hz),
7.18 (d, 2H, J = 7.2Hz); LRMS, m/z 242 (M � 1);
HRMS,m/zcalculatedfor C11H13OBr 241.022801,found
241.022823.


1-(2-Bromoethoxy)-2-(trans-1-propenyl)benzene. A
catalytic amount of PdCl2 was added to 50ml of
dichloromethane,followed by the addition of 30 drops
of acetonitrile.After stirring this mixture for 5 min, 14g
(0.058mol) of 1-(2-bromoethoxy)-2-(2-propenyl)ben-
zenewereaddedandthe solutionwasstirredfor 40h at
room temperature.After aqueousworkup, the product
waschromatographed(silica gel column,hexaneeluent),
yielding 14g (100%) of the pure product: 1H NMR
(CDCl3, 250MHz), � 1.9 (dd, 3H, J = 6.58, 1.67Hz),
3.68 (t, 2H, J = 6.28Hz), 4.3 (t, 2H, J = 6.27Hz), 6.26
(m, 1H), 6.75 (d, 1H, J = 14.6Hz), 6.8–7.4 (m, 4H);
LRMS, m/z 242 (M � 1); HRMS, calculated for
C11H13OBr 241.022801,found241.022461.


Synthesis of monomer 3. A solution of 4'-hydroxy-
propiophenone(Aldrich) (4.5g, 0.03mol), 1-(2-bromo-
ethoxy)-2-(trans-1-propenyl)benzene(this paper;4.82g,
0.02mol) andpotassiumcarbonate(4.14g, 0.03mol) in
N,N-dimethylformamidesolution (80ml) was stirred at
roomtemperaturefor 24h andthensubjectedto aqueous
workup andsilica gel chromatography(100:15hexane–
ethyl acetate)to yield the pureproduct,1-[2'-(trans-1@-
propenyl)phenoxy]-2-[4'-(1@-propionyl)phenoxy]ethane
(3.2g, 51%): m.p. 82–83°C; 1H NMR (deuteroacetone,
250MHz), � 1.12 (t, 3H, J = 7.23Hz), 1.78 (d, 3H,
6.61Hz), 2.98 (q, 2H, J = 7.25Hz), 4.40 (t, 2H,
J = 4.37Hz), 4.51 (t, 2H, J = 4.46Hz), 6.25 (m, 1H),
6.68 (d, 1H, J = 16.78), 6.88–8.00(m, 8H); 13C NMR
(deuteroacetone,250MHz), � 8.2,19.5,31.7,67.8,68.0,
113.8,115.2,122.0,126.2,126.5,128.0,128.2,130.9,
131.2, 156.2, 163.0, 199.0; LRMS, m/z 311 (M � 1);
HRMS, m/zcalculatedfor C20H23O3 311.164720,found
311.165234.


All of this purified product (3.2g, 0.01mol) was
reducedwith sodiumborohydride(399mg, 0.01mol) in
ethanol(36ml)–tetrahydrofuran(12ml) solventfor 5 h at
room temperature.After quenchingwith 10% aqueous
acetic acid followed by aqueousworkup, the pure
product, 1-[2'-(trans-1@propenyl)phenoxy]-2-[4'-(1@-hy-
droxypropyl)phenoxy]ethane was obtained (3.22g,
100%): m.p. 70–72°C; 1H NMR (CDCl3, 250MHz), �


0.89 (t, 3H, J = 7.38Hz), 1.67–1.80(m, 2H), 1.84 (dd,
3H,J = 1.65,6.68),4.33(s,4H),4.54(t, 1H,J = 6.59Hz),
6.25 (m, 1H), 6.71 (d, 1H, J = 15.87Hz), 6.88–7.45(m,
8H); 13C NMR (CDCl3, 250MHz), � 10.2, 18.9, 31.8,
66.6,67.2,75.6,112.8,114.6,121.3,125.5,126.5,127.2,
127.6, 137.8, 155.1, 158.1; LRMS, m/z 312 (M�);
HRMS, m/zcalculatedfor C20H24O3 312.172545,found
312.172533.


The product alcohol (1.33g, 4.26mmol) was sus-
pendedin dry dichloromethane(22ml), followed by the
addition of dry triethylamine (1.19ml, 8.53mmol).
Triflic anhydride(0.73ml, 4.26mmol) was then added
all in one portion at ÿ78°C. The reaction mixture
was stirred for 30min at this temperatureand then
quenchedwith dilute sodium hydrogencarbonatesolu-
tion. After aqueousworkup and silica gel column
chromatography(100:4hexane–ethylacetate),monomer
5 wasobtainedin pureform (330mg,26.4%):m.p.112–
114°C; 1H NMR (CDCl3, 250MHz), � 1.84 (d, 6H,
J = 6.56), 4.32 (s, 4H), 6.10 (m, 2H), 6.34 (d, 1H,
J = 16.5Hz), 6.68 (d, 1H, J = 15.55Hz), 6.78–7.40(m,
8H); 13C NMR (CDCl3, 250MHz), � 18.46,18.95,66.70,
67.34 112.8, 114.87, 121.36, 123.76, 126.56, 126.64,
126.96,127.72,130.35,131.8,155.2,158.0;LRMS, m/z
294(M�); HRMS, calculatedfor C20H22O2 294.161980,
found294.162004.


Polymerization of monomer 3. To monomer3 (73.5mg,
2.5mmol)dissolvedin dry dichloromethane(0.8ml) was
addedthe aminium salt initiator (20.4mg, 0.25mmol)
dissolved in dry dichloromethane(0.5ml; the overall
monomerconcentrationis 0.192M) in oneportionat0°C.
The reaction mixture was stirred for 8 min and then
quenchedusingsaturatedpotassiumcarbonate–methanol
solution.Thecrudepolymer(70mg,95%)obtainedafter
aqueousworkup wasfound (GPC)to haveMw = 86700
(PDI = 1.837): 1H NMR (CDCl3, 500MHz), � 1.1–1.2
(br, characteristicof methyl attachedto cyclobutane
ring), 1.79–1.85(br), 2.78–2.80(br), 4.0–4.35(br), 6.1–
6.25(br), 6.3–7.36(br).


trans-2,4-Pentadienyl phenyl ether. To a suspensionof
potassiumcarbonate(6.1g, 0.044mol) in 200ml of
acetoneat room temperaturewasaddedphenol(7.52g,
0.08mol) and then trans-2,4-pentadienyl bromide
(7.38g, 89% pureby GC, 0.044mol). The solutionwas
stirredfor 24h. Aqueousworkupyieldeda colorlessoil,
which was purified by column chromatography(silica
gel; light petroleumeluent),giving 5.8g (90%) of the
product:15 1H NMR (250MHz), � 4.5 (d, 2H,
J = 5.72Hz), 5.2–5.26(dd, 2H, J = 14.57,J = 9.29Hz),
5.8–5.92(m, 1H), 6.3–6.4(m, 2H), 6.85–6.92(m, 3H),
7.29–7.38(m, 2H); LRMS, m/z160(M�).


trans-2,4-Pentadienyl phenol. To a solution of trans-
2,4-pentadienylphenyl ether (1.6g, 0.01mol) in dry
dichloromethane(100ml) cooledto ÿ40 to ÿ30°C was
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added boron trifluoride–ether complex (1.52ml,
0.012mol). The resultingsolutionwasstirred for 1 h at
ÿ40 toÿ30°C. After aqueousworkupthecrudeproduct
was chromatographed (silica gel column; 10:1 light
petroleum–ethylacetate),yielding 1.52g (94.5%)of the
pure product:15 1H NMR (250MHz), � 3.32, (d, 2H,
J = 6.84Hz), 4.92–5.10(dd, 2H, J = 16.09,9.18Hz), 5.8
(m, 1H), 6.08 (m, 1H), 6.3 (m, 1H), 6.75 (d, 2H,
J = 8.52Hz), 7.0 (d, 2H, J = 8.46Hz); LRMS, m/z 160
(M�).


1-[4'-trans-2@,4@-Pentadienyl)phenoxy]-2-[2'-trans-1@-
propenyl)phenoxy]ethane (4). To 30ml of N,N-di-
methylformamide at room temperature were added
2.19g (0.0159mol) of potassiumcarbonateand 2.13g
(0.0133mol) of 4-(trans-2,4-pentadienyl)phenol.After
stirring the mixture for 30min, 3.83g (0.00158mol) of
1-(2-bromoethoxy)-2-(trans-1-propenyl)benzene were
added and the reaction mixture was stirred for an
additional43h. Aqueousworkupandsilica gel chroma-
tography(light petroleum,then 100:1 light petroleum–
ethyl acetate)yieldedthepuremonomer6 (2.8g, 66%):
m.p. 58°C; 1H NMR (500MHz), � 1.87 (d, 3H,
J = 6.68Hz), 3.40 (d, 2H, J = 6.75Hz), 4.33 (m, 4H),
5.00–5.14 (dd, 2H, J = 16.65, 10.18Hz), 5.80–5.86
(m, 1H, —CH2CH=CHCH=CH2), 6.06–6.15 (m,
1H, —CH2CH=CHCH=CH2), 6.19–6.27 [dq, 1H,
J = 15.85Hz (d), 6.63 (q) —CH=CHCH3], 6.29–6.37
[dt, 1H, J = 17.06Hz (d), 10.34 (t), —CH2CH=
CHCH=CH2], 6.70–6.72 (d, 1H, J = 15.93Hz,
—CH=CHCH3), 6.9–7.40 (8H, m); 13C NMR (500
MHz, CDCl3), � 18.85 (CH3), 38.01 (CH2), 66.7, 67.3
(—OCH2CH2O), 112.6 (Ar-C), 114.8 (Ar-C), 115.6
(—CH2CH=CHCH=CH2), 121.3 (Ar-C), 125.6
(—CH=CHCH3), 126.44 (—CH=CHCH3), 126.54
(Ar-C), 127.65(Ar-C), 129.6(Ar-C), 131.8(—CH2CH
=CHCH=CH2), 132.6 (Ar-C), 133.8 (—CH2CH
=CHCH=CH2), 137.0 (—CH2CH=CHCH=CH2),
155.25(Ar-C), 157.2(Ar-C); HRMS(CI), m/zcalculated
for C22H24O2 320.1776, found 320.1773. Positional
assignmentsof chemical shifts are basedupon H–H
COSYandC–H correlationspectra.


Methyl 4-(trans-2',4'-pentadienyl)phenyl ether. To 4-
(trans-2',4'-pentadienyl)phenol(1.27g, 7.94mmol) in
N,N-dimethylformamide(30ml) at room temperature
wasadded1.1g (7.97mmol) of potassiumcarbonateand
thesolutionwasstirredfor 30min. An excessof methyl
iodide (0.5ml) wasthenaddedandthe reactionmixture
was stirred for an additional 3 h. After an aqueous
workup, silica gel columnchromatography(light petro-
leum) yielded the product (0.9g, 65.2%): 1H NMR
(250MHz), � 3.39(d, 2H,J = 6.77Hz),3.79(s,3H),5.00
(d, 1H, J = 10.14Hz), 5.10 (d, 1H, J = 16.99Hz), 5.82
(m, 1H), 6.10 (m, 1H), 6.35 (m, 1H), 6.82 (d, 2H,
J = 8.63Hz), 7.10 (d, 2H, J = 8.47Hz); 13C NMR
(250MHz, CDCl3), � 37.973(CH2), 55.230(—OCH3),


113.829,115.525,129.484,131.716,132.056,133.899,
136.935, 157.982; HRMS (CI), m/z calculated for
C12H15O 175.1123,found175.1114.


Diels±Alder adduct (6a) of trans-anethole and methyl
4-(trans-2',4'-pentadienyl)phenyl ether. To asolutionof
trans-anethole(74.1mg,0.5mmol) andmethyl4-(trans-
2,4-pentadienyl)phenyl ether (87mg, 0.5mmol) in dry
dichloromethane (1 ml) at 0°C was added tris(4-
bromophenyl)aminium hexachloroantimonate(41mg,
0.05mmol) dissolvedin 1 ml of dry dichloromethane
dropwiseovera periodof 30s.Thereactionmixturewas
stirredfor 7 min andthenquenchedwith excesssaturated
potassiumcarbonate–methanol. Aqueous workup and
columnchromatography(silica gel, 100:1hexane–ethyl
acetate)gave45mg (28%)of thepureproduct:1H NMR
(500MHz), � 0.92 (d, 3H, methyl, J = 6.62Hz), 1.74–
1.82(m, 2H, H6), 2.09–2.15(m, 1H, H5), 2.26–2.32(m,
2H, benzylicmethylene),2.45–2.49(m, 1H, H3), 2.69–
2.72 (dd, 1H, J = 9.03, 5.02Hz, H4), 3.74 (s, 3H,
—OCH3), 3.8 (s, 3H, —OCH3), 5.48–5.53(m, 1H, H2),
5.63–5.68(m, 1H, H1), 6.72(d, 2H, J = 6.62Hz), 6.84–
6.87 (dd, 4H, J = 6.02,5.82Hz), 7.12 (d, 2H, J = 6.02).
Chemical shifts of protons were assignedfrom H–H
COSY spectra.Specifically, irradiation of the signal
correspondingto the benzylic methyleneprotons en-
genderedan intensity increaseof 5.11% in the signal
correspondingto theprotonatC5,whereastheC4proton
signaldid not showanNOE effect.Similarly, irradiating
theC5 methylsignalcauseda small intensityincreasein
theC4 proton(1.9%)andC3 (1.08%)protonsignalsand
hadnoeffectontheC3protonsignal.Theseobservations
indicatethattheC5methylandtheC4andC3protonsare
all cis. This correspondsto a net endo Diels–Alder
additionwith suprafacialadditionto the dienophile.13C
NMR (250MHz), � 20.786(CH3), 28.513(C6), 33.209
(C5), 37.069(benzylicmethylenecarbon),41.134(C3),
49.811 (C4), 55.179 (— OCH3), 55.246 (— OCH3),
113.310,113.407,126.023(C1), 127.718(C2), 129.907,
130.266, 130.675, 133.073, 157.574, 157.675. The
stereochemistrywasassignedby NOESYspectra;HRMS
m/z calculated for C22H26O2 322.193280, found,
322.193684.


Cyclobutane and Diels±Alder adducts of 2-(trans-1'-
propenyl)anisole with methyl 4-(trans-2',4'-pentadie-
nyl)phenyl ether. To a solutionof 2-(trans-1'-propenyl)
anisole (148.2mg, 1 mmol) and methyl 4-(trans-2',4'-
pentadienyl)phenylether(174mg, 1 mmol) in dichloro-
methane(2 ml) at 0°C wasadded,in oneportion,tris(4-
bromophenyl)aminium hexachloroantimonate(82mg,
0.1mmol) in dichloromethane(2 ml). After stirring the
reactionmixturefor 10min at 0°C, a quenchingsolution
of saturatedK2CO3 in methanolwas added.Aqueous
workup and column chromatography(silica gel: first
hexanethen1000:5hexane–ethylacetate)yieldeda 1:1
mixtureof cyclobutaneandDiels–Alderadducts(52mg,


Copyright  1999JohnWiley & Sons,Ltd. J. Phys.Org. Chem.12, 808–818(1999)


816 N. L. BAULD, D. GAO AND T. APLIN







16.2%): 1H NMR (500MHz, CDCl3, chemical shift
assignmentsvia H–H COSY spectra): Diels–Alder
adducts: � 0.908 [minor DA adduct (33%); d, 3H,
J = 7.03, 0.932 (major DA adduct (67%); d, 3H,
J = 6.624), 1.78–1.86(m, 2H, H6), 2.15–2.22(m, 1H,
H5), 2.24–2.29(m, 2H, benzylicprotons),2.27–2.32(m,
1H, H3), 2.57–2.62(m, 1H, H4), 3.75 (3H, s), 3.80
(3H,s),5.52–5.56(m, 1H, H2), 5.64–5.68(m, 1H, H1),
6.72–7.26(m, 8H). Cyclobutaneadduct:� 1.1 (d, 3H,
J = 6.22),1.37–1.44(m, 1H, H4), 2.21–2.25(m, 2H, H3,
H4), 2.75–2.82(m, 1H, H1), 3.10 (t, 1H, H2, J = 8.23–
9.03), 3.24 (d, 1H, J = 6.63, a diastereotopicbenzylic
methylene);3.38 (d, 1H, J = 6.62, the other diastereo-
topic methylene),3.74(3H, s),3.77(3H, s),5.48(m, 1H,
vinyl protondistalto CB ring), 5.62(m, 1H, vinyl proton
proximal to CB ring), 6.72–7.26(m, 8H); HRMS, m/z
calculatedfor C22H26O2 322.193280,found:322.192844.


Oligomerization of monomer 4 in the presence of a
hindered base to form 5. To 200mg (0.625mmol) of 4
dissolvedin dry dichloromethane(2 ml) wasadded2,6-
di-tert-butylpyridine (74mg, 0.375mmol) followed by
additionof 255mg of 1�� (0.313mmol) in dry dichloro-
methane(4 ml) overa2 min period.Thereactionmixture
wasstirred for 15min andquenchedby the addition of
saturatedK2CO3–CH3OH solution.After aqueouswork-
up andcolumnchromatography(alumina),42mg (21%)
of the trimer–oligomermixture (7) wereobtained:GPC
MW 1130 (PDI = 1.027); oligomer MW 8080
(PDI = 2.43);1H NMR (500MHz, CDCl3, chemicalshift
assignmentsvia H–H COSY spectra),� 1.10 [d, 3H,
J = 6.02,methylattachedto a CB ring], 1.41(m, 1H, one
of theCH2 protonsof theCB ring), 1.86(d, J = 6.42Hz,
CH3 of propenylend group), 2.22 (m, 1H, methineon
methyl-bearingCB carbon),2.22 (m, 1H, one of CB
methyleneprotons),2.86(m, 1H, allylic methineon the
CB ring), 3.14 (t, 1H, J = 8.94–9.23Hz, benzylic
methine),3.22 (d, 1H, J = 6.62Hz, one of the diaster-
eotopicbenzylic methylenes),3.36 (d, 1H, J = 6.63Hz,
the otherdiastereotopicbenzylic methylene),4.28–4.36
(m, 8H, ethermethylenes),5.00–5.19(dd,2H, J = 17.06,
10.04Hz, C=CH2 of pentadienylendgroups),5.50(m,
1H,vinyl protonoff theCB ring),5.63(dd,1H,J = 15.25,
6.42Hz, vinyl protonnearesttheCB ring), 5.83(m, 1H,
pentadienyl end groups), 6.10 (dd, 1H, J = 14.65,
13.25Hz, pentadienylendgroup),6.25(m, 1H, propenyl
endgroups),6.35 (m, 1H, pentadienylendgroup),6.72
(d, 1H, J = 15.93Hz, propenylendgroup),6.80–7.50(m,
16H,aryl); 13C NMR (500MHz; chemicalshiftsassigned
with theassistanceof C–Hcorrelationspectra),� 19(end
group CH3), 21 (CH3 attached to CB), 33.6 (CB
methylene),35 (CB methine attachedto CH3), 37.8
(endgroupbenzyl),38.0(benzylattachedto vinyl), 41.0
(CB methine attached to vinyl), 49.2 (CB methine
attachedto aryl), 63.5–63.9(ether methylenes),111.5,
112.8, 114.9, 115.0, 115.8 (—CH2CH=CHCH=
CH2), 121.0, 121.3, 125.7 (—CH=CHCH3), 126.7


(—CH=CHCH3), 126.9, 127.3, 127.7 (—CH2CH=
CH—CB ring), 127.8, 129.5, 129.6, 131.9
(—CH2CH=CHCH=CH2), 133.2, 132.4, 133.8,
(—CH2CH=CHCH=CH2), 135.4(—CH2CH=CH-CB
ring), 137.0(—CH2CH=CHCH=CH2), 155.23,156.58,
156.93,157.14.


Polymerization of monomer 4 to MW 59300. To
200mg (0.626mmol) of 4 dissolved in 1 ml of dry
dichloromethanewereadded,in a dropwisefashionover
a 1 min period,51mg (0.0625mol) of 1�� in 1 ml of dry
dichloromethane.The reactionmixture was stirred for
10min and then quenched with saturated K2CO3–
CH3OH. The crude polymer obtained after aqueous
workup had MW = 59300 (PDI = 1.75). After column
chromatography,the 1H NMR spectrumwasessentially
unchanged.The500MHz 1H NMR spectrumrevealedan
8:2 ratio of DA:CB linkages. 1H NMR (500MHz,
CDCl3, chemicalshift assignmentsvia comparisonwith
the model Diels–Alder compound), � 0.9 (d, 3H,
J = 6.62), 1.67–1.76(m, 2H, H6), 1.80–1.89(propenyl
methyl end groups),2.14–2.17(m, 1H, H5), 2.18–2.23
(m, 2H, benzylicprotons),2.42–2.46(m, 1H, H3), 2.60–
2.65 (m, 1H, H4), 3.85–4.40(br, ethermethelenes),4.9
(d, 1H, J = 9.63),5.10(d, 1H, J = 16.46),5.45–5.51(m,
1H,H2), 5.60–5.67(m,1H,H1), 5.76–5.86(m,1H),6.03–
6.12 (m, 1H), 6.18–6.26(m, 1H), 6.27–6.37(m, 1H),
6.63–6.80(m, 1H), 6.83–7.40(brm, 16H).


Polymerization of monomer 4 to MW = 153000. To
300mg (0.932mmol) of 4 dissolvedin 1.5ml of dry
dichloromethanewasadded,in adropwisefashionovera
1 min period,a solutionof 77mg (0.0932mol) of 1�� in
1.0ml of dry dichloromethane.After stirring thereaction
mixturefor 4 min at0°C, themixturewasquenchedwith
saturatedK2CO3–CH3OH. Following aqueousworkup,
thepolymericproductwasfound to haveMW = 153500
(PDI = 3.58).


Polymerization of monomer 4 to the predominantly
Diels±Alder polymer. To 100mg (0.313mmol) of 4 in
2.0ml of dry dichloromethanewereadded,in adropwise
fashionover8 min,78mg(0.0939mmol)of 1�� in 8.0ml
of dry dichloromethane.Thereactionmixturewasstirred
for 20min and then quenchedwith K2CO3–CH3OH
solution,followed by aqueousworkup.Thepolymerwas
foundto haveMW = 173000(PDI = 1.59).The500MHz
1H NMR spectrumcorrespondedvery closelyto thoseof
theDiels–Aldermodelcompounds.


Acknowledgements


The authors thank the National Science Foundation
(CHE-9610227)andtheRobertA. WelchFoundation(F-
149) for supportof this research.


Copyright  1999JohnWiley & Sons,Ltd. J. Phys.Org. Chem.12, 808–818(1999)


CATIONIC RADICAL CHAIN CYCLOADDITION POLYMERIZATION 817







REFERENCES


1. N. L. Bauld,in Advancesin ElectronTransferChemistry, editedby
P. S. Mariano,Vol. 2, pp. 1–66(1992).


2. K. T. LorenzandN. L. Bauld,J. Am.Chem.Soc.109, 1157–1160
(1987).


3. N. L. Bauld,Tetrahedron45, 5307–5363(1989).
4. M. P. Stevens,Polymer Chemistry, 2nd edn, p. 15. Oxford


University Press,New York (1990).
5. R. A. Pabonand N. L. Bauld, J. Am. Chem.Soc.105, 633–634


(1983).
6. R. A. PabonandN. L. Bauld,J. Am.Chem.Soc.106, 1145–1146


(1984).
7. J. T. Aplin, Dissertation,Universityof Texasat Austin (1997).
8. N. L. Bauld,J. T. Aplin, W. Yueh,H. SarkerandD. J. Bellville,


Macromolecules29, 3661–3662(1996).


9. B.K. MarshandN. L. Bauld,unpublishedresults.
10. M. P. Stevens,Polymer Chemistry, 2nd edn, p. 339. Oxford


University Press,New York (1990).
11. D. W. Reynoldsand N. L. Bauld, Tetrahedron42, 6189–6194


(1986).
12. D. W. Reynolds,B. Harirchian,H.-S.Chiou,B. K. MarshandN. L.


Bauld,J. Phys.Org. Chem.2, 57–88(1989).
13. P. G. GassmanandD. A. Singleton,J. Am.Chem.Soc.106, 7993


(1984);K. T. LorenzandN. L. Bauld,J.Am.Chem.Soc.109, 1157
(1987).


14. N. P. Bu-Hoi, N. D. Xuong and D. Lavit, J. Chem.Soc.1034
(1954).


15. K. Maruyama,N. NagaiandY. Naruta,TetrahedronLett. 5149–
5152(1985).


Copyright  1999JohnWiley & Sons,Ltd. J. Phys.Org. Chem.12, 808–818(1999)


818 N. L. BAULD, D. GAO AND T. APLIN








In¯uence of the substituent on the major decomposition
channels of the NO2 group in para-substituted
nitrobenzenes: a tandem mass spectrometric study
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ABSTRACT: The relative extents of loss of NO2 and NO were determined by 70 eV electron ionization and tandem
mass spectrometry using B/E linked scans to investigate metastable (unimolecular) and collision-induced dissociation
processes for molecular ions formed by electron ionization ofpara-substituted nitrobenzene compounds. The
substituents used (NO2, CHO, H, OCH3) represent a wide range of electron donor–acceptor properties. Loss of NO2


was favored by electron-withdrawing groups, while an electron-donor group favored loss of NO. Ion fragmentation
mechanisms are consistent with the hypothesis that NO2 to ONO (nitro to nitrite) isomerization precedes the loss of
NO. Ring fragmentation (loss of CO) was observed only after all of the electron-withdrawing groups had dissociated.
while the electron-donor group OCH3 remained attached to the ring in the analogous CO elimination. These results
are placed in the context of the thermolysis behavior of nitroaromatic explosives. Copyright 1999 John Wiley &
Sons, Ltd.


KEYWORDS: tandem mass spectrometry; branching ratios; nitrobenzene compounds


INTRODUCTION


Nitroaromatic compounds comprise an important class of
explosive materials. The identity of the parallel and
consecutive pathways of thermal decomposition is
central to defining the ignition, combustion and explosion
characteristics of these highly reactive materials. Un-
fortunately, the mechanisms in the condensed phase are
complex and difficult to define and characterize kineti-
cally. Although it is generally risky to equate the findings
of unimolecular chemistry in the gas phase directly to the
dense condensed phase, it appears that the reaction
schemes induced by heat, light and ionizing radiation in
different phases of nitroaromatic compounds, and for the
radical cations and anions in the gas phase, are similar.1–4


Consequently, the unimolecular reaction of gaseous ions
of nitroaromatic compounds will likely provide useful
guides to the elementary processes in bulk compounds
under more practical conditions.


The processes


C6H5NO2
�� ! C6H5


� � NO2
� �1�


C6H5NO2
�� ! C6H5ONO�� �2�


are widely indicated to be initial steps of decomposition
and rearrangement of nitroaromatic ions5–9 and neutral
compounds,10,11 especially in the absence of anortho-
related substituent. The presence of anortho substituent
frequently expands the number of reactions through
interactions with the NO2 group.4 The process


C6H5ONO�� ! C6H5O� � NO� �3�


usually follows process (2) for the formation of NO or
C6H5O (neutrals or ions); hence, NO formation is
described as a two-step process. Unlike nitroaliphatic
compounds, where the nitrite isomer the analogous
neutral molecule reactant of process (3) has been
isolated12 and its dissociation behavior studied by mass
spectrometry,13 no aryl nitrite compound appears to have
been isolated to date. However, the most recent work on
nitrobenzene ions, including reported multi-photon dis-
sociation in a time-of-flight mass spectrometer (TOF-
MS)14–16or a Fourier transform mass spectrometer (FT-
MS),17 the cavity-ring-down technique,18 pyrolysis of
nitrobenzenes in a mass spectrometer19 and ab initio
quantum mechanical calculations,18,20 strongly supports
the existence of process (2) as an intermediate step in NO
elimination.


Our attention is mainly focused on the influence of
substituents in the positionpara to the NO2 group on the
relative rates of decomposition reactions (1)–(3). The
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effectof thesubstituentontheseprocessesis notapparent
from the gaseousproductsliberatedby pyrolysisof the
condensedphase,4b althoughuseful insightshave been
reportedpreviously using spectrometry.6 In this work,
four para-substitutednitrobenzenecompoundshaving
substituentswith widely differentelectrondonor–accep-
tor properties21 were investigatedwith tandem mass
spectrometry(MS–MS) via metastableand collision-
induced dissociation(CID) processes.These methods
enableprocess(1) to bedistinguishedfrom processes(2)
and(3) in the parentmolecularion without interference
from secondary reactions. Substituent control6 over
processes(1)–(3)cantherebybeobtained.


EXPERIMENTAL


Experimentswereperformedwith aVG AutoSpectriple-
sector hydrid massspectrometerof EBEqQ geometry
(E = electricsector,B = magneticsector,q = r.f. quadru-
pole and Q = quadrupolemass filter). 1,4-Dinitroben-
zene, 4-nitrobenzaldehyde,nitrobenzeneand 4-nitro-
anisolewereobtainedfrom Aldrich Chemical.


The influenceof a para substituenton the fragmenta-
tion channelsof the NO2 groupin the four nitrobenzene
derivatives was investigated by the use of three
techniques:70eV electron ionization (EI) relative ion
intensitymassspectraandunimolecular(metastable)and
CID processesin the first field-free region using B/E
linked scans.The B/E unimolecularscanprovidesall of
the fragment ions from a selectedparent ion that are
usually formed by low internal energypathways,often
requiring isomerizationand/or rearrangementprior to
dissociation.TheB/Emethodhastheadvantageoverthe
EI approachthat the daughterionsspecificto the parent
ion areunambiguouslydetermined.B/ECID experiments
provideinformationonall possibledissociationpathways
leadingto fragmentions from a selectedparention. The
substituenteffectis mostclearlyobtainedin thismanner,


although it may be qualitatively indicated in the EI
spectra.SomeCID experimentswere performedat low
collisionenergiesin ther.f.-only quadrupoleto determine
the lower energydissociationpathway.


In addition to Hammett scale comparisonsof sub-
stituentelectrondonor–acceptorproperties,semiempiri-
cal MO calculations using the AM1 method22 were
carriedout on thesemolecules.The mid-point potential,
Vmid, of theC—NO2 bondis defined23 as(VC� VN)/2R,
where VC and VN are the atom chargesbasedon a
Mulliken populationanalysisand R is the C—N bond
distance.This modelof the chargedensityvariationhas
beenusedpreviously to correlateseveralpropertiesof
nitroaromaticcompounds.23–25


RESULTS


The experimental findings for each compound are
discussedbelow before comparisonsand conclusions
aremadeconcerningthis classof compounds.


1,4-Dinitrobenzene


The NO2 substituenton the Hammett scale is highly
electronwithdrawing (sp =�0.78).21 Consequently,the
influenceof electrophilicsubstitutionon -NO2 elimina-
tion is highest for this molecule.Figure 1 shows the
fragmentationpathwaysfor the molecularion (m/z168)
determinedby the metastableand CID reactionsof the
molecularion andits fragmentions.The locationof the
positive charge on the even-electroncations is not
specifiedin any of the fragmentationschemesof this
paper, in recognition of the fact that some charge
delocalization is expected. The dissociation scheme
shows many more pathways than were observedby
Yinon26 from the CID of the sameion. However, it
supportsthe fragmentationschemeproposedby Fields


Table 1. Substituent characteristics and ion current ratios (peak heights scaled to the peak height for NO for the parent ion) of
para-substituted nitrobenzene compounds


Para substituent sp Vmid Technique (Lossof NO2)/(lossof NO)


NO2 �0.78 �0.63 CID 13
Metastable 5


EI 30
CHO �0.42 �0.62 CID 3.3


Metastable 1.5
EI 20


H 0 �0.59 CID 1
Metastable 0.5


EI 10
OCH3 ÿ0.27 �0.54 CID 0.08


Metastable 0.06
EI 0.25
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and Meyerson.27 As summarizedin Table 1, the EI,
metastableand CID B/E scansall clearly show the
preference for the loss of NO2. It is widely
known7,9,14,16,17,28that the C6H4O


�� cation (m/z 92)
losesCO to form C5H4


��, againconfirmedhereby the
B/E scanof the m/z 92 fragmentation.It is of interest
that m/z 92 is the highestmassfragment in Fig. 1 to
exhibit CO loss.


4-Nitrobenzaldehyde


The CHO group is moderatelyelectron withdrawing
(sp =�0.42)on theHammettscale.21 Figure2 showsthe
fragmentationpathwaysof the p-nitrobenzaldehyde ion
determinedby B/EmetastableandCID scans.Thelossof
NO2 dominatesover the loss of NO by the parent
molecularion in theEI andB/ECID spectrasummarized
in Table1. Thefragmentationpatternalsoshowstheloss
of HNO2 and HNO, suggestingpossibly the facile
migrationof H from the CHO group.HNO2 is alsolost
from 4-nitrobenzoicacid,29 possiblyin thesamemanner
or by abstractionof H by free NO2. The abundancesof
HNO2 and HNO may, therefore, not necessarilybe
simply relatedto asubstituenteffectbecauseamulti-step
internalrearrangementmayhaveoccurred.Thelossof N
from them/z134cationto form them/z120radicalcation


occurswith an abundanceof 3% relative to the most
abundantfragmention, m/z 105, and is good evidence
that the nitrite isomerhasformed.We believe that the
lossof N is notmerelyanartifactof linkedscansbecause
thesequentiallossof N andO is seenin nitrobenzene(see
below).


Nitrobenzene


The H atomis the baselinesubstituentin nitrobenzenes
on the Hammett scale (sp = 0).21 The fragmentation
schemeshownin Fig. 3 was constructedfrom the B/E
metastableandCID data.Accordingto the(lossof NO2)/
(lossof NO) ratiosin Table1, thesetwo processesareof
approximately equal abundance when collisionally
activated.Process1 dominatesprocessess(2) and(3) in
the EI spectra,but doesso to a lesserextent than the
electron-withdrawing NO2 and CHO substituentsdis-
cussedabove.In themetastablespectrum,dissociationof
theparention via lossof NO by processes(2) and(3) is
favoredoverprocess(1). Thedifferentresultsfor thetwo
B/E scans reflect the sampling of only low-energy
decompositionmechanisms,while collisional activation
increasesthe internal energyin the molecular ion and
sampleshigher energyprocessesalso found in the EI
massspectra.We may infer that processes(2) and (3)


Figure 1. Fragmentation pattern of 1,4-dinitrobenzene determined from the B/E metastable and CID spectra
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havea lower overall activationenergythanprocess(1).
This explanation is in line with earlier experimental
findings30–33 regarding the activation energy of these
processesfrom the molecularcation[process(1) ca 37–
46kcalmolÿ1, processes(2) and (3) ca 9 kcalmolÿ1


(1 kcal= 4.184kJ)] and from RRKM/QET calculations9


[process (1) 27.4kcalmolÿ1, processes(2) and (3)
23.5kcalmolÿ1]. It is further supportedin this work by
performing low-energyCID experimentson the nitro-
benzeneparention usingther.f. quadrupole.The(lossof
NO2)/(lossof NO) ratio decreasedto 1:8at 10eV energy
consistentwith a lower activationenergyfor the lossof
NO.


A general result from this suite of experimentson
C6H5NO2


�� is clear evidencesupportingthe stepwise
mechanismfor NO loss.TheCID spectrumof C6H5NO��
(m/z107)showsdecompositionto bothC6H5O


� (m/z93)
and C6H5


� (m/z 77). The O-bondedC6H5O
� fragment


ion canonly be formedvia isomerization/rearrangement
of the N-bondedsubstituentsince N atom elimination
from C6H5NO�� is impossible.Lossof N from m/z107is
a minor channel with an abundanceof about 4%
comparedwith the mostabundantchannelwhich forms
C6H5


�� via lossof NO. Finally, aswasobservedfor 1,4-
dinitrobenzeneand 4-nitrobenzaldehyde,the ring re-


mainsintactuntil theC6H5O
� fragmentis formedwhich


thenfragmentsto C5H5
� with the lossof neutralCO.


4-Nitroanisole


The methoxy substituentis electron donating on the
Hammett scale (sp =ÿ0.27).21 Figure 4 shows the
fragmentation pattern deduced as before from the
metastableandCID processes.The dissociationtenden-
ciesin boththeEI andB/Espectraclearlyrevealthat the
parention losesNO [processes(2) and(3)] in preference
to NO2 [process(1)] underall experimentalconditions.
As was the casefor nitrobenzeneion, process(2) must
haveoccurredbecauseCH3OC6H4O


� (m/z123) comes
from m/z 137 with about7% efficiency. The latter ion
implies the existenceof the CH3OC6H4ON�� isomerin
orderto releaseN.


The low-energyCID spectrumof CH3OC6H4O
� (m/z


123) revealsthat fragmentationof the ring takesplace
while theCH3O substituentremainsattachedto thering.
This mechanismdiffers from that observedfor electron-
withdrawing substituentsdescribedabove,all of which
wereeliminatedprior to ring openingandlossof neutral
CO.


Figure 2. Fragmentation pattern of 4-nitrobenzaldehyde determined from the B/E metastable and CID spectra
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DISCUSSION


The elimination of NO was shown to proceedvia the
rearrangementprocessgiven by reactions(2) and(3) by
determining the fragmentation patterns for the 4-


nitroanisoleand nitrobenzeneions. In thesecasesN is
lost from anion originatingfrom theparention minusO.
The lossof N canonly occurif theC—O—N isomerof
the NO substituentexistsasm/z107 from C6H5NO2


��,
m/z 134 from CHOC6H4NO2


�� and m/z 137 from
CH3OC6H4NO2


��. The transition state for process(2)
has been proposed to be an ion–dipole interaction
betweenC6H5


�� andNO2
�.17


Becausethe two decompositionchannelsof most
interestin this work areprocess(1), thelossof NO2, and
processes(2) and (3), leading to the loss of NO, it is
necessaryto commenton thepossibility thatNO2 might
be lost by homolysisof theC—O bondafterprocess(2)
occurs.Thiswouldcomplicatetheuseof thelossof NO2


andNO to measuretherelativeextentsof process(1) and
processes(2) and(3). A comparisonof therateconstants
for the lossof NO2 (fast) andNO (slower)7,17 suggests,
however, that formation of NO2 by process (2) is
unlikely. The reasoningis that since the dissociation
energiesof the C—N and C—O bonds of C6H5NO2


and C6H5ONO, respectively, are similar (ca
70kcalmolÿ1),4,20 but the O—NO bond of C6H5NO is
weak (17–24kcalmolÿ1),20,34 the ratesof loss of NO2


and NO would be expectedto be similar if NO2 came
from the C6H5ONO� isomer.As just noted,they have
beenfound to be different.17 The logical explanationis
thatNO2 resultsfrom process(1),whichis expectedto be
fast,whereasNO comesfrom processes(2) and(3) which


Figure 3. Fragmentation pattern of nitrobenzene deter-
mined from the B/E metastable and CID spectra


Figure 4. Fragmentation pattern of 4-nitroanisole determined from the B/E metastable and CID spectra
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areexpectedoverallto beslower.Furthersupportfor this
can be drawn from the dissociationbehavior of the
methylnitrite ion,CH3ONO�, whichdoesnothaveeither
CH3


� or NO2
� as dissociationchannelsof any signifi-


cance.13


The relative orderof the activationenergiesfor NO2


lossandNO loss is clearly indicatedby the metastable
and low-energy CID spectra.Lowering of the kinetic


energyof collisionalactivationof thenitrobenzenecation
using the r.f. quadrupole(�10eV), rather than akeV
collisional activation,favors processes(2) and (3) over
process(1). This indicatesthatprocesses(2) and(3) have
an activation energythat is overall lower than that of
process(1). Similar conclusionshavebeenreachedon
nitrobenzenefrom photodissociation,14,17,32 shock tube
data,10 RRKM/QET9 andab initio quantummechanical
calculations.20 At higherinternalenergythesimplebond-


Figure 5. Correlation of Vmid (de®ned in the Experimental
section) with the (loss of NO2)/(loss NO) ratio from the parent
ion


Figure 6. Mechanistic scheme for the effect of an electron-
withdrawing para substituent on the decomposition path-
way of the NO2 group in nitroaromatic compounds. The
charge shown is formal


Figure 7. Mechanistic scheme for the effect of an electron-donating para substituent on the decomposition pathway of the NO2


group in nitroaromatic compounds. The charge shown is formal
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breakingreaction(1) becomesthedominantreactionpath
becauseof the lower frequencyfactor of rearrangement
reactions.


The electron donor–acceptorcharacteristicsof the
substituentpara to the NO2 groupinfluencethe balance
of process(1) andprocesses(2) and(3). TheEI, CID and
metastableB/E spectra indicate that process (1) is
enhancedby electron-withdrawingsubstituents(Table
1), whereaselectron-donatingsubstituentsfavor pro-
cesses(2) and(3). Figure5 is a plot of Vmid of the C—
NO2 bond as a function of the para substituentvs the
ratio of currentsfor the ionscorrespondingto the lossof
NO2 andlossof NO from theparentmolecularion.While
monotonicrelationsdo not exist,a trendis foundamong
thesevariables,as well as the Hammettsp constants.
Consequently,the electrondensity in the aromaticring
appearsto havea major influenceon theratio of parallel
reactions leading to the liberation of NO2 and NO.
Figures6 and7 give qualitativemechanisticschemesof
how the electron-withdrawing and electron-donating
propertiesof the substituent,respectively,may have
affected the reaction pathways of the nitro group.
Inductively electron-withdrawing substituents (e.g.
CHO, NO2) weaken the C— N bond, whereas a
resonantly electron-donatingsubstituent (OCH3) will
destabilize the nitrite intermediate and stabilize the
single-bondcleavageproduct.


Whenanelectron-withdrawinggroupis attachedto the
ring, the ring remainsintact during fragmentationdown
to the phenoxyradicalcation.The first evidenceof ring
dissociationis from the C6H4O


�� ion. This finding is in
line with thefindingsof earliermassspectralstudies.35,36


On the other hand,when an electron-donorsubstituent
(CH3O) is present,we observedthat the ring dissociates
beforetheelectrondonorsubstituenthasreacted(Fig. 4).
Hencethe tendencyof the aromaticring to dissociateis
alsosubstituentdependent.


Finally, it is usefulto commentonthepossiblerelation
betweenthis work andthebehaviorof polynitroaromatic
explosivesin the condensedphase.Many such com-
pounds,including 2,4,6-trinitrotoluene,are observedto
producea largeamountof NO comparedwith NO2 when
theyareheatedslowly or flashheated.37,38Whena much
largernumber(19) of substituentsandflashheatingare
used,it is observedthat electron-donatingsubstituents
produce much more NO than electron-withdrawing
substituents.39 It is not possibleto quantitatethis pattern
becauseof the large numberof possibleintermolecular
processesandcompetingsecondaryoxidation–reduction
reactionsin the condensedphasebeforeNO appearsin
the gas phase.The patternof substituentcontrol over
process(1) vsprocesses(2) and(3) foundin thegasphase
is,however,qualitativelyreflectedin thepyrolysisresults
of actualexplosivesin thecondensedphase.


Process(1) hasa fasterrate(onestep)andproducesa
strongeroxidizing agent(NO2) thandoprocesses(2) and
(3) (two stepsandNO astheoxidizingagent).Therefore,


compoundswith electron-donatingsubstituentspara to
NO2 would be less sensitiveto impact initiation than
thosewith electron-withdrawinggroupsin this position.
Although the interactionsamongthesubstituentsaddan
additional complicationin polynitroamaticcompounds,
there is a rough tendency for electron-withdrawing
substituentsto produce more impact sensitivity than
electron-donatinggroups.39
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ABSTRACT: Reactions of 5-(alkoxy)thianthrenium perchlorates (1) with weakly basic nucleophiles Brÿ, Iÿ and
PhSÿ (Xÿ) in MeCN and DMSO led toSN2 substitution,E2Celimination, and reaction at sulfonium sulfur to extents
depending on the structure of the alkoxy group (RO) in1 and the nucleophile. Three types of reaction occurred with
R = cyclopentyl (1a), cyclohexyl (1b), cis- (1c) and trans- 4-methylcyclohexyl (1d) and cycloheptyl (1e), and
Xÿ = Brÿ and Iÿ. That is,SN2 reaction gave RX and thianthrene 5-oxide (ThO),E2Creaction gave cycloalkene and
ThO and reaction at sulfonium sulfur gave X2, thianthrene (Th) and cycloalkanol (ROH). Earlier work with R = Me
(1f) and Et (1g) and Xÿ = Iÿ, Brÿ had shown that onlySN2 reaction occurred. In contrast with reactions of halide ions,
reactions of PhSÿwith 1b–goccurred only at sulfonium sulfur, giving Th, ROH and PhSSPh (DPDS). For comparison
with 1, reactions of Ph2S


�OMe (2) with Iÿ and PhSÿ were carried out. Reaction with Iÿ gave only Ph2S=O and MeI
(SN2). Reaction with PhSÿ gave very little PhSMe (SN2) but mainly Ph2S, MeOH, and DPDS from reaction at
sulfonium sulfur. The differences in nucleophilic pathways (PhSÿ vs Brÿ and Iÿ) in reactions with1 and 2 are
attributed to differences in thiophilicities of the nucleophiles. The thiophilicity of PhSÿ dominates its reactions with1
and 2. The direction toward products (Th, ROH and DPDS) in these reactions is compounded by the ease of
displacement of alkoxide from1 and 2 by PhSÿ, and the ease with which, subsequently, thiophilic PhSÿ attacks
sulfenyl sulfur in the resulting phenylthiosulfonium ion. Copyright 1999 John Wiley & Sons, Ltd.


KEYWORDS: alkoxysulfonium ions; nucleophilic reactions; thiophilic reactions


INTRODUCTION


Alkoxysulfonium salts have been known for about 60
years, since the first one was prepared by Meerwein.1–3


Meerwein’s method, the alkylation of a sulfoxide, is in
fact the one frequently used for preparing methoxy- and
ethoxysulfonium salts, utilizing commonly available
trimethyl- and triethyloxonium salts as alkylating
agents.4 Recently, we found that thianthrene cation
radical perchlorate (Th��ClO4


ÿ) reacts easily with a
variety of primary and secondary alcohols (Scheme 1),
permitting the isolation of crystalline 5-(alkoxy)thian-
threnium perchlorates (1).5–7 The availability of these
salts allowed us to begin a systematic study of their
reactions with nucleophiles. We found, for example, with
the use of 18O labeling, that water reacted with 5-
(cyclohexyloxy)thianthrenium perchlorate at sulfonium
sulfur, producing thianthrene 5-oxide (ThO) and cyclo-
hexanol.5 Reactions of1 containing acyclic primary and
secondary alkyl groups (R) with bromide and iodide ions
were different, however. The major products were alkyl
halide and ThO [Scheme 2, Eqn. (1)]. The products and


the rates of reaction (with primary and isopropyl R)
indicated that these reactions wereSN2 displacements.
Small amounts of two side reactions were also observed.
One [Eqn. (2)] was an elimination that gave alkene and
ThO, and the other [Eqn. (3)] was reaction at sulfonium
sulfur that gave thianthrene (Th), halogen and the alcohol
(ROH).7


We have continued with studies of reactions of
nucleophiles with1 and report here the reactions of1a–
e with Brÿ and Iÿ (Scheme 2) in which R is cyclopentyl
(1a), cyclohexyl (1b), cis- (1c) and trans-4-methylcy-
clohexyl (1d) and cycloheptyl (1e). As shown in Scheme
2, these reactions encompassed substitution [Eqn. (1)],
elimination [Eqn. (2)] and halogen formation [Eqn. (3)].
We also studied reactions of1b–ewith thiophenoxide ion
(PhSÿ). In contrast with halide ion reactions, those with
PhSÿ occurred only at sulfonium sulfur, with the
formation of Th, cycloakanol (ROH) and diphenyl
disulfide (X2 = DPDS). For comparison with reactions
of 1 having cycloalkyl R, we studied also reactions of 5-
(methoxy)- (1f) and 5-(ethoxy)thianthrenium perchlorate
(1g) with PhSÿ. For further comparison with reactions of
1, we studied reactions of methoxydiphenylsulfonium
tetrafluoroborate (2) with Iÿ and PhSÿ.


Studies of reactions of alkoxysulfonium ions with
nucleophiles are by no means new. The largest systematic
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studieshavebeenin reactionsof hydroxideion, alkoxide
ions and alcoholswith methoxy- and ethoxysulfonium
ions (sincethosestudieswereusedin characterizingthe
exchangeof alkoxy ligands at the sulfur atom), the
racemizationof sulfoxidesandtheoxidationof alcohols
to aldehydesandketones.2,4,8–12As far aswe areaware,
systematicor deliberatestudiesof reactionsof alkoxy-
sulfoniumions with halide ions havenot beenreported.
Reactionsof chloride and bromide ion with particular
alkoxysulfonium ions, coincidental,for example,with,
andarisingfrom studiesof, oxidationsof alcohols,have
beenreported,13–16 and we shall refer further to these
reactions.We shallreferfurther,also,to thereductionof
sulfoxidesby HI17 and the role of halide ions in the
racemizationof sulfoxides,18 and in the exchangeof
ethoxidegroupsin anethoxysulfoniumion.19 Reportsof
reactionsof alkoxysulfoniumions with thiolate ions are
also not numerous.Oae and Kim20 have reportedthe
reaction of ethoxydiphenylsulfonium tetrafluoroborate
with p-tolyl thiolateandKobayashiandco-workers21,22


havereportedreactionsof arylmethylmethoxysulfonium


saltswith PhSÿ. We shall refer to thesereactionsalso.
We have been unable to find any other reports of
reactionsof thiolateionswith alkoxysulfoniumsalts.


RESULTS AND DISCUSSION


Reactions with Iÿ and Brÿ


Reactionswere carriedout in dry acetonitrile(MeCN).
Thesourceof Iÿ wasKI. Two sourcesof Brÿ wereused.
BecauseKBr is not sufficientlysolublein MeCN, it was
used,asoneof thesources,in thepresenceof 18-crown-6
(18C6). A second source was tetrabutylammonium
bromide(TBAB). Reactionproducts,exceptI2 andBr2,
were assayedwith quantitative gas chromatographic
(GC) analysis.Becausesalts such as 1a–g decompose
wheninjectedinto a hot gaschromatographinlet,5 it was
necessaryto ensurethatreactionwascompletebeforethe
final assaywasmade.To do that, assaysof the reaction
mixturesolutionweremadeattimedintervalsuntil, when
reaction appearedto be complete, completion was
verified by injecting a small amountof aqueousK2CO3


into the reaction solution. Salts such as 1a–g are
converted into ThO and ROH by aqueousK2CO3.
Therefore,completionof reactionwith halide ion was
indicatedby invariantassaybeforeandafter injectionof
aqueousK2CO3. In Tables1 (for Iÿ) and2 (for Brÿ) only
the final assayof the dry reactionsolution is reported.
Iodine wasassayedby titration of an aliquot of solution
afteradditionof aqueousK2CO3. Assayof Br2 couldnot
be made directly, and therefore it was assayedafter
conversioninto I2 by additionof KI.


Reactions with Iÿ. Six productsare listed in Table 1:
cycloalkene (ene), cycloalkyl iodide (RI), ThO, Th,
cycloalkanol(ROH)andI2. Theamountof enewassmall
(6.6%) and the amountof RI large (89%) from 1e. In
contrast,theamountof enewaslarge(about50%)andRI
small (2–6%)from 1b andc. From 1a, 21% of eneand
55%of RI wereobtained,whereasfrom 1d, theamounts
were approximately35 and 38%. It is apparentthat 1e


Scheme 1


Scheme 2
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behavedmuchlike a primarysalt7 in undergoingmainly
SN2 displacement,whereas1a andd to someextent,and
1b andc to major extents,succumbedto elimination.


Theduality of pathways,substitutionandelimination,
reportedin Table1 (andTable2),andoccuringto amuch
lesserextent in our earlier work, parallels competing
substitution and elimination that was uncovered in
reactionsof alkyl halides and tosylateswith weakly
basicnucleophilesabout40 yearsago.The elimination
reactionis a lesserknownbutwell recognizedpartof the
spectrumof E2 eliminations. When first reported by
Winstein et al.23 with cyclohexyl substrates,it was
called, for want of a betterunderstanding,the ‘merged’
mechanism,connotingan elimination that occurredin a
pathway destined for SN2 substitution. Thus, this
eliminationaccompaniedSN2 reactionsof weaklybasic,
good nucleophiles,and gave rise to the classification,
albeit somewhatcontroversially,E2C elimination.24–26


This is theeliminationthat iodideion causesin reactions
with 1a–e, muchmorepronouncedthanwasobtainedin
our earlier work with primary and acyclic secondary
alkyloxy groups.7 The data in Table 1 show that E2C
reactionbecomesmore competitivewith SN2 on going
from cycloheptyl to cyclopentyland, lastly, cyclohexyl
alkyl groups.Reactionswith the cyclohexylcompounds
1b–d areparticularlystriking in that theyparallelresults
reportedyearsagofor cyclohexylhalidesandtosylates.
That is, Winstein et al.23 noted that cis-4-tert-butylcy-
clohexyl tosylategavemoreenethanthe trans isomerin
reactionswith Iÿ, Brÿ andPhSÿ. Eliel andHaber27 found
in reactionswith PhSÿ that the rateof elimination from
cis-4-tert-butylcyclohexyl bromide was 66 times faster
than from the trans isomer.In thosecis substrates,the
leaving group is axially oriented. That is also the
orientationof the thianthreniumoxygroupin the ring of
1c,6 andTable1 showsthatmoreene(52%) is obtained
from the 1c thanfrom its trans isomer,1d (35%).Thus,
1c and d have the characteristicsof E2C reactions
observedearlier with much simpler substrates.It is
noticeablethat the amountsof eneand RI formed also


from the cyclohexyloxy salt (1b) are similar to those
formedfrom 1c ratherthan1d, which hasan equatorial
thianthreniumoxygroup.At first sight,thiswaspuzzling,
sincethe dominantorientationof the thianthreniumoxy
groupin cyclohexyl ring of 1b is equatorial.6 However,
1b, butnot1candd, undergoesring inversionin solution,
and at room temperatureapproximately30% has the
axially oriented thianthreniumoxygroup.6 We deduce,
therefore,that the axial conformer reacts in the E2C
mode more rapidly than the equatorialconformer, as
found by earlier workers with simpler systems,thus
leading1b into a patternof reactioncomparableto that
for 1c. It is apparentthat, in SN2/E2C terminology,ThO
is a good leaving group, and that the cyclopentyl and
cycloheptylrings of 1a ande allow moreeasilyfor SN2
displacementthanthecyclohexylsystems1b–d. Wehave
notbeenableto find studiesof or referencesto E2C-type
reactionswith cyclopentyl and cycloheptyl derivatives
comparableto thoseof cyclohexylhalidesandtosylates.


Reactionsthat give RI and enemust also give ThO
[Eqns(1) and(2)]. Therefore,thesumof theyieldsof RI
and ene should equal the yield of ThO. That this is
reasonablycorrect in our resultsis shownby the ratio
(RI� ene)/ThOin Table1.


Earlier,we notedthatalthoughwe havenot beenable
to find systematicstudiesof reactionsof halideionswith
alkoxysulfonium salts in the literature, reactions of
chloride and bromide ions with particular alkoxysulfo-
niumionshadbeenreportedbyCoreyandco-workers.13–16


The reactions originated in studies of oxidation of
primary and secondaryalcoholsthroughthe agencyof
analkoxydimethylsulfonium ion (5) formed in situ from
a chlorosulfoniumchloride(3) and/orsuccinimidosulfo-
niumchlorideandbromide(4, Scheme3). Coreyandco-
workers noted that in some cases oxidation was
accompaniedby or supersededby halogenation,with
the formation of R1R2CHX and Me2SO. For example,
when the succinimidochloride 4 was used,benzhydrol
and2-cyclohexenolgavethe correspondingalkyl chlor-
ides ratherthan the ketones.13 Reactionat ÿ25°C with


Table 1. Products of reactions of 1a±e with KI


Product(%)


Compound ene RI ThO Th ROH I2
a Ratiob


1a 21 55 78 19 c 17 0.97
1b 53 6.0 55 44 43 43 1.07
1cd 52 2.5e 52 48 46 47 1.05
1df 35 38 76 23 21 23 0.96
1e 6.6 89 95 5.4 tr 5.3 1.01


a Yield (%) basedon startingamountof 1.
b Sumof (ene� RI)/ThO.
c Peakoverlappedwith solvent.
d Averageof two experiments.Errorsin tabulatedaverageswere2.0 (ene),0.6 (RI) and1.0 (all otherproducts.
e Assaybasedon responsefactor for cis-(4-methyl)iodocyclohexanebecausepuretrans isomercould not beprepared.
f Averageof two experiments.Errorsin tabulatedaverageswere1.0 (eneandI2), 2.0 (RI andTh), 3.0 (ThO) and4.0 (ROH).
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benzhydrol,2-cyclohexenoland benzyl alcohol in the
absenceof triethylaminegave,in fact, >95% yields of
alkyl chlorides.14 Analogously,geraniolwas converted
into geranyl bromide with the use of N-bromosuccini-
mide. Corey and co-workers attributed alkyl halide
formation to cases in which the sulfoxonium ion
intermediate(5, Scheme3) is relatively unstable14 and
contains alcohols which correspond with stabilized
carbocations.13,15


An analogouschlorination has been reported by
JohnsonandJones29 in theformationof alkoxysulfonium
ions by the oxidation of sulfides with tert-butyl- and
isopropyl hypochlorites at ÿ78°C. The initial tert-
butoxy-andisopropyloxysulfoniumchlorideswerefound
to be too unstableto be isolated,but could be stabilized
into isolable hexachloroantimonates by the addition of
antimonychloride. Without this stabilizationthe initial
salts decomposedinto sulfoxide and tert-butyl- and
isopropyl chloride; quantitative data for chloroalkane
formationwerenotprovided.Obviously,theformationof
tert-butyl chloridecouldnotbefrom anSN2 displacement
and, by analogy,isopropyl chloride was not formed in
that way either.The mechanismof chloroalkaneforma-
tion in thesecasesremainsunidentified.


It is evident that our reactionsof 1 with iodide (and
bromide)ion differ from the halogenationsaccompany-
ing theseoxidationreactions.That is, our first reportof
alkyl halideformationwaswith examplesof 1 thatwere
not unstablein solutionandthat containedprimary and
acyclic secondaryalkyl groups unlikely to represent
stabilizedcarbocations.In thosereactionsthe ratesof
formation of primary alkyl halides clearly fitted SN2
characteristics.Furthermore,5-(neopentyloxy)thianthre-
nium perchloratefailed to give neopentyl-or any other
alkyl iodide, a finding that was consistentwith SN2
characteristicsof alkyl iodide formation. In our present
work, the behaviorof the cyclohexyloxysalts1b–d fit
clearlyinto theSN2/E2C dualityof earlierreports.In only
onerespectareCoreyandco-workers’resultsanalogous
to ours,andthatis thatsaturatedalcohols,ordinarily inert
to conversioninto halidesin competitionwith oxidation,
could be convertedduring lengthyreactiontimes in the
absenceof triethylamine. Thus, cyclohexylmethanol
gave 43% of the chloride after 100h at 5°C, while
cyclohexylmethanoland 2-phenylethanolgave 70% of
the bromides after 36h at 20°C in reaction with
derivative4.14 Thesereactionswould appearto be SN2
displacementsanalogousto ours.Coreyandco-workers
commentedthat the useof reagentsderivedfrom other
sulfides may extend the scope of their halogenation
reaction. Our use of the isolable alkoxythianthrenium
saltsfulfils thatprognosis,at leastinsofarasprimaryand
acyclicsecondaryalkyl groupsareconcerned.Suitedalso
to halideformationis themethoxydiphenylsulfoniumion
(2), whichasthetetrafluoroborategavemethyliodideand
diphenylsulfoxidequantitativelyin reactionwith iodide
ion (seeExperimentalsection).


Table 1 lists three more products,Th, ROH and I2.
Thesecomefrom athird typeof reactionof compounds1
with halide ion, namely reaction at the sulfur atom
(Scheme4). This reactionwasobservedto asmallextent
in our earlierwork,7 but is seenhereto be significantin
reactionsof thecycloalkoxyderivatives.It occursto the
greatestextentwith 1b andc, in which, seemingly,SN2
displacementis the most difficult. Thus, reaction at
sulfur, as with elimination, competeswith the SN2


Scheme 3


Scheme 4
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reaction.Reactionat sulfurshouldgiveequalamountsof
Th,ROHandI2, andthis is borneoutby thedatain Table
1.


Reactions with Brÿ. Thesereactionswerewith 1a,b and
e, and the sourceof bromide ion was either potassium
bromidein the presenceof 18-crown-6or tetrabutylam-
moniumbromide.In analogywith iodide ion reactions,
threepathwayswereobserved(Scheme2). Thedominant
pathwaywith the cyclopentyloxy(1a) and cyclohepty-
loxy (1e) derivativeswas bromoalkaneformation.This
was the minor pathwaywith the cyclohexyloxyderiva-
tive (1b). Instead,eliminationandreactionat sulfonium
sulfur werethemajor fatesof 1b. A complicationin the
reactionof 1b wastheadditionof Br2, formedasin Eqn.
(3), to cyclohexeneformed as in Eqn. (2) (Scheme2),
giving trans-1,2-dibromocyclohexane, designatedRBr2
in Table 2. It is possible that small amounts of
dibromocycloalkane were formed also from 1a and e
but we did not searchfor thoseproducts.In terms of
stoichiometry,therefore,the sum of the yields of ene,
RBr andRBr2 shouldequalthe yield of ThO. We have
expressedthat equality as a ratio in Table 2. Also, the
yieldsof Th andROH shouldeachequalthe sumof the
yields of Br2 plus RBr2. This is also shown to be
approximatelythecasein Table2.


The summary,then,of our reactionsof 1 with Iÿ and
Brÿ andof methoxydiphenylsulfoniumion with Iÿ is that
SN2 displacementof an alkyl group prevails until
inhibited by structural features of the alkyl group,
whereuponE2C reactionand reactionat sulfur become
significant.Reactionat sulfur is shownin Scheme4 to
leadto asulfurane(6). Thesulfuraneitself mayreactwith
halide ion, or as proposedby othersin other reactions,
17a,bmay lead to a halosulfoniumion (7), from which
productsareformed.Thelossof analkoxygroupfrom an
alkoxysulfonium ion in reactionwith a nucleophilehas
been describedas facile in even the early work of
Meerwein.30 We are unableto distinguishbetweenthe
two pathways.


Reactions of halide ions at the sulfur atom of
oxysulfonium ions, with concomitant formation of a
sulfurane intermediate, have been proposed earlier.
Examples include the racemizationof sulfoxides by
HCl18a and the exchangeof a sulfoxide’s oxygenatom
with water,catalyzedby HCl.18b Landini and co-work-
ers,17a,binterestingly,foundthat iodide ion in perchloric
acidsolutioncausedthereductionof sulfoxides,whereas
bromide and chloride ions under the same condition
causedonly racemization.In all of thesecases,reaction
wasinitiatedby theattackof halideion at thesulfuratom
of the protonatedsulfoxide, that attack being, in fact,
identified as the rate-determiningstep.17a,b Our results
differ alittle from thoseof Landiniandco-workersin that
both iodideandbromideion causedto someextentwhat
is in effect the reductionof compounds1, whereasonly
iodide caused the acid-catalyzedreduction of sulf-
oxides.17a The sameworkersreportedan order in thio-
philicities of the halide ions, Clÿ, Brÿ, Iÿ as 1:3:87.
Similar ordering in the thiophilicities of halide ions
havebeenlisted by Kice31 for catalysesof reactionsof
nucleophilesat sulfenyl and sulfynyl sulfur atoms. In
analogywith suchcaseswemightexpectin our reactions
that iodide would give muchmoreTh andhalogenthan
bromideion in reactionswith 1. Thatexpectationis seen
only in reactionsof 1a, however. It may be that the
expectedorder in thiophilicities is compromisedby the
complexityof our competingreactionsystems.


Reactions with PhSÿ


Reactionswerecarriedout in MeCN andDMSO over a
period of 2 h. Completion of reaction was verified in
somecasesby following separatelythedisappearanceof
the sulfonium ion with NMR spectroscopy.A small
excess of sodium thiophenoxide (PhSNa) over the
amountof sulfoniumsalt(1 and2) wasused,correspond-
ing to thestoichiometryof Schemes5 and6. Thiophenol
(PhSH), approximately equivalent to the amount of


Table 2. Products of reactions of 1a, b and e with bromide ion


Product(%)


Compound Sourcea of Brÿ ene RBr RBr2 ThO Th ROH Br2 Ratiob


1a TBAB tr 89 —c 94 5.1 —d 6.2 0.95
1a KBr–18C 1.5 89 —c 100 3.5 —d 2.0 0.91
1be KBr–18C 3.9 4.2 43 55 45 45 8.2 0.93
1ef TBAB 1.0 89 —c 93 8.9 1.3 9.6 0.97
1eg KBr–18C 0 97 —c 97 5.1 3.7 —c 1.00


a TBAB is tetrabutylammoniumbromide;KBr–18C is potassiumbromide� 18ÿcrown-6.
b Sumof (ene� RBr� RBr2)/ThO.
c Not soughtor measured.
d Peakoverlappedwith solvent.
e Averageof two experiments.Errorsin tabulatedaverageswere2.4 (ene),0.6 (RBr), 1.0 (RBr2 andThO), 2.0 (Th), 3.0 (ROH) and4.8 (Br2).
f Averageof two experiments.Errorsin tabulatedaverageswere1.0 (ene),5.0 (RBr), 3.0 (ThO), 4.1 (Th), 1.3 (ROH) and3.4 (Br2).
g Averageof two experiments.Errorsin tabulatedaverageswere1.0 (RBr), 2.0 (ThO), 0.3 (Th) and1.8 (ROH).
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PhSNa,wasincludedin all runs.UnlessPhSHwasused,
largeamountsof sulfoxide(ThO from 1, Ph2SOfrom 2)
wereformed.(InsofarasusingaddedPhSHis concerned,
we found that this wasthe practicein oneof the earlier
studies,27 but not in others. Where E2C occurred,of
course,thiol wasformedin situ, aspointedoutby Cooket
al.32 with p-nitrothiophenoxideand by Bordwell and
Mrozack33 with p-methoxythiophenoxide. Routineuseof
anexcessof PhSHwasnotedby Arnoneetal.34 in studies
of SRN1 reactions.)In thepresenceof PhSHtheproducts
of reactionwere substantiallyonly alkanol (ROH), the
parentsulfide (Th from 1, Ph2S from 2) and diphenyl
disulfide(DPDS).Noneof the SN2 product(PhSR)was
obtainedfrom reactionsof 1 and only small amounts
from reactionsof 2. PhSHitself did not reactwith the
alkoxysulfonium salts.Theresultsarelistedin Tables3–
5. In theseTables,the yieldsof products,exceptDPDS,
are from GC analysesof reactionsolutions.Becausean
excessof PhSNaandPhSHwasused,theyieldsof DPDS
were assayedby GC but only after PhSH and unused


PhSNahad beenremovedas describedin the Experi-
mentalsection.We wereableto assaywithout difficulty
theformationof cycloalkanolsfrom reactionsof 1b–ein
MeCN,andof MeOHandEtOHfrom reactionsof 1f and
g and2 in DMSO.Directassayof MeOHandEtOHfrom
reactionsof 1f andg and2 in MeCN werenot possible,
apparentlybecauseof the insolubility of NaOMe and
NaOEt in MeCN. Thesealkoxideswere not converted
into the alcohols in these circumstances.Conversion
resistedtheadditionof a largeexcessof PhSH,andwas
achievedonly with the addition of a small amountof
water (0.2ml) to the reaction solution (10ml) after
reactionwascomplete.Assayof MeOH by GC wasthen
successfuland is reportedin Tables4 and 5. Assayof
EtOH wasnot possibleevenwith this treatmentbecause
the GC peak overlappedthat of MeCN. Somecontrol
experimentsonthefateof sodiumalkoxidesin MeCNare
includedin the Experimentalsection.We concludethat
the formationof cycloalkanolfrom 1b–e in MeCN was
driven to completionby reactionof PhSHwith soluble


Scheme 5


Scheme 6


Table 3. Products of reaction of 1b±e with PhSNa


Product(%)a


Run Compound ROHb Thb DPDSb,c ThOd


1 1b 99 94 105 5.1
2 1c 101 94 100 7.7
3 1d 96 96 103 3.7
4 1e 96 97 99 6.2


a Average of two experimentswith 1b–d and three with 1e. All
experimentswerein MeCN at roomtemperature.
b Errorsin tabulatedaverageswere1–5.
c After separationby columnchromatography;GConcolumnA. Yield
is basedon thestoichiometryof Scheme5.
d Errorsin tabulatedaverageswere3.3 (1b), 4.1 (1c), 1.6 (1d) and1.0
(1e).


Table 4. Products of reaction of 5-methoxy- (1f) and 5-
ethoxythianthrenium perchlorate (1g) with PhSNa


Product(%)a


Run Compound Solvent ROHb Th DPDSd ThO


1 1f DMSO 98 99 104 1.7
2 1f MeCN 105 99 105 2.5
3 1g DMSO 96 99 102 1.0
4 1g MeCN c 95 103 4.2


a Averageof threeassaysin eachrun.Theaverageerrorsfor assaysof
ROH, Th and ThO were: (run 1) 0.05,1.7, 0.18; (run 2) 0.93,0.30,
0.15;(run3) 0.03,1.3,0.22;(run4) –,0.12,0.18.In all experimentsthe
molar ratio of PhSNato 1 was ca 2.5, and PhSHequivalentto the
amountof PhSNawasalsoused.
b On columnE.
c EtOH overlappedthe solventin GC traces.
d After separationby columnchromatography;GConcolumn A. Yield
is basedon the stoichiometryof Scheme5.


Table 5. Products of reaction of methoxydiphenylsulfonium
tetra¯uoroborate (2) with PhSNa


Product(%)


Run Solvent MeOHa Ph2S
b DPDSc Ph2SOb PhSMeb


1 MeCN 98 98 110 tr 1.6
2 DMSO 94 89 102 9.7 3.1


a ColumnE wasused.An averageof threeassaysis givenwith errors
2.1%(run 1) and1.0%(run 2). MeOH wasfound in run 1 only after
adding 0.2ml of water to the suspensionbefore assay.MeOH was
foundandassayedin run 2 without additionof water.
b ColumnA wasused.An averageof threeassaysis givenwith errors
in yields (%) for Ph2S, Ph2SO, PhSMe,respectively,of 0.80,–,0.03
(run 1) and0.40,0.17,–(run2).
c After separationby columnchromatograph;GC on columnA. Yield
is basedon the stoichiometryof Scheme6.
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alkoxide.Theformationof MeOHandEtOHfrom 1f and
g and2 in DMSOwassimilarly drivenor mayhavebeen
driven to completionby small amountsof water in the
incompletelydriedsolvent.


Reactions with 1b±e


Table3 showsthesubstantiallyquantitativeformationof
cycloalkanol,Th andDPDS.Smallamountsof ThOwere
obtained.In principle,ThOshouldbeformedfrom either
SN2 displacementof the cycloalkyl groupor from E2C
elimination, but no indicationsof PhSRand ene were
foundin theGC traces.Thesereactionsof 1b–earethus
in greatcontrastwith thoseof the halide ions, in which
SN2 and E2C were dominant. The reactionsare also
unlike thoseof cyclohexylhalidesandtosylateswith aryl
thiolates.For example,Eliel and Haber27 found almost
equal amountsof substitution and elimination in the
reactionsof PhSÿ with bromocyclohexaneandcis- and
trans-4-(tert-butyl)bromocyclohexane, the ratio of rates
for the two reaction types being 1.13, 1.04 and 1.17,
respectively.Reactionof cis-4-tert-butylcyclohexyl to-
sylategave40% of 4-tert-butylcyclohexene.27 The last
reactionin thehandsof Winsteinandco-workers23 gave
48% of elimination. McLennan28 obtained 55% of
cyclohexenefrom reactionof PhSÿ with bromocyclo-
hexane.We repeatedthat reactionandconfirmedthat in
our hands, too, large amounts of cyclohexenewere
formed (seeExperimentalsection).Bordwell and Mro-
zack33 reportedthat,whereas9-methylfluoreneanionled
to >90% substitution,and 6-bromo-2-naphthoxideion
led to >90% elimination, in reactionwith bromocyclo-
hexane, 4-methoxythiophenoxideion caused equal
amountsof substitutionandelimination.Thus,although
our compounds1b–d can be regardedas cyclohexanes
carrying a good leaving group (ThO), they have no
propensityto engagein the SN2 andE2C reactionsthat
suit a good leaving group. The nucleophilic natureof
PhSÿ is such that, instead, given the opportunity, it
prefersto reactwith 1b–d at sulfoniumsulfur.


Reactions with 1f and g and 2. Preferencefor reaction
at sulfoniumsulfur is alsoseenin the reactionsof PhSÿ


with 1f,g (Table4) andwith methoxydiphenylsulfonium
tetrafluoroborate(2, Table5). Wechose1f andg because
we had found earlier7 that they underwentalmost total
SN2 reactionwith Iÿ and Brÿ. In contrast,eachgave


quantitativeamountsof Th, ROH andDPDSin reaction
with PhSÿ. Noneof the displacementproducts,PhSMe
andPhSEt,werefound.Wechoseto work with 2 soasto
characterizethe modeof reactionof simpleralkoxysul-
fonium salts with PhSÿ and Iÿ. Reactionwith Iÿ (see
Experimentalsection)gave98–99%of MeI andPh2SO,
indicative of SN2 displacementof methyl. Only small
amountsof diphenyl sulfide (Ph2S) were formed, that
wouldbeconsistentwith reactionatsulfur.Reactionwith
PhSÿ, however(Scheme6), gavepredominantlyPh2S,
MeOH and DPDS. About 9% of ThO was formed in
reactionin DMSO, suggestiveof SN2 displacement,but
only 3.1%of PhSMewasfound(Table5).


Ourresultsshowthatin contrastwith halideionsPhSÿ


hasa strongpreferencefor reactionat sulfur in reactions
with 1 and2. OaeandKim20 foundanalogouslythatonly
Ph2S (90%) and p-tolyl disulfide (80%) were formed
whenp-tolyl thiolate reactedwith ethoxydiphenylsulfo-
niumtetrafluoroboratein anhydrousethanol.Therelative
thiophilicity of PhSÿ comparedwith halideionsis all the
morenoteworthywhenrelatedto the carbonnucleophi-
licity of thesenucleophiles.For example,the ratio of
reactivitiesPhSÿ/Iÿ in methanolsolutiontowardmethyl
tosylate(MeOTs)is 321andtowardmethyl iodide(MeI)
it is 313.35,36 In sulfolane solution, this ratio of
reactivities toward MeI is 37000.37 The ratio for
displacementof methyl from cobalt-boundmethyl in
methyl cobalt(III)phthalocyanine in dimethylacetamide
solutionis 41000.37 Intrinsically, therefore,especiallyin
analogywith reactionwith MeOTs, one would expect
PhSÿ to reactmoreeasilythanIÿ (andBrÿ) at thealkyl
group and displaceThO from 1 and Ph2SO from 2.
Reaction at both sulfonium sulfur (43%) and carbon
(12%)did ocurin reactionof PhSÿ with methoxymethyl-
p-tolylsulfonium tetrafluoroborate (8) in dichloro-
methane(Scheme7).21 In that case, methoxide ion,
displaced from the methoxysulfonium ion by PhSÿ,
reactedfurther with 8 to give dimethyl ether.No such
reactionwasfound in our work.


Thecollectivedatashowthatreactionof PhSÿwith the
sulfur atomof an alkoxysulfoniumion is very facile. In
terms of Scheme4, the sulfurane(6) and phenylthio-
sulfonium ion (7) are formed preferably. Once 7 is
formed, furthermore,it must reactrapidly with thiolate
ion irreversibly.Measurementsof thiophilicity of thiolate
ions comparableto thoseof halide ions17a,31,38do not
seemto have beenmade,althoughKice and Rogers39


found that SCNÿ reactedmore rapidly than Iÿ at the
sulfenyl sulfur atom of PhSS�(OH)Ph. Edwards and
Pearson40 notedthat,amongnucleophiles,RSÿ andPhSÿ


rank high in their ability to breaka sulfur-sulfur bond,
while Kice31 deducedthationssuchasR2S


�SPhundergo
nucleophilicsubstitutionat sulfenyl sulfur with tremen-
dousalacrity. More recentreportshavebroughtout the
very facile, SN2-like natureof the attackof thiolateions
on thedisulfidebond,41 from which, by comparison,the
even more facile SN2-like displacementof sulfonium


Scheme 7
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sulfur (e.g. in 7) by thioloate would be expected.The
summationof ourwork andtheearlierreports20–22is that
thiolate ions react selectively at the sulfonium sulfur
atomof alkoxysulfoniumions,facilitated,perhaps,by the
facile expulsionof thealkoxy group.20 Oncethatoccurs,
it is followed by anothervery facile product-forming
reactionof thiolateat thesulfenyl sulfur atomof (in our
cases)a phenylthiosulfoniumion.


EXPERIMENTAL


Solventsweredriedasdescribedearlier.6 Cycloheptanol,
iodocyclohexane, bromocyclopentane,bromocyclohex-
ane, bromocycloheptane and trans-1,2-dibromocyclo-
hexane were obtained from Aldrich Chemical and
cyclopentanolfrom ArapahoeChemical.Iodocyclopen-
tanewasprepared42 by reactionof cyclopentanol(1.0g,
12mmol) with iodotrimethylsilane(5 g, 25mmol) in
40ml of CH2Cl2 andwaspurified by columnchromato-
graphyon60–100-meshsilicagelwith pentaneaseluent,
giving 0.62g (3.16mmol, 26%) of product with a
satisfactory1H NMR spectrum.Iodocycloheptanewas
preparedsimilarly and was distilled after chromatogra-
phy failed to give a satisfactoryproduct, giving 1.4g
(6.25mmol, 71%), b.p. 56–57°C (2 mmHg); lit.43 b.p.
92°C (14mmHg). cis-(4-Methyl)iodocyclohexanewas
prepared from trans-4-methylcyclohexanol (830mg,
7.28mmol) andiodotrimethylsilane(2.90g, 14.5mmol)
in 40ml of CHCl3. Only a small amountof productwas
obtained after 2 days of stirring, and stirring was
continuedat room temperaturefor 20 days.Iodine was
removedby washingwith sodiumthiosulfateandwater.
Evaporationof the dried solution and distillation gave
460mg (2.05mmol, 28%) of product, b.p. 45–46°C
(2 mmHg). The product had a satisfactory 1H NMR
spectrumcorrespondingto the cis structure,concordant
with themechanismof formation.42 Attemptsto prepare
trans-(4-methyl)iodocyclohexane from cis-4-methylcy-
clohexanol gave a mixture of cis- and trans-iodides.
Physicaldatafor theisomericiodidescouldnot befound
in theliterature.Cyclohexylphenylsulfidewasprepared
by reactionof iodocyclohexanewith PhSNa,and was
separatedfrom DPDSby chromatographyonacolumnof
silicagelelutedwith light petroleumether,b.p.37–56°C.
The product44 had a satisfactory1H NMR spectrum.
Methoxydiphenylsulfonium tetrafluorborate(2) waspre-
pared as described earlier.4 Sodium thiophenoxide
(PhSNa)waspreparedby reactionof thiophenol(PhSH)
with dispersedsodium in boiling diethyl ether under
argon.The product(95%) wasfiltered andwashedwith
dry diethylether.It wascompletelysolublein MeOHand
DMSO but only partly solublein MeCN. For example,
21mg remainedundissolvedwhen 66mg in 10ml of
MeCNweretreatedwith asonicvibrator.Similarly, 36%
remainedundissolvedwhen18-crown-6wasincludedin
a heatedsolution. The recoveredsolid was itself only


partly soluble in fresh MeCN. We did not proceed
further. The insolubility of PhSNain MeCN has been
notedearlier.45 Thermogravimetricanalysisshowedthat
thePhSNadid notcontainvolatilematerialsuchaswater.


Preparation of 1a±g. The preparationsof 1b–d, f andg
from reactionsof thianthrenecation radical perchlorate
(caution: a warning about explosivenesshas been
given46) havealreadybeendecribed.6,7 Compounds1a
(66%) and 1e (69%) were preparedsimilarly and had
m.p. (decomp.)63–68and70–71°C, respectively.Each
hadthecharacteristicaromatic1H NMR spectrumof a5-
(alkoxy)thianthreniumperchlorate.6,7 The multiplet for
H-1' of 1aat� 5.12andof 1eat� 4.84were,asexpected,
approximately0.8ppmdownfieldfrom thesignalsof the
correspondingalcohols.


Assays of products. Products of reaction (except
halogen)of 1a–ewith halide ions wereassayedby GC
on a Varian Model 3700 gas chromatographand a
Spectra-PhysicsModel 4290 integrator–recorder.Three
stainless-steelpackedcolumnswereused,eachof 1/8 in
i.d.: A, 10%OV-101on80–100-meshChrom-WHP,4 ft;
B, 10% Carbowax20 M on Chrom-WHP,6 ft; C, 10%
OV-17 on 80–100-meshChrom Q11, 6 ft. ColumnsA
andC wereheldat 50°C for 2 min andrampedto 250°C
at 12°C minÿ1; column B was heatedsimilarly, but to
only 100°C. Assaysof productsof reactionswith PhSNa
weremadewith columnA andwith two othercolumns:
D, capillarySE-54(SupelcoNo. 2-4001)andE, capillary
SPB-20 (Supelco No. 2-4086). Each was 30 m�
0.25mm i.d., film thickness0.25mm. D was heatedat
50°C for 2 min andrampedat 12°C minÿ1 to 250°C; E
washeatedsimilarly andrampedto 100°C. In all cases
the injector wasat 250°C anddetectorat 300°C.


Reactions of 1 with KI. An exampleis given with 1a
(entry 1, Table 1). A solution of 1a (44.0mg,
0.110mmol) and KI (46.9mg, 0.394mmol) in 5 ml of
MeCN containingboth naphthaleneand 2-butanoneas
GC standardswasstirredin a septum-cappedvolumetric
flask.Aliquots weretakenfor GC analysisafter 35, 140
and280min of stirring,afterwhich0.3ml of 2 M K2CO3


was injected. Stirring was continued for 2 h and GC
analysiswasrepeated.Theproducts(mmol� 102) of the
third and fourth (in parentheses)assayswerecyclopen-
tene2.30 (2.20), iodocyclopentane 6.00 (6.00),Th 2.10
(2.13) and ThO 8.60 (8.80). Cyclopentanolwas not
assayedbecauseits GC peakwastoo broadandshallow
and overlappedwith the solventpeak.The third assays
arelistedin Table1. An aliquotwastakenafter thethird
assayfor titration of iodine. For this, 0.3ml of K2CO3


was addedto the aliquot and was followed by titration
with Na2S2O3. ColumnE wasusedfor all productsexcept
cyclopentene,for which columnB wasused.


Reactionsof 1b–e were carried out similarly with
small variationsin concentrationsandsamplingtimes.
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Reactions of 1 with TBAB. An exampleis givenwith 1a
(entry 1, Table 2). A solution of 1a (41.6mg,
0.104mmol) and TBAB (115mg, 0.357mmol) in 5 ml
of MeCNcontainingbothnaphthaleneand2-butanoneas
GC standardswasstirredin a septum-cappedvolumetric
flask.Aliquots weretakenfor GC analysisafter 10, 50,
120,285and345min of stirring.Products(mmol� 102)
after the third and fifth (in parentheses)assayswere
cyclopentene trace(trace), bromocyclopentane 9.33
(9.29),Th 0.523(0.530)andThO, 9.92(9.79).The fifth
assaysarelisted in Table2. After 6 h of stirring, 500mg
of KI wereaddedto thesolutionandtheliberatediodine
wastitratedwith Na2S2O3. Theresultis expressedasBr2
in Table 2. Column B was usedfor cyclopenteneand
columnC for all otherproducts.


Reactions of 1 with KBr±18-crown-6. An exampleis
given with 1b (part of entry 3, Table 2). A solution of
427mg(0.103mmol)of 1b in 5 ml of asolutionthatwas
0.0717M in KBr and 0.132M in 18-crown-6 and
containing both naphthaleneand 2-butanoneas GC
standardswas stirred in a septum-cappedvolumetric
flask.Aliquotsweretakenfor GCassayafter10,170,235
and370min. The fourth assayis listed in Table2. After
that assay,500mg of KI wereaddedto thesolutionand
iodine was titrated as usual. Column B was used for
assaying cyclohexene and column C for all other
products.


Reactions of 1 with sodium thiophenoxide in the
presence of thiophenol. An exampleis given with 1b
(part of entry 1, Table 3). A solution of 71.0mg
(0.171mmol) of 1b and45ml (48.3mg, 0.439mmol) of
PhSH in 10ml of MeCN containing biphenyl as GC
standard was stirred with 57.8mg (0.438mmol) of
PhSNa in a septum-cappedvolumetric flask for 2 h.
The solution was assayedtwice on column A giving
in mmol (average)0.169� 0.0015 (99%) of cyclohex-
anol, 0.157� 0.0001 (92%) of Th, 0.0029� 0.0005
(1.7%) of ThO and0.215� 0.002(126%,basedon the
amountof 1b) of DPDS.Following the GC assays,the
solution was pouredinto 50ml of 2 M NaOH and the
aqueoussolutionwasextractedwith 3� 25ml of diethyl
ether.Thedried (MgSO4) ethersolutionwasevaporated
to drynessandthesolid residuewasplacedon a column
of silicagel from which94.3mgof amixtureof biphenyl,
Th and DPDS was eluted with light petroleum.This
mixture wasdissolvedin 5 ml of MeCN andassayedby
GC on columnA to give 0.148mmol (87%) of Th and
0.175mmol (102%,basedon1b) of DPDS.Thisassayof
DPDSis reportedin Table3.


Similar reactionswith 1c–ewerecarriedout. In some
cases,both biphenyl and 2-butanone(for ROH assay)
were used as internal GC standards.In these runs,
columnsA and D were used.Reactionswith 1f and g
were carried out similarly but in DMSO and MeCN
(Table4).


Reaction of methoxydiphenylsulfonium tetra¯uorobo-
rate (2) with sodium thiophenoxide in the presence of
thiophenol. An exampleis givenwith entry2,Table5.A
solutionof 71.9mg (0.237mmol) of 2 and60ml (64mg,
0.582mmol)of PhSHin 10ml of DMSOcontainingboth
biphenyland2-butanoneasGCstandardswasstirredin a
septum-cappped volumetric flask with 76.8mg
(0.582mmol)of PhSNafor 2 h.Thesolutionwasassayed
three times on column A, giving in mmol (average)
0.212� 0.020 (89%) of Ph2S, 0.023� 0.002 (9.7%) of
Ph2SO,0.357� 0.002(151%,basedon theamountof 2)
of DPDS, 0.00745� 0.0009 (3.1%) of PhSMe and
0.222� 0.0036 (94%) of MeOH. Following the GC
assays,the solutionwaspouredinto 50ml of 2 M KOH
andworkedup asdescribedearlier to give 105mg of a
mixture of biphenyl, Ph2S and DPDS. GC assaygave
0.200mmol (84%) of Ph2S and 0.242mmol (102%,
basedon theamountof 2) of DPDS.Thisassayof DPDS
is reportedin Table5.


Reactions of 1b and f and 2 with sodium thiophen-
oxide in the absence of thiophenol. The PhSNawas
crystallizedfrom ethanol,washedwith hexaneanddried
undervacuum.A solutionof 34.0mg (0.0821mmol) of
1b in 5 ml of MeCN containing naphthaleneas GC
standardwas stirred with 35.6mg (0.0270mmol) of
PhSNafor 2 h.GCassaygave0.0524mmol (64%)of Th,
0.0311mmol (38%) of ThO, 0.0771mmol (94%) of
cyclohexanoland 0.0521mmol (63%) of DPDS. An
analogousreactionwith 1f gave55%of Th, 43%of ThO
and62%0f DPDS.The GC peakfor MeOH overlapped
thatfor thesolvent(columnA). Similarly, 2 gave46%of
Ph2S, 54%of Ph2SO,71%of DPDSand53%of MeOH
(columnE). Thesereactionsmaybecomparedwith those
in thepresenceof PhSH(Tables3–5).


Reaction of 2 with KI. A solution of 61.6mg
(0.203mmol) of 2 and 90.8mg (0.547mmol) of KI in
10ml of dry DMSO containing both biphenyl and 2-
butanoneasGCstandardswasstirredfor 2 h in aseptum-
cappedvolumetric flask. CG assayon column A gave
0.198mmol (98%) of Ph2SO and0.200mmol (99%) of
MeI. Tracesof MeOH andPh2S werealsofound.


Reaction of bromocyclohexane with sodium thiophen-
oxide. A solutionof 43.3mg (0.266mmol) of bromocy-
clohexaneand91.6mg (0.694mmol) of PhSNain 10ml
of DMSOcontainingbiphenylasGCstandardwasstirred
for 1 h. GC assaygave0.172mmol (65%) of cyclohex-
ene,0.111mmol (42%)of cyclohexylphenylsulfideand
0.0372mmol (11%) of DPDS. PhSH was formed but
couldnotbeassayedbecauseits GCpeakoverlappedthat
of thesolvent.ColumnA wasused.


Experiments with sodium alkoxides. (a) NaOMe was
preparedasa dry powderfrom reactionof Na with dry
MeOH.A suspensionof 13.8mg(0.256mmol)of NaOMe
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in 10ml of MeCNcontainingtolueneasGCstandardwas
stirredfor 30min.GConcolumnEfailedtodetectMeOH.
PhSH(71mg,0.645mmol) wasinjectedinto thesuspen-
sion and stirring was continuedfor 30min. GC again
failed to detectMeOH. Water(0.2ml) wasinjectedand
stirringwascontinuedfor 30min.A smallamountof solid
remained.GC gave 0.269mmol (105%) of MeOH. A
similarexperimentwith 10.5mg(0.194mmol)of NaOMe
and 1.22g (11.1mmol) of PhSH again gave MeOH
(0.185mmol, 95%) only after the addition of 0.2ml of
water.Thesametypeof experimentswerecarriedoutwith
EtSH.With 10.5mg (0.194mmol) of NaOMeand36ml
(0.484mmol) of EtSH, MeOH (0.192mmol, 99%) was
obtainedonly after the additionof water.Whena larger
amount of EtSH (11.2mmol) was used, MeOH was
detectableagainonlyaftertheadditionof water,butassay
wasthwartedby overlapof theMeOHpeakwith thevery
largepeakfrom EtSH.


(b) The sodiumsalt of cyclohexanolwaspreparedby
heatingNa with cyclohexanolunder reflux. The white
precipitatewasfiltered,washedwith dry diethyletherand
driedundervacuum.To 20.7mg(0.170mmol)of thesalt
wasadded10ml of dry MeCNcontainingnaphthaleneas
GC standard.Most of thesaltdissoved.After stirring for
30min, GC assayon columnA gave0.162mmol (95%)
of cyclohexanol. The experiment was repeatedwith
redried(P2O5) MeCNandagaincyclohexanol(98%)was
foundwithout theneedto addPhSHor water.


Reaction of 1b with PhSH. A solution of 16.2mg
(0.039mmol) of 1b and28.3mg (0.257mmol) of PhSH
was madein 3 ml of CD3CN containingnapthaleneas
GCstandard.Reaction(decreaseof thepeaksof 1b at8.4
and 4.54ppm) had not occurredafter 18h. After the
solutionhadbeenheatedfor 1 h at 100°C, GC showed
cyclohexene,ThO,PhSHandDPDS.A solutionof 1b in
MeCNgaveThO (105%)andcyclohexene(100%)when
injectedinto thehot GC inlet.
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ABSTRACT: The solvolysis rates of 1-aryl-1-(p-methoxyphenyl)-2,2,2-trifluoroethyl and 1-aryl-1-(p-phenoxyphe-
nyl)-2,2,2-trifluoroethyl bromides and chlorides were conductimetrically measured at 25.0°C in 80% aqueous
ethanol. The solvolysis rates of 1-(p-methylphenyl)-fixed series were also set up to analyze the substituent effect. The
substituent effects on these Y-series of solvolyses were analyzed on the basis of the Yukawa–Tsuno equation. Thep-
methoxyphenyl-fixed series showed a linear correlation withr =ÿ1.7 andr = 1.0 for the substituent range less
reactive thanp-Me including allmetasubstituents, and a discrete correlation withr =ÿ3.9 andr = 1.26 for the strong
p-donor class substituents more reactive thanp-PhO. A similar bilinear correlation was obtained for the Y =p-PhO
series. The partial correlations for the strongp-donor class substituents in both Y-series are nearly the same as the
correlation r =ÿ4.2 and r = 1.2 for symmetrically disubstituted (X = Y) series. These bilinear (or non-linear)
correlations were explicable in terms of changes in the coplanarity of the two benzene rings depending upon the
resonance capabilities of X and Y substituents. For strongp-donor class X substituents as stronglyp-electron donating
as the Y substituent, both aryl rings are equivalently twisted as in the symmetrical X = Y series, and for less electron-
donating X substituents, the fixedp-methoxyphenyl (orp-phenoxyphenyl) ring remains in a coplanar conformation
and X–phenyl is twisted more out of coplanarity. In the fixed Y =p-Me series, a significantly non-linear correlation
was found, comprising three distinct correlations characteristic of three conformers, a conformer with the X–aryl
coplanar and Y–aryl twisted, a symmetrical conformer with X being a weak or moderatep-electron donor and both
aryls being equivalently twisted, and a conformer with Y–aryl coplanar and X–aryl twisted. The relative stabilities of
these conformers were estimated by theab initio MO optimization of the mono-p-methoxycarbenium ion, confirming
the conclusions above. Copyright 1999 John Wiley & Sons, Ltd.


KEYWORDS: deactivated carbocationic solvolysis; substituent effect; Yukawa–Tsuno equation; varying resonance
demand; loss of coplanarity;ab initio MO calculation


INTRODUCTION


For a variety of benzylic solvolyses, where a cationic
center capable of directp-delocalization with the
benzene ring is generated, the Yukawa–Tsuno (Y–T)
equation,2


log�k=k0� � ���� � r����R� �1�


is widely used in order to discuss the substituent effect in


a theoretically reasonable way.3–5 The r value is a
parameter characteristic of a given reaction, measuring
the ‘resonance demand,’ i.e. the degree of resonance
interaction between the aryl group and reaction site in the
transition state.2–8 The resonance substituent parameter
����Ris defined as���p ÿ �0


p.
2b,9


By this equation, we have introduced the concept
of varying resonance demand of reaction. In general
applications of Eqn. (1), ther value has been found
to vary widely from reaction to reaction, and thisr
scale permits the evaluation of the nature and
structure of the transition state. In particular, the
behavior of the extremely electron-deficient carboca-
tionic systems can be characterized by extremely high
r values. A good example is the solvolysis of the 1-
phenyl-1-(trifluoromethyl)ethyl system (1),8 in which
the a-CF3-induced destabilization of the carbocationic
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transition state provides a high resonancedemand
1.39 for positive chargedelocalizationinto the a-aryl
p-system.


Thereplacementof theZ groupin A by anaryl group
providesanappropriatesystemB to revealthesubstituent
behavior of extremely electron-deficientcarbocationic
transition states. The stability of the carbocationic
transitionstatecanbewidely changedby changingboth
the X and Y substituentsin the two aryl rings, while
keepingthe basicframeworkof the structureessentially
unchanged.


The substituent effects on the solvolyses of 1-
(substituted phenyl)-1-phenyl-2,2,2-trifluoroethyl (3)
and1,1-bis(substitutedphenyl)-2,2,2-trifluoroethyl tosy-
lates (4) were analyzed on the basis of the Y–T
equation.10 The symmetrically disubstituteddiphenyl
set 4 whereX = Y gavea linear Y–T correlation[Eqn.
(2)] for thewholesubstituentrangefrom p-MeO to m-Cl


with a high precisionwith R = 0.9994andSD=�0.12:


log�k=k0� � ÿ8:30��� � 1:19����R�X �2�


Whereasthe lessenhancedr value of 1.19 arisesas a
result of sharingthe resonancedemandby the two aryl
groups,the r value,ÿ4.15, for the effect of singlearyl
substituents appears appreciably smaller than that
expectedfor anelectron-deficientcarbocationsystem.


On theotherhand,themonosubstituteddiphenylset3
did notgiveasinglelinearY–T correlationbutabilinear
correlation, one with r =ÿ6.1 and r = 1.45 for the
substituentrangemore electrondonatingthan the 3,4-
dimethylgroupandtheotherwith r =ÿ4.33andr = 1.26
for the rangeof substituentslesselectrondonatingthan
thep-methylgroup.Theformercorrelationis comparable
to those of 1 and 28 and the latter to that of the
symmetrically disubstitutedset 4. Since the range of
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substituentchangesof reactivity in 4 entirely coversthe
rangeof reactivity changein 3, it is highly unlikely that
the non-linearity in 3 can be ascribedto the changein
reactionmechanism.Nevertheless,thereis obviouslyno
simple additivity of substituenteffects of the two aryl
substituentsin thesystemB.


Our continuing studieson this systemexplored the
effects of the enhancedresonancedemandcausedby
moreelectron-withdrawing Y substituentsin the second
aryl group, such as in the 1-aryl-1-(m-chlorophenyl)-
2,2,2-trifluoroethyl (5) and 1-aryl-1-(3,5-dichlorophe-
nyl)-2,2,2-trifluoroethyl (6) sets.1 The behaviorof 5 is


Scheme 1. Coplanarity change in 1,1-diaryl-2,2,2-tri¯uroethyl cation


Table 1. Solvolysis rates of 1,1-diaryl-2,2,2-tri¯uoroethyl bromides and chlorides in 80% aqueous ethanol


Substituents 105kt (sÿ1) at 25°C
X1 X2 Bromides Chlorides


p-MeO p-OCH2CH2-m 3050a


p-MeO 646.8
p-MeS 173.7
p-PhO 3210a 63.3a


p-MeO-m-Cl 39.28,39.3b


p-MeS-m-Cl 16.33
p-Me 23.5b


m-Me 9.60b


p-F 9.824
H 466.6 7.504,7.64b


m-CF3 0.890b


p-CF3 1.19b


p-PhO p-MeS 17.51
p-PhO 184.3,170a 3.809,3.19a


p-MeO-m-Cl 1.830
p-MeS-m-Cl 0.5969
3,4-Me2 0.6720
p-Me 23.0a 0.425a


m-Me 6.88a 0.140a


p-F 0.1297,c 1.465(at 45°C), 33.02(at 75°C)
H 5.267,5.38a 0.114a


m-MeO 4.19a 0.0824a


m-CF3 0.406a 0.0106a


p-CF3 0.520a 0.0142a


p-Me p-OCH2CH2-m 349a


p-MeS 4.989,49.25(at 45°C)
p-MeO-m-Cl 0.2393
p-MeS-m-Cl 0.07919,c 0.9549(at 45°C), 23.39(at 75°C)
p-t-Bu 0.2743,c 3.669(at 45°C), 102.7(at 75°C)
3,5-Me2 0.08519,c 1.229(at 45°C), 37.89(at 75°C)


a Ref. 11.
b Ref. 12.
c Calculatedfrom othertemperatures.
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also similar to that of the monosubstitutedset 3, but 6
with Y = 3,5-Cl2 only shows a normal substituent
behavior, i.e. giving a linear Y–T correlation with
r =ÿ6.0 andr = 1.69.


In the a,a-diarylcarbocationsystemBC�, the reso-
nance demand parameter r should be effectively
controlledby the loss of coplanarityof both p-orbitals
asdepictedin Scheme1.


The molecule adopts a propeller-shapedtwisted
conformationdueto stericrepulsion,andthe twist angle
should be a minimum to favor the positive charge
delocalizationinto the ring. The linear Y–T correlation
for 4 leadsto theconclusionthatthetwo aryl ringsin the
4 cation(4C�) shouldbeat leastconceptuallyequivalent
with respect to the propeller conformation.10 For
unsymmetrically substituted diarylcarbocationsBC�,
the propellershapeis destroyedand the deviationfrom
coplanarityof rings is relatedto the relativecapabilities
of resonancestabilization(mainly p-delocalization)by
botharyl rings.1,10 In 7 and8 wherea strongp-electron-
donatingY substituentis introducedin to abenzenering,
only the ring having strong p-electron-donatingX
substituents(of the sameresonanceclassasthe fixed Y
substituent)hasthe propellerconformation,but the Y–
phenyl retainscoplanarity with the carbocationcenter
when the variable X substituentsare less electron
donatingthanthefixed Y.


In orderto discusstheprecisedependenceof resonance
demandon the aryl coplanarity,it is necessaryto gather
morecompletesetof substituenteffect datafor a wider
rangeof fixed Y substituentsof this solvolysissystem.
Consequently,we have further extendedour investiga-
tion to thesubstituenteffectson thesolvolysesof 1-aryl-
1-(p-phenoxyphenyl)-2,2,2-trifluoroethyl (7) and1-aryl-
1-(p-methoxyphenyl)-2,2,2-trifluoroethyl (8) setswhere
astrongp-electron-donating Y substituentwill reducethe
resonancedemandof the systemand in particularwill
affect the non-linearityof the correlationin a different
way.


The substituenteffectson the solvolysesof thesesets
are treatedwith the Y–T equationand the correlation
results are discussedbasedon the dependenceupon
varyingcoplanarityof the respectivebenzenerings.


RESULTS AND TREATMENT OF DATA


Solvolysis data sets


Rateconstantsfor solvolysesof the title compoundsB,
mainly 7, 8 and9, with afixedY = p-PhO,p-MeOandp-
Me, respectively,were measuredconductimetricallyby
using the chlorides,bromidesand/or tosylatesin 80%
(v/v) aqueousethanol(80E)at initial concentrationsof ca


Table 2. Estimated solvolysis rates of 1,1-diaryl-2,2,2-tri¯uoroethyl tosylates in 80% aqueous ethanol at 25°Ca


Substituent kt (sÿ1) at 25°C
X 8, Y = p-MeO 7, Y = p-PhO 9, Y = p-Me


p-OCH2CH2-m 626000b 80140b


p-MeO 132800c 13620b 5225d


p-MeS 36520 3681 1145
p-PhO 13620b 781.9c 97.59b


p-MeO-m-Cl 8316 375.7 54.95
p-MeS-m-Cl 3573 137.1 18.18
3,4-Me2 154.3
p-Me 5225d 97.59b 1.647c


p-t-Bu 1.164
3,5-Me2 0.3615
p-F 2228d 27.04
m-Me 2182 29.19b 0.1818c


H 1980c 22.35c 0.08046c


m-MeO 17.78b


p-Cl 0.05481f


m-Cl 392.6e 3.175e 0.006234e,f


m-CF3 230.7d 2.078b


p-CF3 308.4d 2.784b


3,5-Cl2 104.7e 0.8432e 0.0007194e,f


a Estimatedfrom bromidereactivitiesin Table 1 basedon a tosylate/bromideratio of 4.243� 105 for 4 (3,5-Me2) andestimatedfrom chloride
reactivitiesin Table 1 basedon an OTs/Cl ratio of 2.053� 107 for 4 (p-PhO)as reportedin Ref. 10 or an appropriateestimationbasedon the
logarithmiclinear relationsof bromide–chloridereactivitiesin Table1.
b Estimated from ratedatareportedin Ref. 11.
c Reportedin Ref. 10.
d Estimated from ratedatareportedin Ref. 12.
e Reportedin Ref. 1.
f Tosylaterateconstant.
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10ÿ4 mol dmÿ3 of substratesunderthe sameconditions
asthosefor 3–6 in previouspapers(Table1).1,10Several
related data available in the literature11,12 are also
includedin the presentanalysis.Including the ratedata
for X = p-Me derivatives in all the Y sets, we have
composeda newseries1-aryl-1-(p-methylphenyl)-2,2,2-
trifluoroethyl (9) of Y = p-CH3 by determining some
additional rate data (Table 1). The ratesof the halide
solvolyses were converted into the rates for the
correspondingtosylateson the basis of the tosylate/
bromiderateratio= 4.24� 105 calculatedfrom the data
obtainedfor the 3,5-dimethyl derivative of 4 and the
bromide/chloriderate ratio= 48.4 obtained for the p-
phenoxyderivativeof 410 or an appropriateestimation
basedon thelogarithmiclinearrelationsof thebromide–
chloride reactivities in Table 1. Rate constantsthus
estimatedfor thetosylatesolvolysisat25°C for theseries
7, 8 and 9 with Y = p-PhO, p-MeO and p-CH3,
respectively,aresummarizedin Table2.


As shown in Table 2, the magnitudeof reactivity
changecausedby thesubstituentchangefrom p-methoxy
to 3,5-dichloro in fixed Y sets, 9, 7 and 8, varies
substantially as 7.3� 106, 1.6� 104 and 1.3� 103,
respectively, in 80E at 25°C. Nevertheless,these
reactivity changesare significantly smaller than the
correspondingcoveragein theotherfixed Y sets3–6.


Analysis of substituent effects


Detailed correlation analysisof the substituenteffects
basedontheY–T equation[Eqn.(1)] hasbeencarriedout
for the fixed Y sets,7, 8 and9, and the closely related
systemsreportedpreviously,sets3–51,10 in seriesB and
also1 and28 in the seriesA. For comparison,the same


analysishasalsobeenappliedseparatelyto Liu et al.’s
data11 set for 7. All the correlationsarecomparedwith
thoseof the Brown r�s� analysis,9 assummarizedalso
in Table3.


Sets1 and2 in theseriesA havealreadybeenshownto
satisfy the Y–T equationwith excellentprecision; the
correlationswith Eqn.(1) arefar moreprecisethanthose
with theBrownequation.8 In theseriesB, symmetrically
disubstitutedset4 whereX = Y givesanexcellentlinear
correlation for the whole rangeof substituentsover a
reactivity changeof 11 log units. Whereasthe Y–T
equationimproves the correlationsfor all the systems
includedin this study,it appearsto give lesssatisfactory
linearwhole-substituentcorrelationsfor anyfixed Y sets
whereX ≠ Y in theB series.Nevertheless,it is apparent
in Table 3 that the r value changessignificantly with
fixedsubstituentsY andthatthereis aqualitativetrendof
an inverse-linearchangeof r againstelectron-donating
powers,e.g.s�, of Y; asimilartrendcanbeobservedalso
in ther� valuesof theBrown correlationsfor theseries
B. Thesubstituenteffectsof X andY in thediaryl series
B (X ≠ Y) areall apparentlynon-additive.The modeof
changeof r valuesis in line with whatwouldbeexpected
from the reactivity selectivity relationship,13,14 which is
intimately relatedto the Hammond–Lefflerrate–equili-
brium relationship(or extendedBrønstedrelationship)15


concerningthe transition state coordinate.This is not
consistent,however,with theexcellentlinearityof theY–
T correlationfor 4 (X = Y) or with thepreciseadditivity
only in this symmetricalsystem.It is thereforeremark-
ablethattheY–T equationdoesnotcorrelatesoprecisely
thesubstituenteffectsof anysets(entries3,5and7–10in
Table3) in theunsymmetricalseriesB (X ≠ Y). Indeed,
the Y–T correlationsfor the whole rangeof substituents
for thediaryl B (X ≠ Y) seriesareall obviouslynon-linear


Table 3. Correlation analyses of substituent effectsa


Substrate: Yukawa–Tsunoequation Brown r�s� equationb


Entry (Z)c in A nd r r R SD r� R SD


1 1 (CH3) 28 ÿ6.29� 0.05 1.39� 0.02 0.9998 � 0.07 ÿ7.54� 0.21 0.990 � 0.49
2 2 (H) 17 ÿ6.05� 0.19 1.53� 0.07 0.998 � 0.15 ÿ8.27� 0.91 0.921 � 0.85
3 3 (Ph) 18 ÿ4.37� 0.21 1.67� 0.13 0.996 � 0.24 ÿ5.93� 0.33 0.976 � 0.60
4 4 (X-Ph) 14 ÿ4.15� 0.08e 1.19� 0.04 0.9994 � 0.12 ÿ4.74� 0.14 0.995 � 0.33
5 5 (3-Cl-Ph) 13 ÿ5.32� 0.32 1.65� 0.14 0.997 � 0.22 ÿ7.93� 0.61 0.969 � 0.71
6 6 (3,5-Cl2Ph) 13 ÿ5.95� 0.31 1.69� 0.12 0.998 � 0.18 ÿ9.59� 0.87 0.958 � 0.82
7 7 (p-PhOPh) 15 ÿ2.22� 0.24 1.29� 0.23 0.983 � 0.24 ÿ2.59� 0.15 0.978 � 0.26
8 7 (p-PhOPh)f 8 ÿ1.86� 0.39 1.76� 0.55 0.987 � 0.24 ÿ2.64� 0.26 0.972 � 0.32
9 8 (p-MeOPh) 14 ÿ2.15� 0.29 0.88� 0.24 0.973 � 0.27 ÿ2.00� 0.14 0.972 � 0.26


10 9 (p-MePh) 14 ÿ3.76� 0.40 1.54� 0.25 0.988 � 0.39 ÿ4.98� 0.35 0.972 � 0.56


a Substituentparameterss°, ����Rands�, employedin thepresentanalysisaremostlythestandardvaluesexceptfor thecorrectionof 0.03–0.04s unit
for the resonanceparametersof p-MeSderivativescharacteristicsof highly electron-deficientsystems.1,8,10


b r = 1.00in theY–T equation.
c Z in XPhC(Z)CF3OTs(A).
d Numberof substituentsinvolved.
e For two identicalsubstituents.
f Datasetfrom Liu et al. in Ref. 11
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or bilinear. Partial correlations for limited rangesof
substituentsof respectiveY setsaresummarizedin Table
4.


The whole-substituentcorrelationfor 7 whereY = p-
PhO(eitherentry7 or 8 in Table3) maybeanexampleof


poorconformityto Eqn.(1), asshownby theY–T plot in
Fig. 1. All theplotsagainsts� (opencircles)of para p-
donorsubstituentsdeviatesignificantlyin thedirectionof
rate enhancementfrom the rm correlation line of
r =ÿ2.04. For the range of substituentsless reactive
thanp-Me, i.e. weakelectron-donatingclasssubstituents
(abbreviatedto w-ED classsubstituents),a preciseY–T
correlationis obtained(r = 1.07� 0.05;entry8 in Table
4) with rYT essentially identical with rm. Since the
coplanarityof aryl ringsin thepropellerconformationof
the transitionstateshouldbe determinedmainly by the
resonancecapabilities rather than polarities of aryl
substituents,we almost always observe a non-linear
behaviorin thesubstituent–reactivity correlationattribu-
table to distinctly different contributions from the
different resonanceclasses of substituents,strongly
electron-donatingsubstituentsby resonance(denoteds-
ED class), weakly or moderately electron-donating
substituents(denotedw-ED class) and electron-with-
drawingsubstituents(denotedEW class).Thus,not only
for qualitative interpretationsbut also for the practical
purpose of correlational treatments, the substituents
involved in the presentstudy are classified to define
explicitly threedifferent resonanceclassessubstituents:
s-ED class,p-OCH2CH2-m-, p-MeO, p-MeS, p-PhO,p-
MeO-m-Cl andp-MeS-m-Cl, having����Rvaluesofÿ 0.6
toÿ 0.75; w-ED class,p-Me, comparablep-alkyls, 3,4-
Me2 andp-halogens,and including 3,5-Me2, m-Me and
H; EW class, m-halogens,m- and p-CF3 and more
stronglyEW substituents.On the otherhand,a separate
Y–T correlation(entry 7 in Table 4) with r =ÿ4.0 is
obtainedfor moreelectron-donatingsubstituentsthanp-
MeS-m-Cl, i.e. strongelectron-donatingresonanceclass
substituents(abbreviatedto s-EDclasssubstituents)(see
note in brackets above). The r value of the Y–T


Table 4. Correlation analyses of substituent effectsa


Substrate SubstituentsX Yukawa–Tsunoequation


Entry (Y) in B Substituentrange Classb nc r r R SD


1 3 (H) p-MeO–3,4-Me2 s-ED 6 ÿ6.08� 0.42 1.45� 0.17 0.996 � 0.12
2 p-MeO–3,5-Cl2 w-ED,EW 12 ÿ4.33� 0.08 1.26� 0.08 0.9990 � 0.07
3 4 (X = Y) p-MeO–m-Cl whole 14 ÿ4.15� 0.08 1.19� 0.04 0.9994 � 0.12
4 5 (3-Cl) p-MeO–p-Me s-ED 7 ÿ6.19� 0.52 1.57� 0.20 0.996 � 0.19
5 3,5-Me2–m-Cl w-ED 6 ÿ4.81� 0.11 1.41� 0.08 0.9993 � 0.05
6 6 (3,5-Cl2) p-MeO–p-Cl s,w-ED 13 ÿ5.95� 0.31 1.69� 0.12 0.998 � 0.18
7 7 (p-PhO) p-MeO–p-MeS-m-Cld s-ED 7 ÿ4.01� 0.23 1.26� 0.11 0.998 � 0.10
8 p-Me–3,5-Cl2 w-ED,EW 8 ÿ2.04� 0.02 1.07� 0.05 0.9998 � 0.02
9 8 (p-MeO) p-Coumare–p-PhO s-ED 6 ÿ3.94� 0.37 1.26� 0.15 0.9992 � 0.09


10 p-Me–3,5-Cl2 w-ED,EW 7 ÿ1.71� 0.08 1.01� 0.19 0.997 � 0.06
11 9 (p-Me) p-Coumare–p-MeO-m-Cl s-ED 5 ÿ6.26� 0.34 1.40� 0.23 0.999 � 0.10
12 p-Me–p-Cl w-ED 6 ÿ3.66� 0.24 1.21� 0.20 0.994 � 0.08
13 H–3,5-Cl2 EW 4 ÿ2.91� 0.08 0.999 � 0.05


a Seefootnotea in Table3.
b The substituentresonanceclassto which the substituentsincludedin thecorrelation arereferred(seetext).
c Numberof substituentsinvolved.
d Including thepointsof H andp-Me estimatedfor the E-conformers(seetext).
e XPh= 2,3-dihydrobenzofuranylin B.


Figure 1. Y±T plot for solvolysis of 1-(p-phenoxyphenyl)-1-
(substituted phenyl)-2,2,2-tri¯uoroethyl tosylates (7) in 80%
aqueous EtOH at 25.0°C: *, s�; *, �0; &, s (r = 1.26 for
strong p±p-donors and r = 1.07 for weak ones); &, s0 for
resonance invariant substituents
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correlationappearsto be difficult to determinedirectly
from thesubstituentreactivitydataavailableandthiswill
beconsideredlater in detail.


Similarly, the Y–T equation fails to correlate the
substituenteffectonthesolvolysisof 8 whereY = p-MeO
(entry9 in Table3), resultingin a bilinearcorrelationas
in Fig. 2, whichcomprisesacorrelation(entry9 in Table
4) with r =ÿ3.9 and r = 1.26 for strongly electron-
donating resonance class substituents and another
separate correlation (entry 10 in Table 4) with
r�ÿ1.7 for the range of substituentsless electron
donatingthanthep-methylgroup,i.e. for w-ED andEW
groups(seenote in bracketsabove).Highly important,
both sets 7 and 8 indicate clearly bilinear Y–T
correlationswith a higher r value for the substituent
range acceleratingreactivity and with a significantly
lower r value for the rangeof reducingreactivity. This
may imply ananti-Hammondshift of the transitionstate
coordinateandis not altogetherconsistentwith whathas
beenconcludedabove(in Table3) from thebehaviorof r
in thewhole-substituentcorrelationsin theseriesB (X ≠
Y).


The behavior of substituentsin the solvolysis of 9
whereY = pÿCH3 is illustratedby theY–T plot in Fig.3.Figure 2. Y±T plot for solvolysis of 1-(p-methoxyphenyl)-1-


(substituted phenyl)-2,2,2-tri¯uoroethyl tosylates (8) in 80%
aqueous EtOH at 25.0°C: *, s�; *, s0; &, s (r = 1.26 for
strong p±p donors and r = 1.0 for weak ones); &, s0 for
resonance invariant substituents


Figure 3. Y±T plot for solvolysis of 1-(p-methylphenyl)-1-
(substituted phenyl)-2,2,2-tri¯uoroethyl tosylates (9) in 80%
aqueous EtOH at 25.0°C: *, s�; *, s0; &, s (r = 1.4 for
strong p±p-donors and r = 1.2 for weak ones); &, s0 for
resonance invariant substituents


Figure 4. Plot of standard deviations as a function of r values
for the solvolysis; A for 1,1-bisaryl-2,2,2-tri¯uoroethyl
tosylates (4), C for all substituents and D for the range of
substituents X = p-MeO±3,4-Me2 of monosubstituted 1,1-
diphenyl-2,2,2-tri¯uoroethyl tosylates (3), and B for all
substituents and E for the range of substituents X = cou-
maranyl±p-MeO-m-Cl of 1-(p-methylphenyl)-1-(substituted
phenyl)-2,2,2-tri¯uoroethyl tosylates (9) in 80% aqueous
EtOH at 25.0°C
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It is apparentthat theeffectsof wholerangesubstituents
are not linearly correlatedwith s� parameters;the s�


points(opencircles)of parap-donorsubstituentsshowa
significantconcaveplot, exhibitingsignificantdeviations
in the directionof rateenhancementfrom the reference
correlationline. The solvolysisof 9 doesnot appearto
adopta singlelinearY–T correlationwith an r valuefor
thewhole rangeof substituents.


Thequality of Y–T correlationscanbediscussedmost
reasonablyon thebasisof the relationbetweenstandard
deviations(SD)andvaryingr values.In Fig. 4, theSDvs
r correlationcurvesaredisplayedfor thesolvolysisof 3
whereY = H and 9 whereY = pÿCH3, comparedwith
that for 4 whereX = Y asa reference.CurveA for 4 is
typical of thesatisfactoryY–T correlationsof acceptable
conformity; both the depth(at the minimum SD point)
andthesteepnessof thewedge-shapedplot areimportant
indices to qualify the Y–T correlation (actually to
evaluate the resonancedemand r value). From the
significantdifference>0.2 in SD betweentheminimum
SDandthatat r = 1.0for curveA in thisplot,anr valueof
1.19assignedfor this set4 canbe distinguishedfrom a
constantr of unity assumedin theBrownr�s� equation.
In contrast,the SD vs r curveB for all the substratesof


theset9 resultsin neitherasufficientdepthof thebest-fit
SD nor a sharpwedgeshapeplot of the curve, and is
similar to curve C for the monosubstitutedset 3 where
Y = H. This flat curveof insufficientdepthof SD >0.2
should be incapableof discriminating the changein r
value of the sets. Deleting the X substituentsmore
electron withdrawing than H brings about a small
improvement in the sharpnessof the wedge-shaped
curve, and further deleting less electron-donatingsub-
stituentsthanp-methyl resultsin a significantimprove-
ment in the depth of the SD vs r curve D to reacha
satisfactoryprecisionlevel of acceptableconformity to
Eqn.(1) (cf. entry 1 in Table4).


Figure 5 displays the SD vs r relationshipsof the
partial Y–T correlationsfor rangesof X substituentsof
7 (Y = p-PhO). CurvesA and B exhibit a behaviorof
the SD for the whole-substituentcorrelationsof Liu et
al.’s dataset (cf. entry 8 in Table3) andof our whole-
substituent set of 7 (cf. entry 7 in Table 3),
respectively; the two sets differ in the number of
substituentsinvolved but cover a comparablerangeof
substituentsfrom p-MeO to p-CF3 or 3,5-Cl2. Both A
andB representsimilar broadcurvesof comparablelow
precision, SD �0.2, and there is no significant
convergenceto any r value.While Liu et al.11 stressed
to the fact that the Y–T correlation with r = 1.76
obtained for 7 gave a small improvement in the
linearity comparedwith the Brown s�, the data set 7
itself does not seem appropriatefor the purpose of
discussingthe predictability of the two equations.The
SD level �0.2 implies that the systemdoesnot follow
a single substituentinteraction mechanismthroughout
the range of substituents;the best-fit r value for the
whole-substituentset does not have any mechanistic
significance.The set of s-ED class substituentsof 7
givescurveC of sufficientdepthwith reducedSD�0.1
but still of a broad basis without significant conver-
gence. Becauseof the nearly constant ����R values
within ÿ0.60 to ÿ0.75 for the s-ED substituents,the
best-fit r value for the correlationof this set of s-ED
substituentsshould be almost indefinite and conse-
quently the points expectedfor H and p-methyl groups
of different ����Rvalues must be included in the
correlation in order to attain a sufficient depth in the
SD vs r curve for this resonanceclassof substituents
(curve E). For the rangeof substituentsbesidesthe s-
ED class we can observe a precise best-fit Y–T
correlationwith SD� 0.1, irrespectiveof a conceiva-
ble change in r value (curve D). The SD vs r
relationshipfor the set 8 where Y = pÿMeO behaves
in a similar manner to that for the set 7 where
Y = pÿPhO.


It shouldalsobenotedthattheY–T correlationfor any
set of substituentsin the sameresonanceclassshould
statisticallygive preciselya constantr valuewhile the r
valueis almostindefinite.Forexample,in thesetof s-ED
classsubstituentshavingnearlythesame����Rvalues,the


Figure 5. Plot of standard deviations as a function of r values
for the solvolysis of 1-(p-phenoxyphenyl)-1-(substituted
phenyl)-2,2,2-tri¯uoroethyl tosylates (7) in 80% aqueous
EtOH at 25.0°C. A for Liu et al.'s set of 7 (entry 8 in Table 3);
B for all substituents set of 7 (entry 7 in Table 3); C for set of
s-ED of 7; D for set of 7 without s-ED substituents; E for s-ED
substituents including the points estimated for p-Me and H


Copyright  1999JohnWiley & Sons,Ltd. J. Phys.Org. Chem.12, 843–857(1999)


850 M. FUJIOET AL.







r value should be related almost exclusively to their
varying s° values, independentof the r value. The
symmetricalX = Y members,X = p-MeO,p-PhO,andp-
Me, in thesets,7, 8 and9, respectively,shouldof course
satisfytheY–T correlationin Eqn.(2) definedby theset4
(entry4 in Table3) and,moreover,X substituentsin the
sameresonanceclass with fixed Y in any set appear
altogetherto satisfythesameY–T correlationin Eqn.(3)
asfor set4. Forsubstrateswherethetwo aryl substituents
X andY arein thesameresonanceclasshavingidentical
����Rvaluesand symmetricalsubstrateswhereX = Y, a
precise additivity relationship holds with excellent
precision,n = 24, SD=�0.126andR = 0.9992;


log�k=k0� � ÿ�4:143� 0:077����X � ��Y� �3�
where


� ÿ�4:143� 0:077�f���X � ��Y� � �1:200


� 0:033�������R�X � �����R�Y �g


Ther andr valuesfor suchcorrelations(entries2, 7, 9
and12 in Table4) for the respectiveY setsall coincide
with thoseof thecorrelationin Eqn.(3).While weshould
generallytakeinto accounttherelatively low confidence
in the precisionof the partial correlations,they can be
most likely all be replaced by the r and r of the
correlationin Eqn.(3).


In thecaseof theset7, asseenin Fig.1, thecorrelation
for s-ED class substituents is indeed statistically
indefiniteespeciallywith respectto the r value,andthe
correlationfor this classof substituents(plottedasopen
squaresin Fig. 1) canbe confirmedwith theaid of Eqn.
(3). The log kH value expectedfor the unsubstituted
member (X = H) of the equivalent diaryl substituents
seriesin 7 canbeestimatedas(half) of log (k/k0)4 for the
substrateX = p-PhO in 4 (X = Y); the sameestimation
appliesalsoto the log (k/k0) of theX = p-Me memberof
thesameseries.TheY–T correlation(entry7 in Table4)
was obtained basedon these s-ED class substituents
especiallyincluding thesetwo estimatedpoints (plotted
as open triangles in Fig. 1); the whole Y–T plot is
determinedasin Fig. 1.


Similarly, plotsof log (k/k0)8 valuesfor 8 with Y = p-
MeO alsofall on the correlationline [Eqn. (3)] only for
the s-ED class substituents;w-ED (resonance)class
substratesshowaclearbreakof theY–T correlation(Fig.
2).


Herewe noteour conclusionthat not only the Brown
equationbut alsothe Y–T equationshouldbe incapable
of correlating the effect of the whole range of X
substituentsin any fixed Y set, except for 4 where
Y = X, as a single linear correlation of acceptable
conformity.However,thisis notcausedfrom adeficiency
of the Y–T equationbut from the inadequacyof the
substituenteffectsin thea, a-diaryl systemB to dealwith
the ordinary correlation analysis. Whereas the Y–T
equationfails to delineatethesubstituenteffectsin these


B series,theequationis capableof detectingthebreakof
the linear substituenteffect correlationsin thea,a-diaryl
series B. The precision criterion for acceptablecon-
formity of Y–T correlationsshouldbe setat muchmore
preciseSD level thanthat for theBrown correlations,so
that the latter correlation was capable of predicting
whetheranyrateasreasonablebut incapableof detecting
the non-linearity of substituenteffect in the system.
Indeed,the significantnon-linearity in the respectiveY
sets is a very important result from this correlation
analysis.


Conformation of carbocations


The geometriesof carbocationsBC� in the a,a-diaryl
systemB, the parentcarbocation3C�(H), its mono-p-
methoxy 3C�(p-MeO) and mono-m-chloro derivatives
3C�(m-Cl) and the symmetricaldi-p-methoxy 4C�(p-
MeO) and di-m-chloro derivatives 4C�(m-Cl), were
initially examinedwith ab initio MO calculationsat the
RHF/3–21Glevel. The minimum energyconformations
were refined at the 6–31G* level and the potential
energiesassociatedwith rotations about the CAr—C�


bondsof carbocationswerealsoevaluatedat the6–31G*
level. The results of ab initio MO optimization were
reportedin part in the previouspaper.1 Optimizationat
theMP2/6–31G*level wascarriedout on severaltypical
carbocations.The results of these calculations are
summarizedin Table5 andthe geometriesof optimized
structureslocatedat the 6–31G* level are presentedin
Fig. 6.


In theseoptimizedstructures,the two phenylsof the
parentcarbocation3C�(H) are rotatedby 19° and 41°
from coplanarity with the sp2 carbocation center.
Essentiallythe samegeometriesand energeticsof the
optimizedconformersareobtainedfor all othersymme-
trically disubstitutedcarbocations4C� with X = p-MeO,
p-Me andm-Cl. Thereis anappreciablenon-equivalence
in thetwist anglesbetweenthetwo propelleraryls in the
optimized structureof symmetrical4C� (Y = X); this
non-equivalenceshould be due to the non-equivalent
proximity effects of the non-spherical CF3 group.
However,the optimizedstructureat higher level results
in a pair of much closer rotation angles,23° and 38°
[3C�(H); MP2/6–31G*]; the stability of the optimized
conformeris not much different [within 0.9kcalmolÿ1


(1 kcal= 4.184kJ)] from thatof theequivalentpropeller
conformationboth twistedby a 23–38° (ca30°) rotation
(cf. Table5).


On the other hand, the optimized structure of the
mono-p-methoxy-substitutedion 3C� (p-MeO) in Fig. 6
hasaconformationin which thephenylring is twistedby
�H = 53° whereasthe p-methoxyphenylis coplanar(by
�pÿMeO = 8°) with theC� center(Table5).


The internal potentialenergydiagramfor rotation of
the two aryl rings in the parentcarbocation3C� (H) is
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shown in Fig. 7, where stabilization energiesof the
rotational conformer of the ion 3C� (H) are plotted
against the dihedral angles � of coplanarity. When
constraininga phenyl group to be coplanar(�1 = 0°), a
highpotentialenergyis requiredfor thesecondphenylto
be coplanar(�2 = 0°), and the energy is lowered with
increasein twisting from coplanarityto give a potential
minimum at �2 = 53°; however,this minimum potential
energy for the conformation where one phenyl is
coplanarand the other is twisted is significantly higher
(2.7kcalmolÿ1) thanthepotentialminimumof themost
stablepropellerconformer.


The angularprofile of the potential energydiagram
(Fig. 8) for the carbocation 3C� (p-MeO), when
constrainingthe p-methoxyphenylring to be coplanar
(at �pÿMeO� 0°), appears different from those of
symmetrical4C� (p-MeO)and3C� (H). Thisconforma-
tion is 4.2kcalmolÿ1 morestablethanthedoublytwisted
propeller conformation (�pÿMeO� �H� 30°) and
9 kcalmolÿ1 more stable than the conformerwith the
phenyl-ring coplanar and p-methoxyphenyl twisted
(�H = 0° and�pÿMeO > 45°).


The geometryof the carbocationBC� shouldreflect
the balancein resonancestabilizationsby the two aryl
groups,and the anglesof rotation of the two aryl rings
from coplanaritymustdependuponthe relativecapabil-
itiesof X–andY–aryl substituentsfor cationstabilization
mainly by resonance.In symmetrically disubstituted


cations 4C� (X = Y), the two identical aryl rings are
twistedequivalentlyout of the planeof the centralC�,
denotedthe E-conformer, where both aryls are in a
propeller-shapedconformation with �X = �Y � 30°. In
unsymmetricallysubstitutedcases(X ≠ Y), the stronger
cation-stabilizingaryl ring shouldbe less twisted from
the sameplaneof the carbocationwhile the other ring
shouldbe twistedevenmoreout of theplane.Whenthe
substituentsX are more electrondonatingthan Y, the
cationBC� (X ≠ Y) takesaconformation(denotedtheP-
conformer) where the variable X-phenyl is coplanar
(�X � 0); in this case,the substituentX in the coplanar
aryl shouldthenexert its maximumresonanceeffect on
the solvolysisrate.On the otherhand,whenvariableX
substituentsare lessactivatingthanthe fixed Y–phenyl,
the Y–phenyl retainscoplanaritywhile constrainingthe
X-substitutedaryl ring to bemoretwisted;wedenotethis
structureof X-aryl astheT-conformation(�Y � 0 and�X


>50°) (cf. Scheme1).
The symmetricalprecursors4 react througha transi-


tion statestructurallycloseto theintermediatecarbenium
ion 4C� with a preferred conformation of propeller
shape.Ther valueof 1.19foundfor thesymmetricalset4
must be the essentialresonancedemandof the diaryl-
carbocation4C�whereX = Y or of theE-conformer.The
symmetrywill bedestroyedby replacingonephenylby a
ring substitutedby an ED Y substituent,causingthe Y-
substitutedphenylring to bemorecoplanarwith thesp2


Table 5. Geometric parameters and relative stabilities for 3C� (H), 3C�(p-MeO), 3C�(m-Cl), 4C�(p-MeO), 4C�(p-Me) and
4C�(m-Cl) optimized at the RHF/6±31G* levela


Torsionangle(°) Relativeenergy Bond length(Å)


Cations �Y
b �X


c (kcalmolÿ1) C�—CY
b C�—CX


c


4C� (X =Y = p-MeO) 16.5 40.1 1.401 1.431
4C� (X = Y = p-Me) 18.2 40.3 1.409 1.432
4C� (X = Y = m-Cl) 18.9 41.3 1.415 1.436
3C� (X = Y = H) 18.8 41.0 0.0 1.413 1.435
(MP2/6–31G*) (22.9) (37.7) (1.421) (1.423)


30 30 1.2
30 35.9d 0.9
0 53e 2.7


3C� (X = p-MeO, Y = H) 53.0 8.1 0.0 1.470 1.371
(MP2/6–31G*) (44.7) (14.9) (1.439) (1.402)


60 0 0.9
45 0 2.4
30 0 8.4
30 30 4.2
0 45 9.1


3C� (X = m-Cl, Y = H) 15.5 44.9 0.0 1.402 1.447
(MP2/6–31G*) (21.9) (39.0) (1.418) (1.426)


30 30 1.8
44.9 15.5 1.8


9C� (X = m-Cl, Y = p-Me) 11.4 49.3 1.386 1.461


a Underlineddataindicatethoseof theoptimizedstructure.
b BetweenY–phenylandC�.
c BetweenX–phenylandC�
d �2 for energyminimum with onephenylfixed at �1 = 30°.
e �2 for energyminimum with onephenylfixed at �1 = 0°.
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cationiccarbon.This will reducethe electronicdemand
on the X-substitutedphenyl ring, which in turn will be
forcedto deviatefurther from coplanarity.


DISCUSSION


Structure±reactivity relationship in the a-CF3-
diarylcarbocation system


Despitethesolvolysisof thesymmetricallydisubstituted
series4 whereX = Y beingcorrelatedwith Eqn.(1) with
excellentprecision(entry 4 in Table 3), the correlation
results in Table 3 reveal that the Y–T equation is
practicallyincapableof giving a singlelinearcorrelation
for thewholerangeof X substituentsin anyfixed Y sets.
Thebreakin theY–T correlationobservedfor asingleset
with X ≠ Y indicatestheoperationof differentsubstituent
interaction mechanismsfor the different ranges of
substituentsinvolved, andcan most likely be attributed
to thesubstituent-inducedchangein conformationof the
transitionstate.


Non-linearsubstituenteffectcorrelationsobservedfor


Figure 6. Optimized structures of a-CF3-benzhydryl cations
at the RHF/6±31G* level; from top to bottom, 3C�(H) with
twist angles �Ar±C� 18.8° on the right-hand and 41.0° on
the left-hand; 4C�(p-MeO) with �Ar-C� 16.5° and 40.1°;
4C�(m-Cl) with �Ar-C� 18.9 and 41.3°; 3C�(p-MeO) with
�p-MeO 8.1° and �H 53.0°.


Figure 7. Angular pro®les of potential energy of 1,1-
diphenyl-2,2,2-tri¯uoroethyl cation 3C�(H) at the RHF/6±31
G* level


Figure 8. Angular pro®les of potential energy of 1-(p-
methoxyphenyl)-1-phenyl-2,2,2-tri¯uoroethyl cation 3C�(p-
MeO) at the RHF/6±31G* level
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Y sets7, 8 and9 shouldbeattributedto theoccurrenceof
a changeoverin conformation in the transition state
within the rangeof X substituentsstudied.Not only for
thesymmetrical4C� setbutalsofor thesubstituentrange
in any setswherethe X and Y are the sameresonance
classsubstituents,the preferredconformationshouldbe
essentiallyanequivalentlytwistedone(E-conformation).
The rangeof s-ED classsubstituentsin 7 (Y = p-PhO)
satisfyapartiallinearcorrelation[Eqn.(3)], whereasEW
substituentsshow a significant deviation from the
correlation in Eqn. (3), related to the non-equivalence
of theeffectsof substituentsX andY (Fig. 1). Thebreak
in theY–T correlation,in this case,appearsto reflectthe
geometricalchangeoverfrom the E- to the T-conforma-
tion.


The substrates7 carrying s-ED classX substituents
shouldhavea preferredconformationreferredto as the
geometry of the E-conformation. The correlation for
thesesubstratesshouldbeidenticalwith thatfor 4, which
is characteristicof theequivalentdiaryl-substituenteffect
associatedwith theE-conformation. However,whenthe
variablesubstituentsX aredistinctly weakerED thanthe
fixed Y substituent,the incipient carbocation7C� or the
transitionstateshouldhavea T-conformationin the set
7C�; hencethe partial correlationfor the s-ED classX
substituentsmayberelatedto theeffectof X substituents
in the E-conformation, and that for the w-ED class
substituentsmay be relatedto the effect of X–phenyl in
theT-conformer.Thelog kH value(plottedastrianglesin
Fig. 1) for the unsubstitutedmember (X = H) in the
correlationin Eqn.(3) of theE-conformationin 7 should
evidently be smaller than the log kH value for the
solvolysisof 7, which is associatedwith thegeometryof
theT-conformation.


Similarly, plots of log (k/kH)8 valuesfor s-ED class
substituentsof 8 with Y = p-MeO also fall on the
correlation line with r =ÿ4.1 [Eqn. (3)] for the E-
conformation,whereasw-ED class substratesshow a
correlationwith a lowerr for theT-conformation,with a
clearbreakof theY–T correlation(Fig. 2).


The behavior of 9 where Y = p-Me appearsto be
appreciablydifferent from that of 7 or 8. Whereasthe
effectsof w-ED classX groupsrangingfrom p-Me to p-
Cl can be describedby Eqn. (3) for the E-conformer
correlation,both the s-EDandthe EW classesX-groups
deviatefrom thecorrelationline for theE-conformation.
Whereasthew-ED classsubstituentsof 9C� haveanE-
conformation,the s-ED classX-substituentshave a P-
conformation,andtheEW classX-substituentsreactvia
the T-conformation.The Y–T correlationof this set 9
comprises three discrete linear relationships related
respectivelyto P-, E- andT-conformers,cf. entries11–
13in Table4. Thecorrelationof theE-conformerof 9C�


coalescesinto the correlation in Eqn. (2) for the 4C�


serieswhereX = Y or, moregenerally,Eqn. (3) for the
equivalentdiaryl substituentseries.The plot (or log kH)
for the P-conformer of the unsubstitutedderivative 9


(X = H) appearsto belower thanthatfor thecorrespond-
ing E-conformation.


In themonosubstitutedset3 whereY = H, bothw-ED
classsubstituentsand metasubstituentshaving equiva-
lent sX valuescoalesceinto thereferencecorrelationfor
the E-conformation[Eqn. (3)], whereasthe s-ED class
fall on a singlecorrelationfor theP-conformationwith a
higherslopeof r =ÿ6.1. In set5 whereY = m-Cl, s-ED
classsubstituentsshowthecharacteristicr =ÿ6.2of the
P-conformationandthew-ED classshowaslightly lower
r value, and then the plot contacts the reference
correlation [Eqn. (3)] at X = Y = m-Cl, at which the
tangentr valuemustbeidenticalwith ther valuefor the
E-conformation.


For theset6 wheretheX substituentsinvolvedareall
morecationstabilizing thanthe fixed Y = 3,5-Cl2 the s-
ED andw-ED classsubstituentsshouldall be in the P-
conformation,which gives a single linear Y–T correla-
tion with ahighr valueofÿ6.0.Thiscorrelation(entry6
in Table4) shouldbe characteristicof the P-conforma-
tion where the Y–T correlation should representthe
effectof entirelyconjugatingX–aryl substituentsfor the
whole rangeinvolved.


Forall theY sets,ther valuecanberelatedto rotation
from coplanaritywith the incipient carbocationcenter,
andgiven asa function of the dihedralangle� between
the X-substituted aryl ring and the plane of the
carbocation,5b,10,16,17to follow anequationof the form


r�=rmax� cos2 � �4�


wherermax is the resonancedemandof thearyl groupin
theP-conformationandr� is ther for theeffectof X–aryl
in theactualsituationatdihedralangle� of theX–phenyl
ring plane. Hence, the r values for the respective
conformers of any sets can be estimated from this
conformation dependence.The rmax value for the P-
conformationof 7 and 8, althoughnot yet at hand, is
expectedto be1.45,providedanr� valueof 1.2for theE-
conformerwith �� 25°. Theapparentresonancedemand
in anyY setis a functionof preferredconformations,and
thereforedependenton the rangeof substituentsin the
set. Accordingly, in order to discuss the intrinsic
resonancedemandof the system,we have to compare
the effectsof varying X-substitutedphenylskept in the
sameconformationfor aseriesof Y sets.In consequence,
the intrinsic resonancedemandof the P-conformersin
this systemvariesevenlesssignificantly,within a range
from 1.4 to 1.7, for a wide changeof the Y substituent
from p-methoxyto 3,5-Cl2. This interpretation,of course,
reliesuponthe validity of the carbocationmodelof the
transitionstate,implying theclosenessof thestructureor
the reactioncoordinatebetweenthe transitionstateand
the intermediatecarbocation.


While the interpretationin termsof varyingcoplanar-
ity applies fairly consistentlyto the variation of the r
valueobservedin this system,anothersignificantfeature
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that we observedclearly in this systemis the significant
dependenceof r on bothX andY substituents.In all the
Y setsof systemB, ther valuevariessignificantlywith
varying classesof X substituentswithin an individual Y
set.This mustalsobeascribedto thevaryingcoplanarity
of aryl ringscausedby thechangeof thetwo substituents.


The correlationresultsin Table 3, from the ordinary
viewpoint,revealthatther valueassignedfor theeffects
of variableX substituentsvariessignificantlydepending
upon fixed Y substituents.While the substituenteffect
correlationsareapparentlynon-linearor bilinearfor most
of the Y setsexceptonly for a setwith Y = 3,5-Cl2, the
apparent r values for these non-linear correlations
change significantly dependingon the change in Y
substituents;eitherthehigherr valueor the lower value
for the bilinear correlation also shows a significant
variationwith Y sets.Thereis anapparenttendencythat
ther valuebecomesmorenegativeasY becomesmore
EW. Closelysimilar dependencesof r uponchangingY
substituentsare found even more significantly in the
behaviorof ther� in the correspondingBrown correla-
tions (cf. Table3).


The dependenceof rY uponsY for thesecond(fixed)
aryl substituentsY in a, a-diarylcarbocationformation
(seriesB) is referredto asthenon-additivityrelationship,
which canbe rewrittenin the form14


�Y � q��Y � �H �5�


This equationhasbeendiscussedfor the solvolysesof
benzhydryl chlorides18 and the bromination of a, a-
diarylethylenes.14,19 The varying r values in a related
seriesof reactionscanbe relatedto the cationic charge
developedat the reactioncenterin the transitionstate.
Concerningthe series A, there is also more general


behavior of r value referred to as the quantitative
reactivity–selectivityrelationship,13 that is, an inverse-
linear relationship of the selectivity rZ against the
reactivities(log kH)Z of membersof respectiveZ sets:


�Z � S�logkH�Z � constant �6�


Either theq coefficientin Eqn.(5) or theScoefficientin
Eqn.(6) canbeintimatelyrelatedto thea exponentin the
extendedBrønsted equation and therefore can be a
measureof the early–lateshift of the transition state
coordinatein the reactionseries.15


Equation(6) can be most convenientlyusedfor this
system, as we have extended here the discussion
concerningthe behaviorof selectivitynot only for thea
-CF3ÿa, a-diarylmethylsystem(B) butalsofor thea-Z-a
-CF3-benzyl system (A) liberating XC6H4C


�(Z)CF3


(AC�). Indeed,as in Table 6, the reactivity (log kH)Z


changesover a rangeof 7.9 log units from ÿ10.5 for A
(Z = H), ÿ6.1 for A (Z = CH3) to ÿ2.57 for A (Z = C6


H5). By including7,8 and9 in theseriesB asmembersof
A with Z = p-MeC6 H4–p-MeOC6 H4, the(log kH)Z scale
for theseriesA canbeextendedtowardshigherreactivity
by over 13.8 log units. The reactivity–selectivity
relationship in Eqn. (6) for the present system is
illustrated in Fig. 9. It is most remarkablethat the r
valueremainswithin goodconstancyofÿ6.14� 0.11for
a changein reactivity of 9 log units, whereasfor the
diaryl series,3,5 and9, thishighr valueis observedonly
for the ED range of substituents.Note again that the
apparentr for thes-EDclasssubstituentrangein anyY
setsshould be unambiguouslyestimatedto give exact
valuesregardlessof the r value(seeabove).


Ontheotherhand,thesetswith Z = p-PhOC6 H4 andp-
MeOC6H4 at the higherreactivity scalein seriesA give
for therangeof s-EDclasssubstituentsadistinctly low r
valueof ÿ4.0,a valuewhich is obviouslydifferent from


Table 6. r and (log kH)Z values for solvolyses of a-
tri¯uoromethylbenzyl tosylates in 80% aqueous ethanol at
25°C


System
PhC(Z)CF3
or PhC(PhY)CF3 kt


H (sÿ1) at 25°C (Log kH)Z r


1, Z = Me 7.497� 10ÿ7 ÿ6.13 ÿ6.29
2, Z = H 3.067� 10ÿ11a ÿ10.51 ÿ6.05
3, Y = H 2.677� 10ÿ3 ÿ2.57 ÿ4.33


ÿ6.08
4, Y = Y 2.677� 10ÿ3 ÿ4.15
5, Y = m-Cl 5.279� 10ÿ5 ÿ4.28 ÿ4.81


ÿ6.19
6, Y = 3,5-Cl2 2.736� 10ÿ6 ÿ5.56 ÿ5.95
8, Y = p-MeO 1.980� 103 3.30 ÿ3.94


ÿ1.71
7, Y = p-PhO 2.235� 10 1.35 ÿ4.01


ÿ2.04
9, Y = p-Me 8.046� 10ÿ2 ÿ1.09 ÿ6.26


ÿ3.66
ÿ2.91


a Estimatedvaluefrom thedatain othersolvents.8


Figure 9. Reactivity±selectivity relationship; rZ or rY values vs
log (kH)Z or log (kH)Y for a-CF3-benzyl systems (A and B)
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ther valueof ÿ6.1expectedfrom extrapolationto S= 0
in thereactivity–selectivitycorrelationfor theseriesA. It
is worthy of note that there is an excellentlinear Y–T
correlationfor 4 with ar valueofÿ4.1encompassingthe
entire range of substituentsof over 11 log units of
reactivity from bis-(p-methoxyphenyl)to bis-(m-chloro-
phenyl).10


Ther valueshouldalsoberelatedto theconformation
of the incipient carbocation,i.e. to theangulardeviation
of thevariableX-substitutedaryl ring from coplanarityin
thecarbocation.Thes-EDclassX-substituentsin 3, 5, 6
and9 gaveaconstantr valueof ÿ6.1,avaluewhichcan
bereferredto astheeffectof X in thecoplanararyl ring in
the P-conformer.On the other hand, the EW classX
substituentsin theseY setsarefoundto giveaconstantr
value of ÿ4.1, which is referred to as the r value
reflectingtheeffectof X–phenylin theE-conformer.The
samer valuewasobtainedfor thesymmetrical4 in theE-
conformation.


The failure in linearly correlatingthe whole-substitu-
enteffectin anyfixedY setin theseriesB is certainlydue
to the complexity associatedwith the conformational
changein the propeller-shaped,twisted carbocationic
structureof thetransitionstate.Theobservedvariationof
the r value just demonstratesthe dependenceof the
selectivity r upon the deviation from the propeller
conformationof diaryl carbocations.Most important,the
r valuesfor thesameconformersareessentiallyconstant
for therespectiveconformations,independentof varying
Y substituents,but moredatawould berequired.Despite
thesignificantchangein r value,theremustbelittle or no
changein theapparentpositionof the transitionstate.


Duboiset al.19 pointedout in the brominationof 1,1-
diarylethylenesthatther valueincreasedsignificantlyas
the fixed Y became more EW, and the range of
substituentsX on which ther for respectiveY setswere
basedevidentlydiffered from set to set.The RHF/6–31
G* optimizationof thecorrespondinga, a-diphenylethyl
cationssuggestsstructuresof propellergeometry,with a
comparabletwisting angleof ca30° to that in thecation
4C�.20 Accordingly,brominationshouldshowa similar
conformationaldependenceof substituenteffectsto the
above.While significantvariationsof apparentr values
observedin solvolysesof therelatedpolyarylcarbocation
systemshavefrequentlybeenascribedto theshift of the
transition state coordinate, those conclusionsfor the
coordinateshift should be reconsideredpreciselyfrom
thepoint of theaboveconformationdependence.


EXPERIMENTAL


Materials. a, a, a-Trifluoroacetophenonesrequired for
preparationof alcoholprecursorsof solvolysissubstrates
were synthesizedaccordingto Stewart’sprocedurefor
theGrignardreactionof substitutedbromobenzeneswith
trifluoroaceticanhydrideatÿ78°C in a dry ice–acetone
bath.8a,21


Trifluoroacetophenoneswereconvertedinto thecorre-
sponding1,1-diaryl-2,2,2-trifluoroethanols by the Grig-
nardreactionwith substitutedphenylmagnesiumbromide
at ice-bathtemperature.1,10Thetertiaryalcoholsobtained
werepurifiedby columnchromatographyon silica gel.


1,1-Diaryl-2,2,2-trifluoroethyl bromides were pre-


Table 7. Physical and analytical data for 1,1-diary1-2,2,2-tri¯uoroethyl alcohols, chlorides and bromides


Substituent


M.p. (°C)


Carbon(%) Hydrogen(%)


X Y Found Calculated Found Calculated


Alcohols
p-PhO p-MeO-m-Cl Liq. 61.60 61.70 3.97 3.94
p-PhO 3,4-Me2 124–126 70.99 70.96 5.21 5.14
p-PhO p-MeS-m-Cl Liq. 59.43 59.37 3.88 3.80
p-PhO p-F Liq. 66.40 66.30 3.95 3.89
p-PhO p-MeS Liq. 64.72 64.61 4.51 4.39
p-MeO p-MeS Liq. 58.54 58.53 4.83 4.60
p-MeO p-F Liq. 60.20 60.00 4.25 4.03
p-MeO p-MeS-m-Cl Liq. 53.12 52.97 3.97 3.89
p-Me 3,5-Me2 Liq. 69.35 69.38 5.91 5.82
p-Me p-Cl Liq. 59.72 59.91 4.29 4.02
p-Me p-t-Bu 75–77 70.67 70.79 6.56 6.57
p-Me p-MeO-m-Cl Liq. 58.31 58.11 4.38 4.27
p-Me p-MeS Liq. 61.71 61.53 4.95 4.84
p-Me p-MeS-m-Cl Liq. 55.61 55.41 4.26 4.07
Chlorides
p-MeO-m-Cl 3,5-Cl2 91–92 44.70 44.59 2.30 2.25
p-PhO p-MeO-m-Cl 78–79 59.14 59.04 3.66 3.54
p-MeO p-MeO-m-Cl 65–68 52.66 52.63 3.69 3.59
Bromides
p-Me p-t-Bu 61–62.5
p-Me 3,5-Me2 44–46
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pared from the alcohol and phosphorustribromide by
essentiallythesameprocedureasreportedby Liu andco-
workers10–12,22 The bromide was purified through
columnchromatographyon alumina.Someof bromides
were not easily purified and were utilized directly for
kinetic measurements.Thechlorideswerepreparedfrom
the chlorination of alcohols with SOCl2 and dry
pyridine.10–12


Physical constantsand analytical data are listed in
Table7.


Solvents.1,10 Commercial95% ethanolwas dehydrated
twice by heatingunderreflux with magnesiumethoxide
anddistilled.Deionizedwaterwasrefluxedwith KMnO4


andthedistillatewasredistilledimmediatelybeforeuse.
Aqueous(80%) ethanol(80E) was preparedby mixing
correspondingvolumesof ethanol(80 parts)and water
(20 parts)at 25°C.


Kinetic measurement. Solvolysis rateswere measured
by a conductimetricmethodasdescribedbefore.1,10 The
first-order rate constantswere determinedby a least-
squarescomputerprogram;the precisionof fit to first-
order kinetics was generallysatisfactoryover 2.5 half-
lives with correlationcoefficient>0.99998.The experi-
mentalerrorsin the respectiverunsweregenerallyless
than 1.0% and the reproducibility of the rate constants
waswithin �1.5%.
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azide ions: charge effect and intermediates
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ABSTRACT: The reaction between 1,!-bis(2-bromopyridinium)alkanes (with 3, 4, 5, 6 and 8 methylene groups) with
azide ions was examined to investigate the effects of charge proximity between the aromatic rings upon reactivity.1H
and 13C NMR spectra show the formation of a half-reacted intermediate having bromopyridinium and
azidepyridinium extremities. Activation parameters for the reaction, ionic strength and solvent effects were
investigated. An increase in reactivity was found with decrease in the methylenic chain length for both reactant and
intermediate. The results are rationalized by the favorable formation of sandwich-type complexes between the
pyridinium rings and the azide for the compounds with shorter methylenic spacers. Copyright 1999 John Wiley &
Sons, Ltd.


KEYWORDS: 1,!-bis(2-bromopyridinium)alkanes; azide ions; charge effect; intermediates; sandwich complexes


INTRODUCTION


N-Alkyl-4-cyanopyridinium ions (RPCN) undergo alka-
line hydrolysis to produce the correspondingN-alkyl-4-
pyridone (P) andN-alkyl-4-carbamidopyridinium (A).1


Both reaction rate constants and product composition (P/
A) are dependent upon the medium, with the uncharged
product (P) being favored in lower polarity media. The
pH profile in aqueous solutions demonstrates that
composition ratios (P/A) and reaction rate constants
increase with increasing [OHÿ].2 For homologous RPCN
compounds with R varying from methyl to dodecyl,
reaction rate constants (excess of OHÿ) are independent
of [RPCN] up to 1� 10ÿ3 mol lÿ1 substrate. However,
the hydrolysis reaction of theN-hexadecyl/derivative
(HCP), a surfactant monomer, showed increased rate
constants and P/A ratios with [HCP] concentrations up to
three orders of magnitude lower than its critical micelle
concentration.3 These data were interpreted in terms of
increased reactivity and preference for OHÿ attack at the
4-position of the pyridinium ring of HCP small
premicellar aggregates such as dimers and trimers whose
existence was shown by kinetic, conductivity and
fluorimetric determinations.3–5


To model the increased reactivity of a pre-micellar
aggregate, the alkaline hydrolysis reaction of a series of


homologous bis-positive dimers containing two reactive
groups linked by methylene spacers of different lengths,
1,!-bis(2-bromopyridinium)alkanes (RPBr) [with R pro-
pane (I ), butane (II ), pentane (III ), hexane (IV ) and
octane (V)] were investigated.6 The reaction kinetics of
I–V (OHÿ excess) fitted a two consecutive first-order
process, corresponding to a fast initial attack leading to
the half-reacted product, the 1-(2-pyridone)-3-(bromo-
pyridinium)alkane bromide, followed by theca eightfold
slower formation of the respective uncharged bis(2-
pyridone). On the basis of the reactivity order of the first
step (I > II > III > IV > V) and the invariant nature of
the slow step, a through-space charge effect was
postulated, originating from the stability of the initial
charge-transfer complex between the nucleophile and the
bis-charged reactant.


In order to investigate further the charge effect, it was
of interest to study a simpler reaction, which experienced
no net charge change. Thus, the reaction ofN-methyl-2-
bromopyridinium (MBrP) with sodium azide (NaN3)
produced the correspondingN-methyl-2-azidepyridinium
bromide by nucleophile substitution at C-2.7 The present
work, involving kinetic studies of the reaction of N3


ÿ


with RPBr (I–V), was undertaken in order to compare the
effects of the spacer length between the pyridinium rings
on reaction rates.


EXPERIMENTAL


1,!-Bis(2-bromopyridinium)alkanes, bromide salts
(RPBr) [R = propane (I ), butane (II ), pentane (III ),
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hexane (IV ) and octane (V)] were synthesizedas
describedpreviously6 and characterizedby UV–VIS,
1H NMR and13C NMR (normalandDPT-135)spectro-
scopy.The final productsof the reactionof RPBr with
excessN3


ÿ (reactionin D2O) werecharacterizedby UV–
VIS, 1H NMR and 13C NMR (normal, DPT-135 and
HETCOR) spectroscopy.Reaction intermediateswere
obtainedby conductingthereactionunderstoichiometric
conditionsof RPBr(0.058mmol)with N3


ÿ (0.058mmol)
in 0.6ml of D2O. Unfortunately,the reactionmixtures
were contaminatedwith unreactedreagent and final
productandfurther purificationwasnot possible.How-
ever,1H and13C NMR spectrafor theintermediatesI , II
andIII wereobtainedandproperlyassigned(Table1).


Kinetic assayswere conductedunder pseudo-first-
orderconditions(excessof N3


ÿ) andwererecordedusing
a BeckmanDU-70 UV–VIS spectrophotometer follow-
ing eitherconsumptionof the reactants(277 nm) or the
appearanceof products (294 nm). All runs were
performedat 30.0°C, exceptfor theactivationparameter
measurements,which were obtained by determining
observedrate constants(kobs) from 10.0 to 60.0°C.
Aqueous stock solutions of NaN3 and RPBr were
prepared with deionized, distilled and boiled under
nitrogen-purgedwater. Stock solutions were stored in
the dark.The kobs valueswerecalculatedusinga single
exponentialequation.The order of the reactionswas
determinedusing[NaN3] in the range0.10–1.00mol lÿ1


andthe ionic strength(m = 1.00mol lÿ1) wasmaintained
with KCl. Specific salt effects were investigatedwith
KCl, KBr and Kl. For the study of the ionic strength
effect, KCl concentrationswerevariedbetween0.00 to
1.30mol lÿ1 and NaN3 concentrationswere fixed at
0.75mol lÿ1. Dielectric constanteffects were investi-
gatedusingvaryingamountsof 1,4-dioxanein water.


RESULTS AND DISCUSSION


The aim of this work was to investigatethe effect of
chargeproximity on thereactivityof substrateswith two
equivalentreactioncenters.For this purposethereaction
depictedin Scheme1 wasselectedwherethetransforma-
tion of the RPBrs into the half-reactedproduct (inter-
mediate)and final product occurs in two consecutive
steps. Evidence for the validity of this mechanistic
proposalwill bepresentedbelow.


Table1 summarizestheNMR datafor thecompounds
depictedin Scheme1. In this tableandin the following
discussion,dataarearrangedaccordingto thecompound
name (number) that is the starting material (denoted
Reag),final material (denotedProd) or reaction inter-
mediatespecies(denotedMixt-ReagandMixt-Prod).


The proton NMR spectrafor the RPBrs (Reag)are
similar (Table 1). In Scheme1, hydrogenand carbon
atomsare numberedin order to identify their assign-
ments.The peakattributionstartingfrom low field is as


follows: (i) theH-6 chemicalshift appearsasadoubletat
�9.1;(ii) H-4 andH-3 (superimposed)appearasdoublets
at�8.4; (iii) H-5 appearsasa multiplet at�8.1; (iv) H-7
andothermethylenicprotonswherethefirst to appearis
that from the vicinal C—H groupto the N atomappear
below �5.0. These attributions are based on the
following arguments:(i) H-6 suffersastrongdeshielding
effectby thevicinal N� center;(ii) H-4 is alsoaffectedby
theN� groupsincein theresonantstructuresthepositive
chargecan be located at C-4; (iii) H-3 and H-5 are
influencedby the ‘�M’ effect of the bromine group
where,for thecaseof H-3, the‘ÿl’ effectof thebromine
atomactsin an oppositedirectionandthereforethe H-5
signal is moreshieldedthanthat of H-3; and(iv) in the
methylenicchaintheorderof chemicalshiftscorresponds
to the distancefrom the N� atom, thus H-7 is more
deshieldedand the remaining protons signals appear
subsequently.Theseassignmentsare in agreementwith
thesereportedfor 1H-pyridinium8 and for N-methyl-2-
bromopyridinium.9


Theassignmentof theRPBr13C NMR spectrafollows
theorderfoundfor the1H NMR spectra.ThusC-6andC-
4 arethemoredeshieldedpeaks(Table1). Subsequently
the signal at �141 ppm appearsdue to C-2 which is
affectedby the vicinal brominegroup [DPT-135 NMR
(not shown) suppressesthis peak, confirming this
attribution].C-3 andC-5 arethenext signalsandfinally
the methyleniccarbonsappearin the sameorderas for
thecorresponding1H signals.


The NMR datafor the final products,Prod(Table1),
also showsimilar peaksfor the derivativesstudiedand
follow the sametrend as above.The H-6 proton is the
most deshieldeddue to its proximity to the N� atom.
ThentheH-4 peakappearssincetheazidegroupexertsa
mesomericdonoreffectwhich in turnshieldsH-3 andH-
5 atoms, yielding smaller chemical shifts. Next the
methylenicprotonssignalsareseen.Thesesignalsmatch
the attributionsby BuntonandCvenca7 for N-methyl-2-
azidepyridiniumbromide. The 13C NMR data for the
final product show that azide substitution leads to a
deshieldingeffect of �13ppm on C-2 andshieldingof
�16ppm on C-3 and of �5 ppm on C-5, C-6 and C-7
atoms,with little effecton theremainingcarbons.ForC-
2 theattributionwasconfirmedby DPT-135analysis(not
shown).The correlationsbetweenprotonsand carbons
were confirmed by HETCOR and COSY spectra(not
presented).Furthermore,spectralintegrationfor reagents
andfinal productsagreedwith theassignmentsmade.


In the caseof the intermediatereactionspecies,we
wereunableto purify themoncetheywerecontaminated
with initial andfinal productmaterials(asmentionedin
theExperimentalsection).For clarity, NMR datafor the
intermediatesin Table 1 were purposelyarrangedas
‘Mixt-Reag’ and ‘Mixt-Prod’ in order to show their
relationshipwith the signals of pure reagentor pure
product,i.e. for a givenRPBr,Mixt-ReagandMixt-Prod
belong to the same spectrum;data are presentedin
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Scheme 1


Table 1. 1H NMR and 13C NMR data (�, ppm) for substrates I, II, III and V, the corresponding ®nal products and intermediate
reaction mixturesa


H-3 H-4 H-5 H-6 H-7 H-8 H-9 H-10
Compound C-2 C-3 C-4 C-5 C-6 C-7 C-8 C-9 C-10


I Reag 8.44,d 8.44,d 8.11,m 9.13,d 5.07,t 2.80,m
141.79 138.12 150.13 130.61 150.76 62.03 31.87


I Prod 7.99,d 8.55,t 7.73,t 8.67,d 4.69 2.63,q
155.00 122.23 150.16 125.60 146.94 56.27 31.45


I Mixt 8.44 8.44 8.12 9.14 5.05 2.80
Reag 141.75 138.15 150.11 130.64 150.79 62.44 31.90


141.64 138.12 150.07 130.59 150.75 62.06 31.60
I Mixt 8.00 8.52 7.73 8.69 4.72 2.70
Prod 154.98 122.26 150.22 125.57 146.92 56.17 31.35


154.72 122.22 150.17 125.51 146.88 55.82
II Reag 8.42,d 8.42,d 8.08,m 9.04,d 4.94,t 2.24,m


141.34 137.94 149.63 130.29 150.48 64.96 28.64
II Prod 7.95,d 8.48,t 7.68,t 8.58,d 4.56,m 2.07,m


154.77 121.96 149.67 125.28 146.79 58.84 28.55
II Mixt 8.41 8.41 8.08 9.03 4.91 2.24
Reag 2.16


141.34 137.91 149.57 130.21 150.46 65.06 28.81
64.96 28.29


II Mixt 7.97 8.48 7.68 8.60 4.58 2.07
Prod 154.70 121.96 149.64 125.22 146.73 58.69 28.44


58.60 28.29
III 8.38,d 8.38,d 8.06,m 9.01,d 4.83,t 2.12,q 1.63,q
Reag 141.32 137.91 149.46 130.26 150.51 65.68 31.54 25.07
III Prod 7.94,d 8.48,t 7.68,t 8.58,d 4.51,t 2.03,q 1.50,q


154.57 121.84 149.40 125.12 146.73 59.31 31.10 25.21
III Mixt 8.40 8.40 8.07 9.03 4.85 2.13 1.58
Reag 141.26 137.83 149.46 130.18 150.43 65.65 31.49 25.04


25.12
III Mixt 7.96 8.48 7.68 8.60 4.52 2.05
Prod 154.62 121.94 149.37 125.15 146.77 59.28 31.10 25.21
V Reag 8.38,d 8.38,d 8.06,t 9.02,d 4.80 2.03,q 1.43,s 1.43,s


141.16 137.76 149.17 130.06 150.40 66.19 31.93 30.75 28.00
V Prod 7.93,d 8.48,t 7.68,t 8.58,d 4.49,t 1.95,m 1.40,s 1.40,s


154.53 121.87 149.28 125.12 146.80 59.87 31.64 30.84 28.20
V Mixt 8.40 8.40 8.07 9.04 4.82 2.05 1.46 1.46
Reag 141.11 137.68 149.09 130.00 150.34 66.12 31.86 30.67 27.94
V Mixt 7.96 8.48 7.68 8.60 4.49 1.96 1.41 1.41
Prod 154.42 121.82 149.19 124.98 146.71 59.70 31.51 30.72 28.06


a Solvent,D2O; reference,TMS.
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different rows only to emphasizetheir similarity with
non-reactedor fully reactedpyridinium moieties. For
example, C-2 data for I show a reagent peak at
141.79ppm anda productpeakat 155.00ppm,whereas
in thespectrumfor themixturefour peakswereobserved
at 141.75, 141.64, 154.98 and 154.72ppm (Table 1).
Thesetransitionscorrespondto the reagentand inter-
mediatehaving a similarity with the reagent(peaksat
141.75and141.64ppm) andthe productandpart of the
intermediatesimilar to the product(peaksat 154.98and
154.72ppm). Although it is tempting to correlate the
closestbandto thatof thepurespecies,suchassignment
would beincorrectsincethereis no exacttheorycapable
of predicting where the split signal should appear.
Moreover, since the amount of reagent and product
contaminationin themixture (intermediate)at this stage
are unknown it would be worthlessto conductfurther
analysison thesedata.However,1H NMR and13C NMR
spectraof themixtureexhibitsplit signalsmatchingthose
of thereactant(two 2-bromopyridiniumheads)andof the
final product(two 2-azidepyridiniummoieties).


For the reaction of III , 1H NMR signals from the
central protons(H-9) of the reagentand final product
appearedat 1.63 and 1.50ppm, respectively; for the
mixture, a multiplet is observedat 1.58ppm (Table 1).
These peaks could be simply a coalescenceof the
reactantand final productsignals.However,in the 13C
spectrumof themixturethesignaldueto C-9presentsan
additional peak at 25.12ppm, besides those of the
reactant (25.04ppm) and product (25.21ppm) (Table
1). This signal is assignedto the intermediate.It should
be noted that for bridged compounds the loss of
symmetry in the molecule leads to the appearanceof
onepeakfor the centralC atomfor linkers with an odd
numberof atomsand two peaksfor linkers having an
evennumberof carbons(two centralcarbons).10,11Thus,
in a mixture having reactant,final product and inter-
mediate,thespectrafor thesecentralcarbonswill contain
three peaks for odd linkers and four peaks for even
linkers. This effect will be more evidentin compounds
havingshorterspacerssincethe rotationalstresswill be
larger.


For compoundII the H-6 doublet peak at 9.04ppm
shows a well resolved additional duplication in the
mixture.The otherpeaksof the reagentandproductare
broadenedwith less evident duplication. In effect,
assignmentof thecomplexspectrumof the mixture was
difficult to rationalize.However, the H-8 band in the
mixtureshows,besidesthereagentpeakat 2.24ppmand
thatdueto theproductat 2.07ppm,a multiplet signalat
2.16ppm attributed to the intermediate.The carbon
spectrumof the mixture onceagainshowsreagentand
productsignalsbutC-7andC-8peaksareduplicatedwith
a 0.1 and0.2ppm difference,respectively(Table1). In
comparison,for the singlecentralcarbonin the mixture
from III , thespectrumshoweda triplicate peakderiving
from the reagent,productandintermediate.


Following the same pattern, for I the doublet
transitionsat 9.13 (H-6) and 8.44ppm (H-3 and H-4)
areduplicatedin themixture.Again, theproductdoublet
peaksat8.67(H-6) and7.99ppm(H-3) appearduplicated
in thespectrumof themixture.Thepeaksof thearomatic
carbonsof the mixture from I are duplicatedcompared
with the reagentor product.Shifts in the signalposition
weregenerallysmall (�0.05ppm)with theexceptionof
C-2, whereshifts of 0.11 and 0.26ppm relative to the
reagentand final product, respectively,were observed
(Table 1). The signalsof the aliphatic carbonC-7 for
reagent and product were duplicated in the mixture
(0.4ppmdifference),whereasfor thecentralcarbonC-8,
which as for the mixture derived from III , were
triplicated (0.3ppm difference). This duplication of
signals and the extra peak in the case of C-8 again
stronglysuggestthepresenceof theintermediatespecies
in themixture.


The 1H and 13C NMR spectraof the mixture for the
reactionof V with azideexhibitedpeaksidentical with
the reagentandfinal product,not allowing characteriza-
tion of the intermediatespecies.This canberationalized
by consideringthe long distancebetweenthe aromatic
rings,whichdiminishesanyeffectsfrom symmetrybreak
in the intermediatedueto theconformationalfreedom.


Having qualitatively establishedthe occurrenceof an
intermediate species resembling a half reactant–half
productcompound,the next objective is to unravel the
kinetic natureof thereaction.N3


ÿ substitutionon RPBrs
canbereadilymonitoredby following eitherthereactant
consumptionby theabsorbancedecreaseat277nmor the
productformation, seenas an increasein absorptionat
294nm.This behavioris shownin Fig. 1 for thereaction
of I with N3


ÿ, wherea singleisosbesticpoint at 281nm
canbe observed.For compoundV the time dependence
of theabsorbancechangeat 294nm (or 277nm) fitted to
a simplefirst-orderprocesswith a correlationcoefficient
(r) of 0.99999.Interestingly,thepresenceof anisosbestic
point andthefit to a first-orderequationusuallyindicate
only two species(no intermediatesformed during the
reaction).However,for the shorterRPBrsthe quality of
fit (basedon r values)diminishes,suggestinga slight


Figure 1. Successive UV±VIS spectra for reaction of
compound I with azide ions. [N3


ÿ] = 1.00 mol lÿ, [I] =
2.2� 10ÿ5 mol lÿ1, T = 30.0°C, time range = 20 s. Note the
isosbestic point at 281 nm
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deviation of the exponentiallaw, as for compoundI
where r = 0.998 (Fig. 2). Thesedeviationssuggestthe
presenceof two kineticallydistinguishablereactionsteps,
i.e. intermediateformation, in accordancewith NMR
results.Considering,however,that thereis no netcharge
variation in the reaction,the secondstepshouldpresent
aboutthesamereactivityastheinitial one.Thusthetwo
consecutivereactionstepsshouldnotbedifferentiatedas
in the caseof the alkaline reaction,6 where the mono-
positive intermediatehas about an eightfold decreased
reactivity becauseof its lower charge.


The overall observedrate constants(kobs) for azide
substitutiononRPBrsarecollectedin Table2.Clearly,at
a given azideconcentrationandfixed ionic strength,the
reaction order is I > II > III > IV > V. For I , kobs is
aboutdoublethat for II , which in turn is about2–3-fold
fasterthanthosefor theremainingcompounds.Slopesof
log kobs versus log [N3


ÿ] plots (not shown) were
0.94� 0.03,indicatingthesametypeof reactionfor the
RPBrs investigated.Increasedreactivitiesfor the com-
poundshaving shortermethylenespacersare in agree-
ment with that found in pre-micellaraggregates3 or in
RPBralkalinehydrolysis.6


Theeffectof ionic strength(m) on thereactionof I and
V with azide is summarizedin Table 3. The expected


decreasein kobswith increasein m for a reactionbetween
oppositelychargedreactantsis observed.The effect is
slightly morepronouncedfor I , wherethechargedensity
is higher.


Thespecificsalteffectsarepresentedin Table4 for the
reactionsof I andV. The inhibitory effect is KCl < KBr
<Kl, following the usual liotropic series.12 The larger
inhibitory effect observedfor iodide is assignedto the
higher polarizability, implying the presenceof stronger
short-rangeinteractionswith the pyridinium rings. This
effect correlates with the charge transfer complex
formationbetweenpyridinium andiodide ions.13


From the temperaturedependenceon the reactionof
azide ion with compoundsI and V, straightArrhenius
plots were obtained (not shown) and the calculated
activation parametersare presentedin Table 5. For
comparison,valuesobtainedfor the alkaline hydrolysis
of compound I ,6 of N-methyl-2-bromopyridinium
(MBrP),9 of N-methyl-4-cyanopyridinium(MPC)14 and
of 1,3-bis(4-cyanopyridinium)propane(CPP)14 are in-
cluded. The hydrolysis reaction of MBrP and MPC
(monocharged)occursin onestepwhereasfor the other
two the reaction(bis-positivereagent)occursin a fast
initial step followed by slow decompositionof the
intermediate (monocharged species) into the final
products.It canbeobservedthat the reactionsinvolving
doublychargedspeciespresentDS°≠ aroundÿ12 toÿ14
cal molÿ1 Kÿ1 whereasfor themonochargedspeciesthe


Figure 2. Mathematical treatment of the ®rst-order equation
for the reaction of I with azide ions. Absorbance at 294 nm.
[N3
ÿ] = 1.00 mol lÿ1, [I] = 2.2� 10ÿ5 mol lÿ1, T = 30.0°C.


r = 0.998. Line, theoretical curve; &, experimental points


Table 2. Observed rate constants (kobs) for azide substitution
on RPBra


kobs (minÿ1)


[NaN3]
(mol lÿ1) I II III IV V


1.00 1.413 0.523 0.258 0.203 0.153
0.90 1.383 0.434 0.253 0.176 0.135
0.80 1.361 0.429 0.226 0.165 0.126
0.70 1.089 0.407 0.207 0.146 0.108
0.60 0.843 0.305 0.163 0.129 0.093
0.50 0.816 0.287 0.140 0.105 0.079
0.40 0.590 0.216 0.109 0.084 0.067
0.30 0.478 0.166 0.099 0.073 0.053
0.20 0.386 0.119 0.065 0.047 0.036
0.10 0.160 0.062 0.033 0.026 0.020


a [NaN3] = 0.10 –1.00mol lÿ1, m = 1.00mol lÿ1 (KCl addition),
T = 30.0°C.


Table 3. Effect of ionic strength (m) on kobs for compounds I
and V with variable [KCl]a


[KCl] kobs (minÿ1)


(mol lÿ1) m I V


0.00 0.75 1.229 0.127
0.10 0.85 1.289 0.138
0.25 1.00 1.139 0.136
0.30 1.05 0.920 0.096
0.50 1.25 0.914 0.086
0.70 1.45 0.895 0.100
0.90 1.65 0.843 0.096
1.10 1.85 0.821 0.095
1.30 2.05 0.770 0.091


a [NaN3] = 0.75mol lÿ1, T = 30.0°C.


Table 4. kobs obtained for compounds I and V in NaN3


(0.75 mol lÿ1) and halides at 30.0°C


Concentration kobs (minÿ1)


Salt (mol lÿ1) I V


KCl 0.25 1.139 0.137
1,00 0.788 0.098


KBr 0.25 0.962 0.113
1,00 0.692 0.086


Kl 0.25 0.973 0.103
1,00 0.618 0.070
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DS°≠ valuesare aroundÿ8 to ÿ10 cal molÿ1 Kÿ1 (1
cal= 4.184J).Furthermore,thesevaluescontrastwith the
positiveDS°≠ valuesfoundfor a pureelectrostaticdriven
process.15 This unfavorableactivation entropy for the
doubly charged compounds is compensatedby the
activation energyof the processwhen comparedwith
themonocharged(differenceof 2–3kcalmolÿ1).


In orderto investigatesolventeffectson the reaction,
dioxane–watermixtures were employed(Table 6). As
expected,reactionrate enhancementis observedfor a
reactionbetweenoppositelychargedions with decrease
in thedielectricconstantof themedium.Interestingly,the
increasein therateconstantsongoingfrom purewaterto
35% dioxaneare �40-fold for V and�15-fold for I .
Again, this result suggeststhat the reactivitiesare not
determinedby a simpleelectrostaticeffect.Applying the
Brønsted–Bjerrum model15–17 for these sets of data
resultedin a reasonablylinear dependenceof lnk versus
1/� plotswhich showedpositiveslopesappropriatefor a
reactionbetweenoppositecharges.18 Theslopefoundfor
thereactionof I is 312andthat for V is 402.Fromthese
slopes the distance of closest (dc) approach in the
activatedcomplexwasestimated.ForI dc= 3.5Å andfor
V dc= 2.7Å, in accordancewith closestpackingfor V
andtheazideion.


The differencein dc valuescanbe interpretedby the
formationof distinct ion pairs.In the caseof V the pair
would involveasinglepyridiniumring, whereasfor I the
pair would include both rings in a type of sandwich
complex.Anotherpossibilityis theeaseof chainrotation
for the longer spacerto accommodatethe azide ion
betweenthe two pyridinium rings.The differencefound
in the activationenergiesfor the reactionof I andof V
also shows higher reactivity for I (Table 5). Once
nucleophillic attack is the rate-controllingstep for the
azide–bromopyridinium reaction for either the inter-
mediate or final product formation, the observed
differencesin reactivities must derive from a distinct
conformationof the intimatepair or in thecagingof the
reactants.In otherwords,for shorterspacersthepresence
of theanionwouldbesensedby thetwo positivecharges


andfavor a complexhavingthenucleophileintercalated
betweenthe cationic rings. For the longer spacersthis
effect would be lesspronouncedand the reactionthus
occursashavingindependentreactioncenters.


In conclusion,the reactionof bis-positiveions with
azideions,despitethepresenceof anisosbesticpointand
good adjustment to a linear first-order treatment,
exhibited the formation of an intermediateas demon-
stratedby NMR analysis.Kinetic analysisshowedthe
effect of the length of methylenic chain, favoring a
sandwichtype of complex for the shorterspacersand
higherreactivities.
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Table 5. Activation energy (Ea°≠) and entropy (DS°≠) for
reaction of I and V with N3


ÿ and of MBrP, I, V, MPC and CPP
with OHÿ


Reaction Ea°≠ kcalmolÿ1) DS°≠ (cal molÿ1 Kÿ1)


MBrP–OHÿa 15.75 ÿ8.33
I–OHÿb (fast) 12.47 ÿ13.38
I–OHÿb (slow) 15.37 ÿ8.14
MPC–OHÿc 14.89 ÿ9.63
CPP–OHÿc (fast) 12.52 ÿ12.14
CPP–OHÿc (slow) 14.48 ÿ8.96
I–N3


ÿ 16.99 ÿ14.05
V–N3


ÿ 18.63 ÿ13.42


a Datafrom Ref. 9.
b Datafrom Ref. 6.
c Datafrom Ref. 14.


Table 6. kobs for I and V in water±dioxane solutiona


Dioxane Dieletric kobs (minÿ1)


(%, v/v) constantb I V kI /kV


0 76.72 0.305 0.029 10.5
10 67.79 0.652 0.076 8.6
20 58.90 1.426 0.202 7.1
30 50.11 3.336 0.499 6.7
35 45.78 4.845 1.160 4.2


a [N3] = 5.0� 10ÿ2 mol lÿ1, T = 30.0°C
b from Ref. 2.
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ABSTRACT: The macrocyclic lactone brefeldin A was used as a test molecule for the MM3-92 Stochastic Search
conformational searching algorithm. A number of low energy conformers were found and 12 of these were also
subjected toab initio energy minimization using the 3–21G* and 6–31G* basis sets with the Spartan 5.0 package.
There was reasonable agreement between the MM3-92 andab initio results in that almost all of the conformers found
by the former were also stable low energy conformers with the latter. The structure of breflate, an ester analog of
brefeldin, was also determined by X-ray crystallography. There was very good agreement between experimental
structures for the compound and the lowest energy conformer determined by theab initio methods. This was also
among the lowest conformers found by MM3-92. Despite some imperfections in the MM3-92 force field, the
Stochastic Search method was a powerful method for determining molecular conformation. Copyright 1999 John
Wiley & Sons, Ltd.


KEYWORDS: ab initio; brefeldin A; breflate; crystallography; conformation; energy minimization; MM3-92;
stochastic search


Additional material for this paper is available from the epoc website at http://www.wiley.com/epoc


INTRODUCTION


Performing a conformational search in a molecular
modeling study can be a difficult task for all but the
smallest molecules due to large numbers of possible
conformers. For example, there are 310 possible con-
formers in a molecule with 10 bonds about which rotation
can occur, where each dihedral angle can have onetrans
and two gauche values. To be sure that the lowest energy
minimum (the global minimum) has indeed been found, it
may be necessary for all of these conformers to be
evaluated. Conformational searching in a cyclic com-
pound presents another problem in that the set of dihedral
angles that describe the ring must allow ring closure. A
number of methods have been developed to allow the
efficient determination of the global minimum of
moderately sized molecules. One promising method,
which is available as a subroutine in the MM3-92
program, is Stochastic Search, which utilizes a Monte
Carlo approach of generating random crude structures
which are then energy minimized.1–3 There are some
recent reports of the use of the Stochastic Search method
for the conformational analysis of crown ethers.4,5 We
wanted to test the Stochastic Search method and brefeldin


A appeared to be an ideal test case because it contains a
medium size ring and also because the molecule, while
moderately complex, does not contain any exotic atom
types.


Brefeldin A is a macrocyclic lactone natural product
with a wide range of antibiotic activities.6 Because of
these biological properties, as well as others, there has
been a strong interest in its total synthesis,7–12including a
stereoselective synthesis of the biologically active
enantiomer.13 A crystal structure of brefeldin has been
determined and used to assign the absolute configura-
tion.14 A previous molecular modeling study of brefeldin
and some of its derivatives, which only reported a limited
number of torsion angles, found that a rigid and planar
lactone ring was necessary for its cytotoxic and
antifungal activities.15


In addition to the MM3-92 energy minimizations,ab
initio quantum mechanical calculations using different
basis sets were performed on the lowest energy
conformers found by MM3-92. These included energy
minimizations using the 3–21G* basis set, 6–31G* single
point calculations on the 3–12G* structures, and energy
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minimizationsusingthe6–31G* basisset.This allowsa
detailedcomparisonof differentmethodsfor determining
conformationalenergiesand geometriesand provides
insightinto thereliability of thesemethods.Also, anovel
crystal structure was obtained for breflate, an ester
prodrugof brefeldinthathasbettersolubility in water.16


Finally, a detailed conformational analysis was per-
formedon brefeldinby NMR spectroscopy.17


Experimental


MM3-92


The MM3-92 program18 andparametersetwasusedfor
the molecularmechanicsstudiesof brefeldin.The only
missingparametersfor thecompoundwerethe torsional
parametersfor the sequenceH–Csp2–Ccarbonyl–Osp3. As
computed by 6–31G* ab initio calculations on
H2C=CH—COOCH3, the energy difference between
the two conformersin which the carbonyl is trans or
eclipsedto thedoublebondis 0.6kcal/molin favorof the
latter. This was usedto set the torsionalparametersto
V1 = 1.2, V2 = 10.0, and V3 = 0.0. After the initial
conformationalsearches,it was clear that there were
someproblemswith the computedstructureof the allyl
alcohol moiety in brefeldin. However, the 1996 para-
metersetfor MM3 hadimprovedvaluesof the torsional
constants for Csp2–Csp2–Ccarbonyl–Osp3 (V1 = ÿ0.5,
V2 = 1.0 and V3 =ÿ0.985) and these were used to
computethefinal reportedMM3-92 structures.


Conformational searchingwas performed with the
StochasticSearchfeature of the MM3-92 program to
generatepossibleconformationsof brefeldin.Briefly, this
method randomly moves the atoms in a starting
conformationa certaindistancedependingon a specified
parameterandageneratedrandomnumber.Theresulting
crudestructureis thenenergyminimized in two stages.
Thefirst minimizationis with theblock diagonalmethod
sincethis is a morerobustandfastermethodfor a crude
structurewith a very high energy.After this, the full
matrix method, which producesmore consistentfinal
structures, is used to achieve the final minimized
conformation.Thenewlygeneratedconformermustthen
meet certain criteria, such as having the correct
stereochemistry,to be accepted.If these criteria are
met, the conformer is stored and the processis then
repeatedto generatea new conformer.Typically, low
energyconformerstendto befoundmanytimeswithin a
run. The StochasticSearchfeatureis particularly suited
for dealingwith mediumsizedring structures,suchasin
brefeldin, sincesystematicconformationalsearchesare
more difficult due to the necessityof finding sets of
dihedralanglesthat closethe ring.


Thereareseveralparametersthat mustbe set for the
Stochastic Search method. PUSHORIG controls the
maximum distancethat any atom is allowed to move.


Forthefirst two runs,thiswassetat0.50Å. However,the
molecule tended to return repeatedlyto the previous
conformationwith this valueof the parameter.For later
runs, therefore,a value of 0.75Å was used and the
moleculewasmuchlesslikely to return to the previous
conformation.A secondparameteris FRANwhich,if it is
lessthanarandomnumber(0 to 1), causestheprogramto
obtainthe next startingstructurefrom the previousone.
This was set to 0.01 so that this was the most likely
occurrence.Otherwise,thestartingstructurewaschosen
from conformationsthat hadbeenpreviouslygenerated.
The parameterWIDTH, which wasset to 0, causesthe
nextstructureto berandomlyselectedfrom theprevious
stored conformation rather than by an exponential
weightingfunction.The parameterADDIN is an energy
incrementthat is addedto a previouslystoredconformer
eachtime it is selectedasastartingconformerin orderto
preventthe sameonefrom beingchosenrepeatedlyand
this wassetto 0.5.


In this work, eachindependentrun wassetto contain
2000energyminimizedconformersthat weregenerated
from a singlestartingconformation.In all, 12 suchruns
wereperformed,eachwith a differentstartingconforma-
tion.Thestartingconformationswerevariedtotry toensure
that theconformationspacewasfully explored.Thefirst
few startingconformationswerelow energyconformers,
whereasthelateroneswerehighenergyconformersfound
in previousruns and someeffort was madeto choose
conformerswith quitedifferentdihedralangles.


Since brefeldin contains five chiral centers,it was
necessaryto usethe featurethat checksfor the correct
stereochemistry.That is, the crude structure that is
initially generatedmust have all of the same chiral
centers.After theenergyminimizations,thestereochem-
istry is againcheckedanda conformeris only storedif it
haspreservedthecorrectstereochemistry.Brefeldinalso
contain two trans double bonds. The version of the
programthat we used,however,doesnot checkfor the
correct configurationabout double bonds,and confor-
merswith cis doublebondswereeliminatedlater.


A numberof changesweremadeto theMM3-92source
codeto correctpossibleerrors* and to reducethe CPU
time necessaryfor the executionof the code.First, the
original programperformedbotha block diagonalanda
full matrix minimization of the starting conformation.
This is problematicfor compoundswith chiral centers
sincethefull matrix minimizationcausestheprogramto
losetrackof thestartingstereochemistryandcaninvert it
to its mirror image.19Thiswasfixedby only performinga
block diagonalminimization for the starting structure.
However,therewasstill aproblemof chiralinversionwith
thefull matrixminimizationsthatarethelaststepfor each
new conformer.Therefore,if the first chiral centerhad


*One of the reviewers indicated that the problems with chiral
inversionsandenergygoingup havebeenfixed in the 1996andlater
versionsof MM3.
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beenmodifiedduringthecourseof theminimization,the
conformerwasautomaticallyinvertedto its mirror image.
The testfor thecorrectstereochemistrywasthencarried
outonceagainto ensurethat it hadnot changed.


A secondchangethat was madeto the sourcecode
concernsthe numberof energyminimizationsthat are
carriedoutfor eachnewcrudeconformerthatisgenerated.
Sincethe startingcrudeconformertypically hasquite a
high energy, the initial block diagonal minimization
wouldoftenstopatanotherhighenergyform becausethe
minimization would terminate,most often due to the
computed energy going up after a particular step.
However, it was found that repeatedcycles of block
diagonalminimizationswould usually result in confor-
merswith muchlowerenergies.Therefore,five cyclesof
block diagonalminimizationswere performedfor each
new crude conformationprior to the full matrix mini-
mization.Also, the stereochemicalinversionsthat occur
during the energyminimizationsalmost always did so
during theseinitial block diagonalminimizationssince
they were performed on structures with very high
energies.Since the full matrix minimizationsare con-
siderablymoreexpensivein termsof the requiredCPU
time, it was advantageousto check for the correct
stereochemistryprior to the full matrix minimizationas
well asafter.If thestereochemistryhadchangedafterthe
block diagonalmethod,the conformerwasdiscardedat
that point. These changesresulted in a much higher
percentageof lower energyformsbeinggenerated.


After a conformer has been energy minimized, the
programcomputesitsmomentsof inertiaandteststoseeif
these and the computed energy match a previously
generatedconformer. If they do not, this is a new
conformer,whichis thenstored.If theydo,theconformer
haspreviouslybeengeneratedand the counterfor that
conformeris incremented.Thus,oneobtainsa file which
containsall uniqueconformersandhow often theywere
found.After theMM3-92 programhasbeenrun,another
program,namedSELECT,whichisalsopartof theMM3-
92 package,sorts the acceptedconformationsby their
energiesandtabulateshow frequentlyeachonehasbeen
found.This programwasmodifiedto excludestructures
that had negativevibrational frequencies(i.e. transition
states)and which containedcis double bonds, since
brefeldinonlycontainstransdoublebonds.Thenumberof
cis double bondswas relatively small. After this, the
various individual StochasticSearchruns were merged
into asinglefile andtheSELECTprogramwasrerun.The
finaloutputcontainedall of thelocalminimafoundsorted
by energy and this makesit easy to see if the same
conformerhasbeenfoundrepeatedlyin differentruns.


Ab initio methods


The 12 lowest energyMM3-92 conformersof the 13-
memberedring in brefeldin were transferred to the


Spartan Version 5.0 molecular modeling package.20


Initial ab initio calculationswere performedwith the
3–21G* basis set with full energy and geometry
optimization. The 3–21G* geometrieswere also sub-
jected to a single point calculation using the 6–31G*
basisset.Finally, full energyandgeometricaloptimiza-
tion of the 3–21G* structureswas performedwith the
6–31G* basisset.


Superposition studies


Least squaressuperpositionsof various conformersof
brefeldinobtainedby variouscomputationalandexperi-
mental methodswere performedwith the PCMODEL
program.21


Single crystal X-ray analysis of bre¯ate


A clear plate 0.16� 0.18� 0.32mm crystal of breflate
C20H31NO5 was selectedfor data collection. Data was
collectedonacomputercontrolleddiffractometerwith an
incidentbeamgraphitemonochromator(BrukerP4with
Cu Ka radiation, � = 1.54178Å, T = 295 K). A least-
squaresrefinementusing 35 centeredreflectionswithin
19<2� <55° gavethemonoclinicP21 cell, a = 6.043(2),
b = 11.826(4), c = 15.012(4)Å, b = 96.94(2)° with
V = 1064.9(6)Å3 Z = 2, and dcalc= 1.14 g/cm3. A total
of 2348 reflectionswere measuredin the �/2� modeto
2�max= 115°, of which there were 1721 independent
reflections.Correctionswere applied for Lorentz and
polarizationeffects.A faceindexednumericalabsorption
correction was applied,m = 0.66mmÿ1, and maximum
andminimum transmissionwere0.91 and0.80, respec-
tively. The structurewas solvedby direct methodsand
refined on F2 with a full matrix least-squares
SHELXTL97.22 The 238 parametersrefinedincludethe
coordinatesand anisotropicthermal parametersfor all
non-hydrogenatoms.Hydrogenatomsbondedto oxygen
were refined while those bondedto carbon utilized a
riding modelin which coordinateshiftsof carbonswere
appliedto the attachedhydrogenswith bond lengthsof
0.96Å, idealizedbondangles,andUiso (H) setto either
1.2Ueq (C) or 1.5Ueq (C) for methylgroups.Thefinal R
valuesfor all the independentdatawereR1 = 0.053,and
wR2 = 0.128.Thegoodnessof fit parameterwas1.12and
final differenceFourierexcursionswere0.13andÿ0.15
eÅÿ3, Tablesof atomiccoordinates,bonddistances,bond
angles,anisotropic thermal parametersand additional
data collection and refinementparametershave been
submitted to the Cambridge Crystallographic Data
Centreandareavailableassupplementarymaterialfrom
theepocwebsiteat http://www.wiley.com/epoc.


Atom numbering


To facilitate comparisons,the samenumberingconven-
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tion hasbeenusedasin thepreviouslypublishedcrystal
structureof brefeldin.14


RESULTS AND DISCUSSION


MM3-92 Stochastic Search


As can be expected for a 13-memberedring,23 a
considerablenumberof low energyconformationswere
found by the StochasticSearchmethod.In addition to
different possibleconformersof the 13-memberedring,
therearepotentiallyninedifferentcombinationspossible
for the two hydroxyl groups.Table 1 lists the best12
conformationsof the 13-memberedring, all with the
sameoptimal conformationof the hydroxyl groups.As
canbeseen,these12 conformersarewithin 2.8kcal/mol
of theglobalminimum.[The orderingof the low energy
conformersis basedon their energiesascomputedwith
theoriginal forcefield.However,thechangesin theforce
field (see Experimental section) resulted in some
reorderingof theminima.]


A questionthatshouldarisefrom theStochasticSearch
method is how well the conformationspacehas been
sampledand whether the global minimum has been
found.To answerthis, it shouldbenotedthat the lowest
energyforms of the 13-memberedring are found in all


eight of the independentruns. Thus, it is unlikely that
thereis a lowerenergyglobalminimumthathasnotbeen
found. However, the method was less successfulin
picking out different conformationsof the hydroxyl
groupssincethe lowest energycombinationwas found
muchlessfrequentlythanthesecondlowest.In addition,
the lowest energycombinationof the hydroxyl groups
wasnot found in everyindependentrun.


Upon visual inspection,conformersI–III and X–XII
hadthehydroxyl groupequatorialon thefive-membered
ring while the remaining conformersappearedto be
intermediateforms. That is, most of the O–C7–C6–C5
dihedralvalueswerein thevicinity ofÿ110° andmostof
theO–C7–C8–C9dihedralanglesin thevicinity of�140°
ratherthangaucheor trans values.This appearsto be a
flaw in theMM3-92 forcefield sincetheab initio results
starting from these intermediate MM3-92 structures
alwaysproducedaxialconformers(seebelow).Similarly,
startinga MM3-92 energyminimizationfrom a 6–31G*
geometrywith anaxialhydroxylgroupalsoproducedthe
intermediateform, suggestingthat the6–31G* geometry
is not stablewith theMM3-92 forcefield.


Ab initio calculations


The 12 lowest energy-minimizedstructuresof the 13-


Table 1. Dihedral angles (°) and steric energies (kcal/mol) of low energy MM3-92 conformers of brefeldin classi®ed by different
conformers of the 13-membered ring


I II III IV V VI VII VIII IX X XI XII


13-memberedring
C9–C5–C4–C3 56 57 64 71 62 74 66 70 59 54 50 61
C5–C4–C3–C2 ÿ113 87 ÿ111 ÿ107 73 91 87 ÿ109 93 61 87 ÿ110
C4–C3–C2–C1 179 179 179 177 ÿ176 180 ÿ179 174 180 ÿ177 ÿ176 178
C3–C2–C1–O 0 ÿ1 ÿ174 ÿ175 2 0 ÿ2 ÿ175 ÿ3 175 2 0
C2–C1–O–C15 ÿ144 145 135 138 143 140 136 137 140 ÿ140 158 ÿ139
C1–O–C15–C14 59 ÿ106 ÿ76 ÿ60 ÿ151 ÿ79 ÿ90 ÿ120 ÿ93 48 ÿ145 67
O–C15–C14–C13 70 75 89 ÿ63 42 ÿ66 ÿ70 46 84 63 94 77
C15–C14–C13–C12ÿ146 ÿ148 ÿ150 149 62 149 154 64 ÿ144 ÿ153 ÿ51 ÿ146
C14–C13–C12–C11 74 73 68 ÿ94 ÿ146 ÿ77 ÿ89 ÿ150 77 72 ÿ61 84
C13–C12–C11–C10 91 90 98 114 119 ÿ100 98 128 ÿ115 95 162 ÿ112
C12–C11–C10–C9 180 179 176 172 ÿ171 ÿ179 176 ÿ171 ÿ175 180 179 ÿ176
C11–C10–C9–C5 124 126 131 132 131 ÿ30 121 141 ÿ22 117 133 ÿ29
C10–C9–C5–C4 ÿ88 ÿ85 ÿ78 ÿ73 ÿ69 ÿ72 ÿ72 ÿ67 ÿ78 ÿ103 ÿ77 ÿ78
Five-memberedring
C6–C7–C8–C9 39 38 29 19 18 15 21 18 28 44 28 28
C7–C8–C9–C5 ÿ42 ÿ43 ÿ42 ÿ39 ÿ39 ÿ36 ÿ40 ÿ39 ÿ42 ÿ37 ÿ42 ÿ42
C8–C9–C5–C6 28 31 39 43 44 44 43 45 39 15 40 40
C9–C5–C6–C7 ÿ4 ÿ7 ÿ22 ÿ32 ÿ33 ÿ35 ÿ31 ÿ34 ÿ23 12 ÿ23 ÿ23
C5–C6–C7–C8 ÿ22 ÿ19 ÿ4 8 9 13 7 10 ÿ3 ÿ34 ÿ3 ÿ3
Hydroxylgroups
O–C7–C6–C5 ÿ140 ÿ136 ÿ122 ÿ108 ÿ106 ÿ105 ÿ109 ÿ107 ÿ121 ÿ152 ÿ121 ÿ120
O–C7–C8–C9 159 157 147 137 135 133 138 136 146 162 147 147
H–O–C7–C6 ÿ71 ÿ71 ÿ73 ÿ73 ÿ75 ÿ73 ÿ74 ÿ73 ÿ73 ÿ73 ÿ71 ÿ72
O–C4–C5–C9 175 177 ÿ178 ÿ171 ÿ179 ÿ167 ÿ174 ÿ173 179 173 169 179
O–C4–C3–C2 128 ÿ31 131 136 ÿ44 ÿ28 ÿ32 133 ÿ25 ÿ58 ÿ30 132
H–O–C4–C5 180 168 ÿ176 ÿ177 175 163 167 ÿ177 163 180 171 180
Stericenergy 33.0 33.4 32.6 33.2 34.6 34.0 34.3 33.8 34.7 35.0 35.3 35.4
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memberedring foundby MM3-92 werealsosubjectedto
ab initio 3–21G*energyminimization,a singlepoint 6–
31G* calculationfor the3–21G* geometry,and6–31G*
energyminimization.Theseresultsareshownin Table2
and the dihedral angles that described the energy
minimized structuresare listed in the supplementary
material and Table 3. First, all of the energyminima
foundby MM3-92 alsoappearedto beminimaby theab
initio energy minimizations methods. However, the
orderingof the minima wasdifferent. The mostnotable


difference was that the ab initio methods found
conformer II (Fig. 1) to be the global minimum by a
considerableamountascomparedwith mostof theother
conformers.For the 6–31G* calculations,this global
minimum was favored by 1.9–7.9kcal/mol, while it
rangedfrom 0.7 to 9.1 for the3–21G* calculations.This
compareswith a total of only 2.8kcal/mol rangefor the
MM3-92 results.


Superpositioncomparisonswere also madebetween
theenergyminimizedstructuresobtainedby theMM3-92
methodandthe 3–21G* and6–31G* ab initio methods.
Usingall of theatomsin themolecule,thebestagreement
for the correspondingconformerswas betweenthe 3–
21G* and6–31G* resultswith a root meansquare(rms)
deviation of 0.150Å. The MM3-92 structural results
were actually more consistentwith the 6–31G* results
with an rms deviation of 0.384Å as comparedwith
0.462Å for the 3–21G* results.The major structural
differencesbetweenthe correspondingconformersob-
tainedby MM3-92 andtheab initio resultsinvolved the
cyclopentanering with an axial alcoholgroupin the ab
initio calculationsandanintermediateform in theMM3-
92 calculations.Giventheflexibility of a five-membered
ring, it is notsurprisingthatit is thesourceof mostof the
structuraldifferences.


Thereasonfor thecomputedfavorability of theglobal
minimum is not entirely clear. For example,ab initio
calculationswith the 6–31G* basisset for allyl alcohol
indicatedthat the conformationin which the hydroxyl


Table 2. Relative energies (kcal/mol) of ab initio 3±21G* and
6±31G* results for the lowest 12 conformers of the 13-
membered ring found by MM3-92 Stochastic Search


Conformer


3–21G*
energy


minimization


6–31G*
singlepoint
calculation


6–31G*
energy


minimization


I 3.9 3.6 3.7
II 0.0 0.0 0.0
III 3.3 2.4 2.1
IV 3.5 3.8 2.9
V 3.1 4.9 4.3
VI 3.6 5.0 4.6
VII 0.7 2.6 1.9
VIII 5.8 5.4 4.9
IX 2.7 3.1 2.9
X 3.4 4.9 4.8
XI 3.5 3.1 3.1
XII 9.1 7.6 7.9


Table 3. Dihedral angles (°) of 6±31 G* geometry optimized structures of the 12 lowest energy conformers found by MM3-92


I II III IV V VI VII VIII IX X XI XII


13-memberedring
C9–C5–C4–C3 55 55 62 71 59 71 66 71 60 47 49 57
C5–C4–C3–C2 ÿ117 111 ÿ106 ÿ106 92 108 110 ÿ112 111 91 100 ÿ110
C4–C3–C2–C1 168 ÿ174 167 167 ÿ167 ÿ170 ÿ170 164 ÿ171 ÿ168 ÿ171 165
C3–C2–C1–O 16 1 ÿ145 ÿ151 ÿ15 ÿ8 ÿ6 ÿ153 0 149 0 17
C2–C1–O–C15 ÿ159 165 166 158 160 154 150 154 163 ÿ155 173 ÿ156
C1–O–C15–C14 68 ÿ139 ÿ106 ÿ80 ÿ158 ÿ97 ÿ114 ÿ142 ÿ127 59 ÿ157 71
O–C15–C14–C13 67 66 69 ÿ65 37 ÿ65 ÿ70 40 72 61 84 76
C15–C14–C13–C12ÿ138 ÿ135 ÿ124 131 61 138 143 61 ÿ130 ÿ150 ÿ53 ÿ137
C14–C13–C12–C11 72 68 70 ÿ86 ÿ143 ÿ77 ÿ89 ÿ139 79 73 ÿ57 83
C13–C12–C11–C10 102 102 116 132 122 ÿ105 114 132 ÿ125 100 166 ÿ119
C12–C11–C10–C9 ÿ176 ÿ178 179 173 ÿ168 178 179 ÿ176 ÿ178 ÿ176 ÿ175 179
C11–C10–C9–C5 120 122 128 133 130 ÿ10 123 140 ÿ5 117 128 ÿ8
C10–C9–C5–C4 ÿ96 ÿ96 ÿ95 ÿ91 ÿ71 ÿ84 ÿ90 ÿ70 ÿ91 ÿ104 ÿ83 ÿ92
Five-memberedring
C6–C7–C8–C9 43 42 42 ÿ27 ÿ4 ÿ22 ÿ27 ÿ1 ÿ28 42 40 42
C7–C8–C9–C5 ÿ36 ÿ37 ÿ37 3 ÿ22 ÿ4 3 ÿ25 4 ÿ32 ÿ41 ÿ38
C8–C9–C5–C6 16 17 17 22 40 27 22 42 21 9 27 19
C9–C5–C6–C7 10 9 8 ÿ39 ÿ43 ÿ42 ÿ40 ÿ43 ÿ39 17 ÿ3 7
C5–C6–C7–C8 ÿ32 ÿ32 ÿ31 41 30 40 41 28 41 ÿ37 ÿ23 ÿ31
Hydroxylgroups
O–C7–C6–C5 ÿ152 ÿ152 ÿ151 ÿ74 ÿ86 ÿ76 ÿ73 ÿ88 ÿ74 ÿ156 ÿ143 ÿ151
O–C7–C8–C9 165 165 165 91 115 96 91 118 90 165 163 165
H–O–C7–C6 ÿ65 ÿ65 ÿ64 ÿ62 ÿ64 ÿ62 ÿ62 ÿ65 ÿ62 ÿ65 ÿ66 ÿ65
O–C4–C5–C9 175 179 ÿ178 ÿ170 ÿ179 ÿ166 ÿ170 ÿ169 ÿ176 170 172 178
O–C4–C3–C2 124 ÿ10 136 136 ÿ27 ÿ12 ÿ10 130 ÿ9 ÿ28 ÿ19 132
H–O–C4–C5 177 174 179 ÿ179 180 176 176 ÿ179 175 178 177 177
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oxygen eclipsesthe double bond has about the same
energyasthegaucheconformation.Similarly, of thetwo
stableconformationsdueto rotationof thebondbetween
thedoublebondandtheestergroup,thelessfavoredone
(by 0.6kcal/mol), in which thecarbonyloxygenis trans
to thedoublebond,is theonethatappearsin thecrystal
structuresand in the ab initio global minimum. These
resultsalso occur with ab initio calculationson larger
fragmentsof thesesequences(not shown). Thus, the
favorability of conformerII appearsto bea consequence
of the interactions within the whole molecule of
brefeldin.Onepossibility is that the two doublebonds,
whichareacrossfrom eachotherin thering,aremakinga
highly favorableinteraction.Thecloserof thetwo double
bondhydrogensis 2.9Å from both carbonatomsof the
other double bond. This hypothesis was tested by
performing single point 6–31G* ab initio calculations
on pairsof ethylenemoleculeswhich werefixed in the
relative orientations of the 12 6–31G* minimized
structures.Therelativeenergiesof thedifferentethylene
dimerorientationsvariedup to a considerable13.9kcal/
mol. The relativeorientationof the two doublebondsin
conformerII wasthe third bestoneof the 12 andit was
favoredby 5.3kcal/mol or betteramongconformersI,


III, IV andV. Thus,thefavorability of conformerII may
beaconsequenceof areasonableconformationof the13-
memberedring which, at the sametime, also allows a
highly favorableinteractionof the two doublebonds.


X-ray structure


Thecrystalstructurefoundfor breflateis shownin Fig. 2
and the dihedral anglesthat describethe structureare
listed in Table 4. The dihedralanglesthat describethe


Figure 1. Stereoscopic image of global minimum conformer
II as calculated by ab initio 6±31G* calculations


Figure 2. Thermal ellipsoid plot drawn from experimental
coordinates of bre¯ate


Table 4. Dihedral angles (°) of X-ray crystal structures of
brefeldin and bre¯ate derivative


Brefeldina Breflate


13-memberedring
C9–C5–C4–C3 61 58
C5–C4–C3–C2 111 118
C4–C3–C2–C1 ÿ168 ÿ174
C3–C2–C1–O ÿ3 2
C2–C1–O–C15 170 170
C1–O–C15–C14 ÿ146 ÿ146
O–C15–C14–C13 67 61
C15–C14–C13–C12 ÿ131 ÿ131
C14–C13–C12–C11 70 72
C13–C12–C11–C10 101 107
C12–C11–C10–C9 177 179
C11–C10–C9–C5 118 116
C10–C9–C5–C4 ÿ98 ÿ101
Five-memberedring
C6–C7–C8–C9 ÿ35 44
C7–C8–C9–C5 12 ÿ34
C8–C9–C5–C6 15 11
C9–C5–C6–C7 ÿ37 15
C5–C6–C7–C8 44 ÿ37
Hydroxylgroupsb


O–C7–C6–C5 ÿ71 156
O–C7–C8–C9 83 ÿ166
O–C4–C5–C9 ÿ176 180
O–C4–C3–C2 ÿ8 5


a Reference14.
b C7 hydroxyl groupis esterin breflate.


Figure 3. Superposition of crystal structures of bre¯ate and
brefeldin
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previouslypublishedcrystal structureof brefeldin12 are
alsolistedin Table5. Thecrystalstructuresfor brefeldin
andbreflatearesuperimposedin Fig. 3. As canbe seen,
theconformationsof the13-memberedring arevirtually
identicalin thetwo crystalstructures.However,thereare
significantdifferencesbetweenthe two structuresin the
five-memberedring. In brefeldin, the hydroxyl attached
to the five-memberedring is axial, whereas it is
equatorialin the breflatederivative.However,it is well
known that five-memberedrings tend to be highly
flexible so this differenceis not surprising.


In comparingthe MM3-92 low energyconformations
in Table1 with theX-ray crystalstructures,conformerII,
which is 0.8kcal/mole above the global minimum, is
similar to thetwo crystalstructureswith respectto the13-
memberedring. Comparingthedihedralanglesof MM3-
92conformerII with thecrystalstructureof brefeldin,six
arewithin 10°, anadditionalsix arewithin 25°, andoneis
40° awayfrom thecrystalstructure.Theglobalminimum
computedby the ab initio methodsand energetically
favoredby a significantamountis virtually identical to
thestructuresseenby X-ray crystallographywith regard
to the13-memberedring. Comparingthe16atomsof the
two ringsof conformerII ascomputedwith the6–31G*
basis set with the correspondingatoms in the crystal
structureof breflate,the rms deviationis only 0.081Å.
The closecorrespondenceof the crystal structureswith
an ab initio global minimum that is favored by a
significant amountstrongly suggeststhat there is little
structuralflexibility in brefeldin.This is alsoconsistent
with our recent finding using NMR spectroscopythat
brefeldinadoptsa very similar conformationof the 13-
memberedin solution,thoughthehydroxylgroupis axial
on thefive-memberedring ratherthanequatorial.17


CONCLUSIONS


TheMM3-92 stochasticconformationalsearchproduced
a largenumberof low energyconformersfor brefeldin.
When the structuresof the lowest 12 were energy
minimizedby abinitio 3–21G* and6–31G* calculations,
similar geometricalstructureswere found to be stable
minima. However, as noted above, there are some
differences,most notably for axial conformersof the
hydroxyl on thefive-memberedring ascomputedby the
ab initio methodswhich wereintermediateformsby the
MM3-92 calculations.Conformersin whichthehydroxyl
groupis axial on the five-memberedring did not appear
to bestablestructureswith theMM3-92 program.


TheStochasticSearchmethodin MM3-92wasfoundto
be a highly robustmethodfor the determinationof the
molecularconformationsof brefeldin sincethe method
wasableto providea list of low energyconformersthat
could thenbe examinedby ab initio calculations.There
wasreasonableagreementbetweenthe MM3-92 results
andtheab initio resultsin thatcorrespondingconformers


werefoundbybothmethodstobestableandalmostall had
low energies.However,theredid appearto besomeflaws
in theenergyminimizedMM3-92 structuresascompared
with theabinitio results.Theresultsobtainedheresuggest
that thecombinationof theStochasticSearchmethodto
determinepossiblelow energyforms and the ab initio
methodstoprovidehighly reliablestructuresisapowerful
methodfor thedeterminationof molecularstructure.


The very good agreement between the crystal
structuresof brefeldinandbreflateandtheNMR structure
of brefeldinin solutionwith regardto theconformationof
the13-memberedring suggeststhat this conformationis
intrinsically favored since it predominatesin different
molecular environments.A very similar conformation
that is greatly favored by the ab initio calculations
stronglybolstersthis conclusion.
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Electron transfer photochemistry of bridged
allylcyclopropane systems: novel substitution products
via deprotonation
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ABSTRACT: The electron transfer photochemistry of three rigid, bridged allylcyclopropane systems, 3-carene (1),
tricyclo[4.3.1.01,6]dec-3-ene (2) and tricyclo[4.4.1.01,6]undeca-3,8-diene (3), is shown to take an unprecedented
course: the major products are novel ‘substitution’ products, in which a hydrogen at an allylic carbon (C2) of the
substrate has been replaced by thep-cyanophenyl group. Copyright 1999 John Wiley & Sons, Ltd.


INTRODUCTION


The structures and reactions of organic radical cations
have attracted much attention during the past two
decades.1–13 Because of their dual nature, containing an
unpaired spin as well as a positive charge, radical cations
have an exceptional range of diverse reaction pathways
available, such as rearrangements,3–6 including sigma-
tropic shifts,7 nucleophilic capture,8,9cycloadditions,2d,10


as well as fragmentations11 and cycloreversions.12


Compared with the analogous reactions of the parent
molecules, many radical cation reactions show a dramatic
decrease in activation barriers,11,13 one of the most
striking aspects of radical cation chemistry.3


We are interested in conjugative and homoconjugative
interactions in substrates containing olefinic moieties and
cyclopropane rings.2e,14–16These interactions govern the
structural changes that molecules undergo upon ioniza-
tion, determine the distribution of spin and charge in the
resulting radical cations, and govern the reactivity pattern
of these species. Having studied the effects of conjuga-
tion on several vinylcyclopropane derivatives, we
targeted homoconjugative interactions in substrates
containing a cyclopropane ring and an alkene moiety
linked symmetrically and held rigidly by two CH2
groups. We selected three substrates of this structure


type, viz. 3-carene (1), tricyclo[4.3.1.01,6]dec-3-ene (2)
and tricyclo[4.4.1.01,6]undeca-3,8-diene (3), and studied
their electron transfer photochemistry.


When photo-induced electron transfer reactions are
carried out in polar solvents containing a nucleophile
(methanol), the radical cation may be captured in a
nucleophilic fashion; the position of the alkoxy function
in the products will reveal the site of nucleophilic attack.
Substrates2 and 3 contain a tetra-substituted cyclopro-
pane bond and a di-substituted double bond; in this case
the cyclopropane function should be the primary electron
donating site and the nucleophile should attack a
quaternary cyclopropane carbon.7,8c,d,9b On the other
hand, the reactivity of1 may be more complex. Because1
has tri-substituted cyclopropane bonds and an alkene
function, these moieties may compete as the primary
electron donor function. Therefore, both functions are
potential targets of nucleophilic attack; radical cation,
1��, is more likely to have either a delocalized structure
or several structures of comparable energies.


However, the electron transfer photochemistry of1–3
took an unprecedented course. Although nucleophilic
capture is not completely suppressed, the major products
formed from 1–3 are novel ‘substitution’ products, in
which an allylic hydrogen of the substrate has been
replaced by thep-cyanophenyl group. The formation of
these products reveals an interesting novel facet of
radical cation chemistry.
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RESULTS


Electron transfer photochemistry of (�)-3-carene
[1, (1S,6S)-3,7,7-trimethyl-bicyclo[4.1.0]hept-3-
ene]


Irradiationof 1,4-dicyanobenzene(DCB), phenanthrene
(Phen), and (1S,6S)-3-carene([a]589= 18.1°), 1, in
acetonitrile–methanol gave rise to four products, all
formed with significant retentionof optical activity. A
methanol adduct, 4, resulting from anti-Markovnikov
addition to the C1–C7-cyclopropane bond (6%,
[a]589=ÿ25°) and two ‘NOCAS’ products (5—17%,
[a]546=ÿ13.0°; and 6—7%, [a]589= 10.2°), resulting
from anti-Markovnikov attack on the cyclopropane
function and the olefinic bond, respectively,are un-
exceptionalproducts,apparentlyinitiatedby nucleophilic
capture.


The major product, 2-endo-(p-cyanophenyl)-4,7,7-
trimethylbicyclo[4.1.0]hept-3-ene (7—[a]546= 143°,
�50% yield) is formally a ‘substitution’ product, in
which a hydrogen at an allylic carbon (C2) of the
substratehasbeenreplacedby thep-cyanophenylgroup.


Electron transfer photochemistry of tricyclo-
[4.3.1.01,6]dec-3-ene (2)


Irradiationof DCB, Phenand2 gaveriseto six different
structuretypes. A methanoladduct (8) resulting from
addition to the 4°–4°-cyclopropane bond and the
correspondingaromatic substitution product (9) were
isolatedin yieldsof� 30%and� 5%,respectively.Both
productswereexpectedon the basisof the generalspin
density distribution establishedby CIDNP results for
severalanalogsof 2.17


Products 10 and 11 (�25 and �15% yield, re-
spectively)ariseformally by replacementof a hydrogen
atomby the cyanophenylgroup.They areaccompanied
by two additionalproducts(12,13; 15%combinedyield),
of the samecompositionasNOCASproducts;however,
the aryl group is attachedin a position without spin


or charge in 1��. Although these products could be
rationalizedvia captureof the radical cation by metha-
nol, and hydrogenmigration before the ‘aromatic sub-
stitution’, this mechanism fails to account for the
incorporation of deuterium into adducts 12 and 13,
when the reaction is carried out in CH3–OD (see
above).


Electron transfer photochemistry of tricyclo-
[4.4.1.01,6]undeca-3,8-diene (3)


Irradiationof DCB,Phenand3 gaveriseto productsof at
leastfour differentstructuretypes.Themajorproduct,14
(12% yield), andseveralisomersof the samecomposi-
tion, including 15, formally ariseby replacementof an
allylic hydrogenby thecyanophenylgroup.


Several products are formed by incorporating a
methoxyaswell asap-cyanophenylgroup;amongthese,
16 may be a NOCAS product, or a methanoladduct
formedby attackon thevinyl carbonof 15. Adduct17 is
probably a secondaryproduct, formed by addition of
methanolto 15.


Two products, 18 and 19 (20 and 25% yield,
respectively), contain two aryl functions and one
methoxy group (M� = 380). They can be explainedas
NOCAS derivativesof primary arylationproducts,such
as15 or its syn-isomer.


DISCUSSION


Thephoto-inducedreactionsof thethreesubstratesto be
discussedhere probably proceedvia electron transfer
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from the substratesto a photo-excitedacceptor.Irradia-
tion of a sensitizer–co-sensitizerpair (such as 1,4-
dicyanobenzene/phenanthrene,DCB, Phen) in the pre-
senceof suitabledonors(D, viz. 1–3) andnucleophiles
(5 M CH3OH) initiatesa well-establishedphotochemical
reactionsequencewith radicalion pairs(D��, DCB�ÿ) as
key intermediates[Eqn. (1)]. Energeticconsiderations
suggestthattheelectrontransferreactionsgeneratingthe
radicalion pairsareexothermicfor all threesubstrates.*
Onetypical reactionof theradicalcationssogeneratedis
nucleophiliccapture[Eqn. (2a)]; the resultingmethoxy
substitutedfree radicals either form simple methanol
adducts[Eqn.(3)]8a,bor generatemorecomplexproducts
by aromatic substitution at the ipso-carbon of the
sensitizerradicalanion[Eqn. (4a)].8c,d,,9b


Phen� DCB� Dÿ!hv
Phen� DCB�ÿ � D�� �1�


D�� � CH3O Hÿ![D OCH3�� � H� �2a�
D�� � Bÿÿ!D ( H)� � B H �2b�
[D OCH3��ÿ!H D OCH3 �3�


[D OCH3�� � DCB�ÿÿ!
p-CN-C6H4 D OCH3� CNÿ �4a�


D ( H)� � DCB�ÿÿ!p-CN-C6H4 D ( H)� CNÿ


�4b�


The detailedreactionsequenceleading to the three-
componentproductsis particularly well-establishedfor
olefins; this variant is known as the photo-NOCAS
reaction(for photo-inducednucleophile-olefin-combina-
tion-aromatic-substitution).9b,c


Nucleophilic capture


In thecaseof thebridgedallylcylopropanesystems,1–3,
the nucleophile may attack either the cyclopropane
function or an olefinic group. Our results provide
evidencefor bothtypesof attack.Forexample,methanol
adduct,4, andNOCASproduct,5, areformedby attack
on thecyclopropanefunction of 1��. On theotherhand,
NOCASproduct,6, requiresattackon thealkenemoiey;
the attackat the strainedring is favoredby 2.5:1. This
competition is compatible with the presenceof two


separatelocalized radical cationsof similar energyor
with a delocalizedradicalcation,1��.


Nucleophiliccaptureof theradicalcation(s),1��, leads
to two free radicals,A� and B�, both formed by anti-
Markovnikov attack.The NOCAS productsare readily
explainedby aromaticsubstitutionof thefreeradicalson
the sensitizerradicalanion,DCB�ÿ [cf. Eqn. (4a)]. The
final stepin the formationof themethanoladduct,4 [cf.
Eqn. (3)], may involve oneof two mechanisticvariants,
proceeding either via hydrogen abstraction or via
reduction by the sensitizerradical anion followed by
protonation;both reactionshaveprecedent.21


The mechanismscan be differentiatedby the useof
methanol-ODasnucleophile.Under theseconditions,a
methoxygroupis introducedin theprimaryreactionstep.
Subsequently,acetonitrileservesasthesourcefor H atom
abstraction,whereasmethanol-ODservesto transferD�


to carbanionintermediates.21 Consequently,the hydro-
gen abstractionmechanismleadsto perprotiomethanol
adducts,whereasthereduction–‘protonation’ pathwaygen-
eratesmethanoladductscontainingone D. The electron
transferphotochemistryof 1 using DCB-Phenin aceto-
nitrile–methanol–ODproduced1:1 ratios of 4-d0 and4-d1,
and of 5-d0 and 5-d1, suggestinga competition between
hydrogenabstraction andreductionmechanisms.


The other substratesdiscussedhere have a tetrasub-
stitutedcyclopropanering and one (2) or two disubsti-
tutedalkenefunctions(3.) The spin densitydistribution
of severalcompoundsof this generalstructuretype was
probedby CIDNP studies,17 which identified the most
highly substituted(4°–4°) cyclopropanebond(e.g.of 3)
astheseatof spinandcharge;little or nospindensitywas
documentedfor the olefinic moieties.Accordingly, we
expectednucleophiliccapturemainlyatthecyclopropane
ring. Indeed,methanoladduct,8, andNOCASproduct,9,
are readily explained by attack on the cyclopropane
function of 2��, giving rise to radical C�; no product


*The free energiesof radical ion pair formation were calculated
according to the Rehm–Wellerequation,ÿ�Go � E�0;0� ÿ E0


D:�=D�E0
A=A:ÿ ÿ e2="a, whereE(0,0) is the excitationenergy,Eo


D
��/D, and


Eo
A/A
�ÿ aretheredoxpotentialsof donorandacceptor,respectively,and


e2/� a is a Coulombterm accountingfor ion pairing.18 The oxidation
potentialsof 1–3 are estimatedas�2.0 V in analogyto limonene,
�2.1 V,19 and methylcyclohexene,�1.93V.20 Given the excitation
energy [E(0,0)= 4.3eV] and reduction potential of DCB [E(Aÿ/
A) =ÿ1.60 V],10a the oxidation of 1–3 by 1DCB* [Eqn. (1)] is
exergonic,ÿDGET =� 0.5eV.
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suggestsnucleophilicattackon thealkenemoieties.


Reactions competing with nucleophilic capture


In contrast to the methanol adducts and NOCAS
products, the remaining products require mechanisms
not involving nucleophiliccapture.This appliesnot only
to products7, 10 and11, or 14 and15, which lack the
alkoxysubstituentaltogether,butalsoto products12and
13, or 17–19. This is shownquiteclearlyfor theisomeric
products12 and13 derivedfrom 2. Although they have
the identical composition as NOCAS product 9, the
photoreactionwith methanol–ODasnucleophileresulted
in a 3:2 ratio of d0:d1-containing product; pure d0


isotopomeris expectedfor a NOCAS product as is,
indeed,observedfor 9. Clearly,a differentradicalcation
mechanismmustbe responsiblefor theseproducts.


Among the potential reaction types open to radical
cations,we considerhydrogenmigration (sigmatropic
shifts) and deprotonation.Several examplesof [1,3]
sigmatropicshiftshavebeendocumentedforcyclopropane
radical cations,leadingto the isomericpropeneradical
cation;for example,sabineneradicalcationisconvertedto
b-phellandreneradical cation.7 However, this reaction
typecannotexplaintheformationof themajorproducts,
viz. 7 and10, which areformedwith conservationof the
three-memberedring and,in thecaseof 7, with conserva-
tion of optical activity. The secondreactionconsidered
here,deprotonation,appearstobeamorelikely alternative.


Deprotonationsare characteristicreactionsof some
radicalcations,convertingthemto neutralradicals.These
conversionsare particularly likely in the presenceof
relatively strong bases,such as semiquinoneradical
anions.For example,we found recently, that chloranil
semiquinonedeprotonatesthe a- and b-pinene radical
cations;the productsderivedfrom the resultingneutral
radicals demonstratedthe existence of ring-closed
vinylcyclobutaneradical cations.22 The radical cations
discussedhere,1��–3��, aredeprotonatedat amethylene
group linking the cyclopropaneand alkene moieties.


Apparently,deprotonationis favoredby thetwo adjacent
functions, which allow the generation of resonance
stabilizedfreeradicals.Subsequentaromaticsubstitution
of the free radicals on the sensitizer radical anion,
DCB�ÿ, accountsfor the formationof 7, 10 and11.


Theformationof 7 from 1 showssignificantregio-and
stereospecificity.In principle, the deprotonationof 1��
maygive riseto two differentneutralradicals,E� andF�.
SpeciesE� is stabilizedby hyperconjugationbetweenthe
methyl groupandthe allyl function; a similar stabiliza-
tion is absentin F� becausethemethylgroupis attached
at thenodeof theallyl function.Thesubstantialyield of 7
and the absenceof more than tracesof the isomeric
product show that free radical E� is clearly favored,
establishingthe regiospecificityof deprotonation.


The stereo-aswell asregiospecificityof thearomatic
substitution step is also an interesting facet of this
reaction; the sensitizer anion appears to approach
exclusivelyfrom the surfaceoppositethe cyclopropane
ring; this can be explained by the significant steric
hindrancedueto the geminaldimethyl substitution.The
significant preferencefor the substitutionrestoring an
allylcyclopropanesystemis lessreadily explained.


Becauseof the symmetryinherentin 2�� its deproto-
nation yields only one ‘product’, allyl radical,G�. This
intermediatemay undergoaromaticsubstitutionat C2,
C4, C6 from thefaceof theCH2 bridge(exo-)or from the
opposite(endo-)face.The relative yields of 10 and 11
show moderatestereoselectivity,less pronouncedthan
thatof 1�� becausethestericbulk of thebridge(CH2 for
2��) is diminishedrelativeto thatof 1�� [C(CH3)2]. The
key to theregioselectivityof aromaticsubstitutionlies in
products12 and13; althoughtheyhavethecomposition
of NOCASproducts,theyareprobablyformedvia H and
I. As vinylcyclopropanesystems,theseshouldundergo
electrontransfermorereadily than2.
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The degreeof deuteriumincorporationinto 12 and
13 is rationalizedvia an allyl radical, endo-or exo-J�,
generatedfrom vinylcyclopropaneradical cations,H��
or I��. The allylic radical should be more readily
reducedthanA� or C�. If 12 and13 areformedvia this
route, the regioselectivity of aromatic substitution is
approximately 2:1 given by the relative yields of
[10� 11] vs [12� 13].


The reactionsof the third substratefollow similar
principles,yet offer additional interestingfeatures.The
key reactionappearsto be deprotonationof 3�� to yield
K�. This allylic radical can react with the sensitizer
radical anion via endo-coupling,giving rise to allylcy-
clopropane14 andvinylcyclopropane15.


Although both of thesehave been isolated,product
15, as a vinylcyclopropane system, is oxidized more
readily than both 3 and 14. It is consideredthe key to
three of the methoxy-substitutedproducts,17 and 18
are readily explainedas methanoladductand NOCAS
product,respectively.In contrastto the formationof 12
and13 from H andI, products17 and18 areformedby
attack of methanol on the 2° and not the 4°
cyclopropanecarbon.Accordingly, the lateral bond of
15�� must be involved in delocalizingspin and charge
whereasfor H�� and I�� the internal (4°–4°) bond
servesthis function.


Product16 could be formedby addition of methanol
onto the vinyl carbonof 15��. This type of additionhas
precedentin the electron transfer photochemistryof
vinylcyclopropane,16b althoughthe conservationof the
strained ring is unusual. Finally, product 19 is
rationalized as a NOCAS product of the syn-isomer
of 15. Although syn-15 is not isolated,it is most likely
formed in low yield and should be quite readily
oxidized.


The noteworthy result emerging from the electron
transferphotochemistryof the (bridged) allylcyclopro-
panecompounds,1–3, is thesignificantyield of products
compatible with deprotonationof the corresponding
radical cations.The deprotonationof 1��–3��, even in
theabsenceof strongbases,goeswell beyondthedegree
previouslyobservedfor other structuretypes.7,23 What


causesthis changein reactivity?


Deprotonationof allylcyclopropane radical cations
involvesdoublyactivated1H nucleiandgivesriseto free
radicalswith extendedconjugatedp-systemsE�, G�, and
K�). This suggeststhat thermodynamicfactors play a
significant role in determining the reactivity of these
radical cations. Thermodynamic‘control’ was noted
previouslyin thenucleophiliccaptureof variousvinyl- or
arylcyclopropane radical cations. For example, the
radicalcationsof sabinene,thujeneor 2-carene,aswell
as others,capturenucleophilesin such a fashion that
allylic or benzylic radicals are formed. The results
reported here identify another radical cation reaction
type for which thermodynamicfactorsappearto play a
major role.


CONCLUSION


The electron transfer photochemistryof three bridged
allylcyclopropanesystems,1 –3, givesrise to a seriesof
productscompatible with deprotonationof the corre-
sponding radical cations, 1��–3��. The extent of
deprotonation,evenin the absenceof strongbase,goes
well beyondthe degreepreviously observedfor other
structuretypes.7,23aThe deprotonationsof 1��–3�� have
little or nosyntheticutility, becauseof competingaswell
assecondaryreactions.However,theresultssuggestthat
appropriate structure types can be designed whose
deprotonationwill lead to significant and useful reac-
tions. We are currently evaluatingthe electrontransfer
induceddeprotonationof severalsuchstructuretypes.


STRUCTURE ASSIGNMENTS


Becauseof the importance of the correct structure
assignmentsfor themechanisticconclusions,thespectral
featuresrevealingkey featuresof theproductsarebriefly
discussedbelow. In addition to 1H and 13C spectra,
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extensiveNOE differencespectraelucidatedsubstituent
stereochemistry.


General features


All products containing the methoxy function show
characteristicsinglets(3.0–3.4ppm) and multiplets for
the tertiary alkoxy a-proton(3.0–3.8ppm). The diaster-
eotopic methoxymethyleneprotons of products17–19
showpairsof doublets.All aryl substitutedproductsshow
aromatic signals for the p-cyanophenylgroup (7.10–
7.70ppm).


Products obtained from D3-carene. Products4 and5
have similar NMR spectra except for the tertiary
isopropyl multiplet of 4 (2.10ppm), which is replaced
by aryl resonancesfor 5. The stereochemistryof these
productsrestson NOE experiments.Irradiation of the
geminalmethyl resonances(0.90 and0.85ppm) caused
strongNOEenhancementof thesinglealkoxyresonances
(3.31ppm).Therefore,theisopropylandmethoxygroups
of bothcompoundsmustbe trans to eachother.


For NOCAS product6, two cyclopropaneresonances
(0.92 and0.72ppm) and the absenceof olefinic signals
identify the double bond of 1 as the target of the
nucleophile;the lack of a benzylic resonanceindicates
that the aryl substituentis attachedto a quaternary
carbon.The stereochemistryof 6 was deducedby an
NOE experiment:pre-irradiationof the tertiary alkoxy
resonance(3.25ppm)causedenhancementof thesyn-7-
methyl group(1.04ppm) andthe aromaticortho signals
(7.49ppm). Thus, the aryl group must be trans to the
methoxygroupandcis to thecyclopropanering.


The spectrum of 7 has one olefinic and two
cyclopropaneprotons(0.60ppm, and �0.9ppm, over-
lappingoneCH3 resonance).The regiochemistryof the
aryl group rests on the strong interaction betweena
benzylic allylic (3.33ppm) and one olefinic proton
(5.20ppm; 2D-COSY). The stereochemistryof this
groupwasprobedby NOE: pre-irradiationof the allylic
benzylic frequency(3.33ppm) causedstrong enhance-
ment of the syn-7-methyl and the aromatic ortho
frequencies(7.34ppm);thus,thearyl groupmustoccupy
a positiontrans to thecyclopropanering.


Products derived from tricyclo[4.3.1.01,6]dec-3-ene
(2). The spectraof 8 and 9 are similar, exceptfor the
tertiary bridgeheadresonanceof 8, which is replacedby
cyanophenylresonancesin the spectrum of 9. Both
productslack tertiaryalkoxy signals(DEPT),identifying
a quaternarycyclopropanecarbonasthe point of attack
by themethoxygroup.


Thestructureof isomers10 and11 is indicatedby the
presenceof two cyclopropane,two olefinic,onebenzylic
allylic, and two allylic resonances;the stereochemistry
rests on NOE evidence. Pre-irradiation of the syn-


cyclopropaneresonanceof 10 (0.49ppm) causedNOE
enhancementof theorthoaryl resonance(7.29ppm)and
oneallylic signal(2.55ppm);thus,thearyl groupof 10 is
attachedcis to the cyclopropanering. For 11, pre-
irradiation of the benzylic allylic resonance(3.80ppm)
causedNOE enhancementof one (syn-) cyclopropane
signal (0.68ppm), the ortho aryl resonance(7.19ppm),
andoneolefinicsignal(5.68ppm);thus,thearyl groupis
trans to thecyclopropanering.


The spectra of 12 and 13 feature two olefinic
resonancesas well as one allylic benzylic (12,
3.77ppm; 13, 3.95ppm) and one allylic bridgehead
signal(�2.75ppm),eachcoupledto oneolefinic proton.
The position of the methoxy group is indicated by a
quarternary(alkoxy)carbonresonance(�76.0ppm).The
stereochemistryof the aryl groups rests on NOE
evidence.For 12, pre-irradiationof one (syn-) bridge
protonfrequency(1.78ppm)causedNOE effectsfor the
orthoaryl, thegeminalbridgeproton(1.99ppm),andthe
bridgeheadsignals; thus, the aryl group of 12 must
occupy the position syn to the methylenebridge. For
product13, irradiating a frequencywherea bridge and
thebridgeheadprotonoverlap(�2.7ppm)causedstrong
enhancementfor the allylic benzylic, the other bridge
proton(1.48ppm)andoneolefinic resonance(5.3ppm).
Thus,the aryl groupmustoccupythe anti position.The
NOE effect of the olefinic signalconfirmsthe proposed
regiochemistry.


Products derived from tricyclo[4.4.1.01,6]undeca-
3-8-diene. The isomers14 and15 haveseveralfeatures
in common,including two cyclopropane,one benzylic
allylic, and four olefinic resonances.Because14 has
six allylic protons, the olefinic and cyclopropane
functionsmustbe isolated;since15 hasonly four allylic
protons,two of its functionalgroupsmustbeconjugated.
One olefinic signal (5.39ppm) is not coupled to an
allylic resonance;this doublebond must be conjugated
with the cyclopropanegroup. The aryl groupsof both
isomers are trans to the cyclopropanering. For 14,
pre-irradiationof the allylic benzylic signal (3.59ppm)
causedNOE effects for the syn-cyclopropanesignal
(0.88ppm). For 15, pre-irradiating the cyclopropane
resonances(0.90and0.95ppm) causedenhancementof
theallylic benzylicsignal.


Thegeneralstructuretypeof product16 follows from
the presenceof two cyclopropane(0.46 and0.80ppm),
four allylic (�2.6ppm), and two olefinic protons
(5.5ppm). The stereochemistryof aryl and methoxy
groups rests on NOE evidence.Pre-irradiationof the
orthoaryl frequency(7.31ppm) causedNOE effectsfor
the3° alkoxyandbenzylicresonances(3.44and2.6ppm,
respectively). Also, pre-irradiation of the benzylic
resonancecausedenhancementof one cyclopropane
resonance(0.46ppm)andtheorthoaryl signals,placing
themethoxygrouptrans to thearyl groupandcis to the
cyclopropanering.
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Products18 and 19 have similar spectra;pairs of
stronglydeshieldeddoublets(18, 3.21and3.65ppm;19,
3.38 and 3.56ppm) indicate that the three-membered
ring of 3 hasbeenopenedby attackof methanolon the
2° carbon. The position of the double bonds follows
from thepresenceof threeolefinicprotons(18, 5.56ppm,
s; 5.66 and 5.73ppm, dm, J = 12Hz; 19, 5.54ppm, s;
5.61 and 5.69ppm, dm, J = 12Hz), suggestingone
bridgeheaddouble bond; one pair of doubly allylic
protons(18, 2.67and2.97ppm,d, J = 18.8Hz; 19, 2.74
and 3.0ppm, d, J = 20.9Hz) confirms this assignment.
Thepositionof onearyl groupis indicatedby oneallylic
benzylic resonance each (18, 3.56ppm; and 19,
3.48ppm).


Theorientationof thearyl groupsrelativeto eachother
andto the themethoxymethylfunction is basedon NOE
evidence.Forbothproducts,pre-irradiationof abenzylic
signal causedenhancementfor both setsof aryl ortho
resonances;therefore, the two aryl groups of either
compoundmustbetransto eachother.For18, irradiation
of the (unusually deshielded) benzylic multiplet
(3.56ppm) causedenhancementof one methoxymethyl
doublet and the resonanceat 2.15ppm. Therefore,the
aryl functionatC3 is cis to the-CH2OCH3 group.For19,
irradiatingthebenzylicresonance(3.14ppm;H4) caused
enhancementfor one set of ortho aryl signals, one
methoxymethyldoublet(3.65ppm),andweakeffectsfor
theallylic benzylicsignal(3.56ppm);thusthearyl group
at C4 mustbecis to the -CH2OCH3 group.


EXPERIMENTAL SECTION


Materials and solvents


3-Carene(1, Aldrich; 95%; [a]589= 18.1°)24 was used
without further purification. Tricyclo[4.3.1.01,6]dec-3-
ene(2)25 andtricyclo[4.4.1.01,6]-undeca-3,8-diene(3),26


were preparedaccordingto literature procedures.1,4-
Dicyanobenzene(Aldrich; 98%) and phenanthrene
(Aldrich; 98%) were purified by recrystallization.
Acetonitrile (Fischer) and methanol (Fischer) were
distilled from calcium hydride and stored over 4 Å
molecularsieves.


Photosensitized electron transfer reactions


Thereactionsolutionscontained0.1M of thedonorsand
0.05M of 1,4-dicyanobenzene with 0.02M of phenan-
threne as co-sensitizerin acetonitrile/methanol (3:1).
They were deoxygenatedby purging with argon for
15min andirradiatedin aRayonetRPR-100photoreactor
equippedwith 16 RPR-3500lamps.The progressof the
reactionwasmonitoredby gaschromatographyonaGC/
MS system(HP 5890seriesII GC interfacedwith anHP
5971 mass selective detector), using a 12 m�


0.2mm� 0.33mm HP-1 capillary column (crosslinked
methyl silicone on fused silica). Analytical runs were
carriedout in 4 mm i.d. NMR tubesstopperedwith latex
stoppers,andpreparativeruns in 30mm i.d. tubeswith
centralcoolingfingers(water-cooling).


Isolation of products


Reactionproductsformedin yields>5%wereisolatedby
aseriesof columnchromatographicprocedures.Columns
of 2.5or 1.2cmi.d., packedwith�10–15cmof silicagel
(VWR Scientific, 230–400 mesh), were eluted with
solventgradients,usuallyfrom light petroleumether(b.p.
<65°C) to mixtureswith ethylacetate.Typically, several
passeswererequiredto isolatetheproducts.


Characterization of products


Structureassignmentsof isolatedproductsrest on MS
and NMR data, including DEPT and 2D COSY
experiments,and extensiveNOE differencespectra,to
confirm the proposedstructures.Proton NMR spectra
were recordedon either a Varian XL-400 or a Varian
Gemini-200spectrometer.13C spectrawererecordedon
theGemini spectrometer,operatingat 50.3MHz.
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ABSTRACT: The 13C cross-polarization magic angle spinning NMR spectra ofN-(2'-hydroxybenzylidene)-2-
hydroxyaniline (1), N-(2'-hydroxybenzylidene)-4-nitroaniline (2) andN-(4'-dimethylaminobenzylidene)-2-hydroxy-
aniline (3) indicate a keto–hydroxy tautomerism of1 but not of 2. This was confirmed by a single-crystal x-ray
diffraction study of1, which revealed that the two distinct molecules in the unit cell are linked by intermolecular
hydrogen bonding. The presence of this bonding may explain the occurrence of the keto–hydroxy tautomerism.
Copyright  1999 John Wiley & Sons, Ltd.
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INTRODUCTION


Molecules with the general formula>C=N—Ph are
known as Schiff bases.1 They have wide application in
organic synthesis and exhibit thermochromism and
photochromism.2,3 They constitute an interesting model
for theoretical studies of intra- and/or intermolecular
hydrogen bonding.


Different proton transfer phenomena can occur even in
the solid state and diffraction methods are able to
distinguish between the various tautomers. Studies4 of
phenol–imine and keto–amine tautomers show the C—O
bond to be much longer in the former (1.341 A˚ ) than in
the latter (1.234 A˚ ). The aniline ring is not coplanar with
the second ring in the keto–amine tautomer, and the
nitrogen atom completing the hydrogen bond has largely
sp3 character.


13C and15N cross-polarization magic angle spinning
(CP/MAS) NMR spectroscopy is a complementary
technique for the detection of the possible dynamic
processes. The methods for the determination of
tautomeric equilibrium5 are based on an arbitrary choice
of the model compounds for both tautomers.1H, 13C and
15N chemical shifts or various coupling constants have
been proposed for the estimation of the tautomer content.
The results of such an approach have been published for
the HO-bearing benzylideneanilines and azo derivatives
in solution.6–10 The proposed structures showed an
H…N intramolecular hydrogen bond, with the proton


located near the oxygen atom in phenyl derivatives but
near the nitrogen atom in naphthyl or heterocyclic
compounds.


In this work, three benzylidene anilines with anortho
OH substituent at one of the aromatic rings or both (see
Fig. 1) were examined using13C CP/MAS NMR
spectroscopy, IR measurements, x-ray diffraction
(XRD) and semi-empirical MO calculations. The aim
was to acquire structural information on hydrogen
bonding and possible keto–hydroxy tautomerism in the
benzylideneanilines. The most interesting features of the
hydrogen bonding in1 and2 are the variations of the H-
atom position in the intramolecular hydrogen bridge and
the interaction of the second OH group with the adjacent
molecules in1 (see Fig. 2). The electron-withdrawing
substituent in2 should increase the stability of a keto
tautomer. The derivative3 could be a model of the
chemical shifts for a hydroxy tautomer, forming only an
intermolecular hydrogen bond. The electron-donating
substituent in thepara position was expected to stabilize
such a form. The structure of1 in the solid state has
already been established by XRD.11 The structure was
refined in theC2/cspace group, with the resultR1 = 0.09.
There were two different molecules in the independent
part of the unit cell, and in one of those molecules both
oxygen atoms were disordered between two positions.
The structure extracted from our x-ray study is different
to those determined previously.


EXPERIMENTAL


The three compounds studied were synthesised as
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Figure 1. Benzylideneanilines 1±3


Figure 2. Hydrogen-bonded chains of 1
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describedearlier.12 13C NMR spectrawererecordedon a
Varian Unity 200MHz spectrometerin DMSO. 13C
CP/MASNMR spectrawererecordedon a BrukerMSL
300 instrumentat 75.5MHz. Powderedsampleswere
packedinto a ZrO2 rotor andspunat about10 KHz. A
contact time of 5 ms, a repetition time of 6 s and a
spectralwidth of 20KHz wereusedfor theaccumulation
of 800–1200scans.The dipolar dephasedspectrawere


recordedwith a 50ms delay before acquisition. The
chemical shifts were calibrated indirectly through the
glycine CO signal observedat 176.3ppm relative to
TMS.


Semi-empiricalcalculationswereperformedusingthe
PM3 programasimplementedin MOPAC 6.0.


X-ray diffraction measurementswere made on a
KUMA diffractometer with graphite-monochromated


Table 1. Crystal data and structure re®nement for 1


C13H11NO2 F(000)448
Mr = 213.23 Thetarangefor datacollection:3.87–85.24°
Triclinic Index ranges:ÿ11� h� 10,ÿ12� k� 12, 0� l � 14
P-1 Reflectionscollected:4395
a = 8.985(2)Å a = 69.43(3)° Independentreflections:4201[R(int) = 0.0577]
b = 10.052(2)Å b = 89.91(3)° Refinementmethod:full-matrix least-squareson F2


c = 12.255(2)Å  = 77.01(3)° Data/restraints/parameters:4201/0/330
1006.1(3)Å3 Goodness-of-fiton F2: 1.051
Z = 4 Final R indices[I >2�(I)]: R1 = 0.0540,wR2 = 0.1605
Dx = 1.408mg mÿ3 R indices(all data):R1 = 0.0656,wR2 = 0.1701
m = 0.778mmÿ1 Extinction coefficient:0.0118(15)
� = 1.54178Å Largestdifferencepeakandhole:0.348andÿ0.278e Aÿ3


T = 293(2)K


Figure 3. 13C CP/MAS NMR spectra of solids 1±3
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CuKa radiation at room temperature,using!ÿ2� scan
techniques.Theintensityof thecontrolreflectionsvaried
by lessthan5%andalinearcorrectionfactorwasapplied
to accountfor this effect. The data were correctedfor
Lorentzandpolarizationeffectsandfor absorption.13The
structurewas solved by direct methods14 and refined
usingSHELXL.15 Thenon-hydrogenatomswererefined
anisotropically,whereasthe H atoms were placed in
calculatedpositionsand their thermal parameterswere
refinedisotropically. Positionaland thermalparameters
wererefinedonly for thosehydrogenatomsinvolved in
hydrogenbonding.Atomic scatteringfactorsweretaken
from the International Tables.16 Crystal data and
structurerefinementfor 1 aregiven in Table1.


All positional,geometricandthermalparametersand
the observedandcalculatedfactorsaredepositedat the
CambridgeCrystallographicDataCentre(CCDCIdenti-
ficationNumber133285).


The solid-state IR spectra were recorded in dry
potassiumchlorideusinga Nicolet 10MX FTIR spectro-
meterat 2 cmÿ1 resolutionwith 60 scans.


RESULTS AND DISCUSSION


NMR spectra


The13C CP/MASNMR spectraof 1–3 areshownin Fig.
3. Thedetailedassignmentsweremadefrom thedipolar-


dephasedspectra,which reveal the resonancesfrom
quaternaryandmethylcarbonatoms,andby comparison
with the spectrain solution.The spectraof structurally
relatedcompounds6–10and2D NMR spectraof 1H–13C in
solutionwerealsohelpful. Theassignmentsaregiven in
Table2.


The examinationof the spectrumof 1 indicatesthat
therearesignificantdifferencesbetweencarbonsC2 and
C2'. In particular,the signalsin solution are locatedat
150.97ppm for C2 andat 160.62ppm for C2', whereas
theresonancesof thesolidsampleweredeterminedto be
at 150.1and175.7ppm, respectively.This is indicative
of significantdifferencesin electronicstructure,i.e. the
C2'—OH group is better representedas C2'=O…H
becauseof the protontransfer.This is confirmedby the
single-crystalXRD studyof 1 in which theprotonof the
C(2')—OH groupis locatedcloserto the nitrogenatom
than to oxygen. Such a structure is stabilized by the
intermolecularhydrogenbonding systemillustrated in
Fig. 2. For the derivative2 this protontransferdoesnot


Table 2. 13C NMR chemical shifts of 1±3 in solids and in DMSO (1, 2) and CDCl3 (3) solution (in parentheses)


No. C(1) C(2) C(3) C(4) C(5) C(6) C(7) C(1') C(2') C(3') C(4') C(5') C(6')


1 124.56 150.11 118.00 129.39 119.23 116.86 153.87 116.86 175.74 113.84 138.44 116.86 135.78
(134.96) (150.97) (116.60) (127.88) (119.52) (119.56) (161.61) (119.46) (160.62) (116.47) (132.69) (118.62) (132.17)


2 150.99 119.75 124.32 145.02 124.32 119.75 164.25 119.20 160.27 115.54 128.71 115.54 135.52
(154.50) (122.33) (124.90) (145.33) (124.90) (122.33) (165.43) (119.31) (160.16) (116.66) (132.31) (119.31) (134.16)


3 134.44 153.20 108.49 127.03 118.88 127.05 153.20 122.42 134.44 114.02 153.20 114.02 134.44
(136.64) (152.67) (114.37) (119.90) (115.62) (127.32) (157.12) (124.02) (130.52) (111.55) (151.92) (111.55) (130.52)


Figure 4. The displacement ellipsoids of 1A and 1B
Figure 5. A perspective drawing of the packing arrangement
of 1


Copyright  1999JohnWiley & Sons,Ltd. J. Phys.Org. Chem.12, 875–880(1999)


878 D. MACIEJEWSKA, D. PAWLAK AND V. KOLEVA







takeplaceandthe chemicalshifts of C2' in the solution
andin thesolid arealmostequal.


The next striking differencebetweenthe solutionand
the solid is the changein the chemicalshifts for the C7
atom.Theresonanceof theC7atomin 1 movesto higher
field by 7.4ppm, closer to the limit for the ketoamine
tautomer.The spectraof 2 and 3 contain significantly
fewer peaks than the number of chemically distinct
carbon sites in the molecules. It is possible that a
‘flipping’ motion of aromaticrings occurswhich results
in equivalenceof the resonancesof the ortho andmeta
pairs. Residual splitting could be observed for the
resonanceof the dimethylaminogroup in the spectrum
of 3, due to the dipolar coupling of the carbon atom
linked to the quadrupolar 14N nitrogen atom. This
splittingwasnotobservedfor theremainingC—N atoms.


X-ray diffraction


Compound1 crystallizesin thespacegroupP-1 with two
molecules(1A, 1B) in the independentpart of the unit
cell aspresentedin Fig. 4. Figure2 showsthatchainsof
moleculesarestabilizedby the intermolecularhydrogen
bonds,andthepackingschemeis illustratedin Fig.5.The


bondlengthsandvalenceanglesaregivenin Table3.The
apparentrigidity of the benzylidenemoiety and non-
planarity of the aniline moiety [the torsion angle is
9.7(3)°] are increasedby the strong intramolecular
hydrogenbonding betweenthe parent molecules,and
alsoby thehydrogenbondingwith adjacentmoleculesin
a perpendicularchain.The hydrogenatomof the C2'—
OH group(seeFig. 1) is localizednearthenitrogenatom
and the system is stabilized by the intramolecular
hydrogenbond N—H…O. Structuralparameterschar-
acterizingthehydrogenbondsarelisted in Table4.


TheC2'—O bondis shortenedanddifferssignificantly
from thetypically singletheC2—Obond,indicatingthe
keto–amineconformationof the molecule1. The O…N
distanceis longer(by 0.064Å) in theanilinemoietythan
the benzylidene moiety, and the hydrogen atom is
localized near the oxygen atom. Consequently,this
hydrogenatom is engagedin intermolecularH-bonding
with theoxygenatomof theO—C2' groupin anadjacent
molecule.The quasi-aromaticring N1…H…O—C2'—
C1'—C7, formed as a result of the intramolecular
hydrogenbond, deviatesonly slightly from planarity.
The hydrogenbondsare fairly strongand the energies
calculated on the basis of the empirical equation
E = 468.9exp[4.338(0.957ÿROH)]17 are given in Table


Table 3. Bond lengths (AÊ ) and selected valence angles (°) for 1


Bond lengthsof 1A Bond lengthsof 1B


C(1)—C(2) 1.388(2) C(1)—C(2) 1.384(2)
C(1')—C(2') 1.422(2) C(1')—C(2') 1.420(2)
C(2')—C(3') 1.403(2) C(2')—C(3') 1.411(3)
C(2)—C(3) 1.377(2) C(2)—C(3) 1.379(2)
N(1)—C(7) 1.288(2) N(1)—C(7) 1.284(2)
C(1)—C(6) 1.378(2) C(1)—C(6) 1.373(2)
C(1')—C(6') 1.401(2) C(1')—C(6') 1.400(2)
C(3)—C(4) 1.369(2) C(3)—C(4) 1.361(3)
C(3')—C(4') 1.359(3) C(3')—C(4') 1.347(3)


Valenceanglesof 1A Valenceanglesof 1B


C(2)—C(1)—N(1) 117.05(13) C(2)—C(1)—N(1) 116.78(14)
C(2')—C(1')—C(7) 120.86(15) C(2')—C(1')—C(7) 120.60(14)
O(2)—C(2)—C(1) 117.26(15) O(2)—C(2)—C(1) 117.81(15)
O(2')—C(2')—C(1') 121.29(15) O(2')—C(2')—C(1') 121.71(15)
N(1)—C(7)—C(1') 123.21(14) N(1)—C(7)—C(1') 122.93(14)
C(7)—N(1)—C(1) 127.24(13) C(7)—N(1)—C(1) 126.97(13)
C(3')—C(2')—C(1') 116.76(16) C(3')—C(2')—C(1') 115.99(15)
C(3)—C(2)—C(1) 119.52(15) C(3)—C(2)—C(1) 119.05(15)


Table 4. Crystal data for the hydrogen bonds in the molecules of 1A and 1B


Distance(Å)


Calculatedenergiesof hydrogenbond
(kJmolÿ1)


Valenceangles(°)
intra molecular inter molecular intra molecular


Molecule NH…O C(2')—O C(2)—O C(2)OH…O NH…OC(2') C(2)OH…O N-H…O


1A 1.760(4) 1.286(2) 1.343(2) 1.715(4) 14.40(0.06) 17.50(0.07) 144.5(5)
1B 1.799(4) 1.278(2) 1.339(2) 1.607(4) 12.16(0.05) 27.96(0.12) 140.5(5)
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4. Both phenyl rings vary in aromaticity. We observe
‘equalization’of thebondlengthsin theaniline ring and
all bondlengthsareslightly shorterthanthe ideal bond
length of 1.388 Å. The HOMA parameter18 describing
aromaticity,which hasa valueof 1.000for benzene,is
equal to 0.951 for 1A and 0.926 for 1B. In the
benzylidene moiety bond alternation is evident: the
HOMA indexfor 1A is 0.844andfor 1B it is 0.797.Such
a differencein aromaticityof two benzenerings in one
moleculeis causedby different substituents(HO—C in
onecaseandO=C in theother).


IR spectroscopy


Thebenthydrogenbridgeformedin thecrystallinestate
is reflectedin the IR spectrumof 1, where the broad
stretchingvibrationbandis locatedat 2575cmÿ1 andthe
overtone of the bending vibration band appearsat
1900cmÿ1. The observedbroadbandof the stretching
vibration gOH with a maximum at 3450cmÿ1 in the
spectraof 1 and 2 and at 3335cmÿ1 in that of 3 is a
characteristicfeature of hydrogen-bondedcompounds.
The larger shift towards lower wavenumbersand the
increasein theintensityoccurringin thespectrumof 3 are
in line with theformationof strongerhydrogenbonding.


Semi-empirical MO calculations


The calculationson 1 indicate that the key differences
betweentheproposedstructuresaretheorientationof the
hydroxylgroupswith respectto theC7—Nlinking bond,
andthe positionof the hydroxyl protons.It appearsthat
conformerswith theirOH groupsonoppositesidesof the
C7—Nbond,thestructures1 and1' in Fig. 1, areslightly
less stable (the difference in heats of formation is
9.4kJmolÿ1). The stability of the conformersincreases


by 12kJmolÿ1 as the location of the hydroxy group
enhancesthepossibilityof intramolecularhydrogenbond
formation. It is worth mentioningthat, accordingto the
PM3 level of theory,moleculeswith a carbonylgroupin
the benzylidenemoiety are not preferred.It seemsthat
the formation of the intermolecularhydrogenbonding
with the adjacentmoleculeresultsin an effective low-
energystructure.This structure,with two perpendicular
molecules,was calculatedand we found that heat of
formationwasstabilizedby 31kJmolÿ1 comparedwith
the two independentmolecules.
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ABSTRACT: Theoretical calculations (HF/6–31�G*, MP2/6–31�G*//HF/6–31�G*, B3LYP/6–31�G*//HF/
6–31�G*, HF-SCIPCM/6–31�G*//HF/6–31�G*, and B3LYP-SCIPCM/6–31�G*//HF/6–31�G*) were
carried out on the tetrahedral intermediate RC(CN)(OCH3)—NOCH3


ÿ, where R = C6H5, CH2=CH or H, generated
by nucleophilic attack of methoxide ion on (Z)- or (E)-O-methylhydroximoyl cyanide [RC(CN)=NOCH3]. These
calculations indicate that the staggered conformation4C, which would lead to anE-substitution product, is
approximately 7 (R = H) or 8 kcal molÿ1 (R = CH2=CH) less stable than conformation4A, which leads to aZ-
substitution product. Furthermore, the lowest energy transition state leading to aZ-substitution product is approxi-
mately 5 kcal molÿ1 lower in energy than the lowest energy transition state leading to anE-substitution product.
These results provide an explanation for the experimental results reported recently that (Z)-O-methylbenzo-
hydroximoyl cyanide gives only the less thermodynamically stableZ-substitution product under conditions where the
purported tetrahedral intermediate should have a long enough lifetime to establish an equilibrium between all the
staggered conformations. Copyright 1999 John Wiley & Sons, Ltd.


KEYWORDS: methoxide ion;O-methylbenzohydroximoyl cyanide isomers; tetrahedral intermediate; conformation;
theoretical calculations


Additional material for this paper is available from the epoc website at http://www.wiley.com/epoc


Nucleophilic substitution reactions at the carbon–oxygen
double bond are among the most important reactions in
organic and biochemistry. The mechanisms of nucleo-
philic substitution at the carbon–oxygen double bond
(acid chlorides, esters, amides, anhydrides, etc.) have
received considerable attention,1 but it has not been
possible to study the stereochemistry of these reactions
since the carbonyl group is not capable of geometric
isomerism. Although the most common mechanism for
nucleophilic acyl substitution is addition–elimination
(AN�DN) with formation of a tetrahedral intermediate,
other mechanisms includingSN1 (DN� AN) and SN2
(ANDN) have been found to take place in some acid


chlorides and esters (for some examples ofSN1 andSN2
mechanisms in acid chlorides and esters, see Ref. 2).


We have been studying the mechanisms of nucleo-
philic substitution at the carbon–nitrogen double bond
(imines). These mechanistic studies give insight into the
chemistry of the carbon–nitrogen double bond and also
the chemistry of the closely related carbon–oxygen
double bond. Some time ago we were able to synthesize
the first examples of thermally stable geometric isomers
of an imine [hydroximoyl halides, ArC(X)=NOR] in
which a suitable leaving group (halide ion) is attached to
the carbon–nitrogen double bond. Since that time we have
reported on the mechanisms of solvolysis,3a alkoxide
substitution,3b amine substitution,3c alkyl amide substi-
tution3c and acid-catalyzed geometric isomerization3d of
compounds containing the carbon–nitrogen double bond.


The substitution reactions of hydroximoyl halides with
alkoxides, amines, or amide ions appear to be occurring
by an addition–elimination mechanism. The most
important experimental evidence for the addition–
elimination mechanism in these reactions is the small
element effect (kBr/kCl < 12). Although these reactions
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involve tetrahedral intermediates which could undergo
stereomutation by rotation around a carbon–nitrogen
single bond, the reactions are stereospecific: (Z)-chlor-
ide� nucleophile→ Z-substitution product; (E)-chlor-
ide� nucleophile→ E-substitution product (major)� Z-
substitution product (minor). We have attempted to
explain these results in terms of stereoelectronic control4


in the breakdown of the tetrahedral intermediates. This
intriguing aspect of these reactions led us to investigate
nucleophilic substitution reactions on imines that contain
a poor leaving group (cyanide ion). With a poor leaving
group it was anticipated that the tetrahedral intermediate
would have a long enough lifetime that stereomutation of
the intermediate would take place.


Ta-Shma and Rappoport5 investigated nucleophilic
substitution on imidoyl cyanides [ArC(CN)=NAr'] with
amines and alkoxides. They suggested that these
substitution reactions proceed by an addition–elimination
mechanism with the elimination step being the rate-
determining step (AN�DN#). The stereochemistry of the
imidoyl cyanide reactions could not be determined since
the Z-and E-isomers of these compounds and their
substitution products are not known.


We recently published on the mechanism of methoxide
ion substitution in (Z)- and (E)-O-methylbenzohydroxi-
moyl cyanides (1Z and 1E).6 The reaction of the (Z)-
hydroximoyl cyanide with methoxide ion [in 9:1
dimethyl sulfoxide (DMSO)–methanol] gave a 1:1
mixture of methyl (Z)-O-methylbenzohydroximate (2Z)
and theO-methyloxime ofa-ketophenylacetamide. It was
found that the (E)-hydroximoyl cyanide underwent
methoxide ion-catalyzed isomerization to theZ-isomer
faster than it reacted by nucleophilic substitution:


Both substitution and isomerization follow second-
order kinetics (first order in methoxide ion and first order
in the hydroximoyl cyanide). The possiblity of iso-


merization occurring by methoxide ion attack on the
imine nitrogen was ruled out since there was no evidence
for alkoxide exchange in the methoxide ion-catalyzed
isomerization of the N-ethoxy cyanide
[PhC(CN)C=NOCH2CH3]. These observations were
interpreted in terms of an addition–elimination mechan-
ism in which the rate-determining step is elimination of
cyanide ion (AN�DN#, Scheme 1).


Although the AN�DN# mechanism is a reasonable
interpretation of our observations, there is a serious
matter left unresolved. Since loss of the nucleofuge in
this mechanism is rate determining, it seems reasonable
to assume that all conformations of the tetrahedral
intermediate should be accessible during the reaction of
the (Z)-hydroximoyl cyanide with methoxide ion (see
Scheme 1). Of the three staggered conformations
(3A–3C), only 3A and3C have the p-orbitals on carbon
and nitrogen aligned properly for formation of the
carbon–nitrogenp-bond, i.e. there is not a p-orbitalanti
to the leaving group (cyanide ion) in3B. Since only the
Z-substitution product (2Z) was initially produced in this
reaction, it would appear that only conformation3A is
leading to product. It is difficult to rationalize why theE-
substitution product (2E) is not formed from conforma-
tion 3C under conditions where one would expect all
staggered conformations to co-exist. What is even more
difficult to explain is the fact that the (Z)-hydroximate is
the kinetic product of the reaction, i.e. theZ-substitution
(2Z) product slowly isomerizes to the thermodynamically
more stable (E)-hydroximate (2E). Hence it cannot be
argued that the rate of reaction from conformation3A is
greater than from3C because of a difference in stability
of the incipient double bond in the transition state for the
reaction3A → 2Z as compared with3C → 2E.


In an attempt to resolve this problem, we carried out
molecular orbital calculations (AM1) on the tetrahedral
intermediate that would be formed in this reaction by
methoxide attack at the carbon–nitrogen double bond.
Using the AM1 method7 the energy of the tetrahedral
intermediate was calculated as a function of rotation
around the carbon–nitrogen single bond axis. These
calculations show that the staggered conformations at a
torsional angle corresponding approximately to confor-
mations3A and 3B in Scheme 1 represent minima in
potential energy. The other staggered confromation,
which corresponds approximately to conformation3C,
is much higher in energy with a conformational relative
energy 5.6 kcal molÿ1 (1 kcal = 4.184 kJ) higher than
conformation3A. The AM1 calculations showed3B to
be 1.2 kcal molÿ1 higher in energy than3A.


It is disconcerting that conformation3C is predicted by
AM1 to be so much more unstable than the other
staggered conformations. This would suggest that there is
a major destabilizing interaction in conformation3C. To
explore this surface in more detail, we performed a series
of ab initio molecular orbital calculations on the stable
conformations of4. This compound is a model of the
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tetrahedral intermediate formed from methoxide attack
on 1Z and 1E, but with the phenyl ring replaced by a
hydrogen for the sake of computational expediency.


Ab initio calculations were performed, using the


Gaussian 94 series of programs,8 on all staggered con-
formations of4 transition states leading to the formation
of bothZ andE products, as well as the rotational barriers
for interconverting tetrahedral intermediate conformers
4A, 4B and4C. Geometries were fully optimized at the
Hartree–Fock (HF) level of theory, using the 6–31�
G(*) basis set.9 Single-point energy calculations using
both the Møller–Plesset (MP2) and hybrid density
functional (B3LYP) levels of theory10 were completed
to help account for electron correlation effects. To help
account for solvent polarity effects, single-point energy
calculations were performed using the self-consistent


Scheme 1
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iterative polarizable continuum method (SCIPCM) of
Tomasi and co-workers,11 with a dielectric value of 47.0,
which should be similar to that for DMSO which was
used in the experimental work on these reactions. These
single-point energy calculations did not involve a
reoptimization of the geometry. Complete vibrational
frequency analysis was completed at the HF level of
theory using the HF fully optimized geometries. All
reactants, products and intermediates (4A, 4B, 4C) had
all positive eigenvalues of the second derivative matrix
(Hessian), indicating all structures were true equilibrium
minima. On the other hand, all transition states for either
elimination to products or reactants, or rotational
transition states, had exactly one negative frequency,
corresponding to motion along the appropriate reaction
coordinate.


In 4 there are three independent internal rotors (f, , w)
leading to 27 possible stable staggered conformations. As
in the AM1 simulations, there are three possible
staggered conformations around the central C—N bond
(f), leading to conformations4A, 4B and4C, in analogy
to conformations3A, 3B and3C, from the AM1 study.
Newman projections for these conformations are shown
below, looking down the central C—N bond.


For each of4A, 4B and 4C, there are nine possible
stable conformations corresponding to rotation around
the 1C—1O—C-N ( ) and C—N—2O—2C (w) bonds
(see previous structure for definitions of atoms and
bonds). Although optimized geometries for all 27
possible stable conformations were attempted, only 10
stable minima were located. Four of these corresponded
to structures of the4A type (labeled4A-1, 4A-2, 4A-3,
and4A-4, three of the4B type (labeled4B-1, 4B-2and
4B-3) and three of the4C orientation (4C-1, 4C-2, 4C-3).
Table 1 shows the calculatedf,  andw dihedral angles
for the optimized geometries. Table 2 gives a summary of
calculated relative energies at the various levels of theory
employed here. These energies are relative to the calcu-
lated energy for the most stable intermediate (4A-2).
These calculations clearly show that at all levels of theory
the lowest energy conformations of4A and4B are very
similar, and significantly lower in energy than the
corresponding4C conformations. Table 3 summarizes
the relative energies of the most stable conformations of
4A, 4B and4C.


Since4B cannot lead to product formation and4C is
significantly destabilized, it follows logically that all
product should arise from conformation4A. Detailed


inspection of electron density–electrostatic potential
contour diagrams (not shown) reveals a possible
explanation as to why conformationC is significantly
destabilized relative to theA andB conformations. This
diagram clearly shows enhanced electron–electron repul-
sion between the two lone pairs of electrons on nitrogen
and the1O lone pairs for conformationC, while such
interactions are reduced in either theA or B conforma-
tions. We believe that this increased electron–electron
repulsion, present only in conformationC, is why all
product formation occurs from conformationA.


To investigate further the kinetics of this system, for
each stable conformation of the type4A, 4B or 4C, we
probed the potential energy hypersurface to locate the
lowest energy transition state leading to either the
reactants, theZ-substitution product (from4A) or the
E-substitution product (from4C). From Table 2, one can
clearly see that at the best level of theory (B3LYP-
SCIPCM/6–31�G*//HF/6–31�G* � ZPVE) the low-
est energy transition state for elimination of cyanide (4A-
4-elim-Z) to form the Z-product is approximately
3 kcal molÿ1 lower in energy than the corresponding
lowest energy transition state for elimination of cyanide
to from the E-product (4C-1-elim-E), 4.6 versus
7.5 kcal molÿ1. Furthermore, the lowest energy path
connecting the4A conformations to the4C conforma-
tions has a calculated rotational energy barrier of
9.7 kcal molÿ1 (4A-1-rot-C1 at B3LYP-SCIPCM/6–
31�G*//HF/6–31�G*), which is significantly higher
than the barrier for eliminating cyanide to form the Z-
product (4.6 kcal molÿ1).


These calculations agree remarkably well with the
experimentally observed results, and help us to under-
stand what is occurring in solution. From Table 2 we can
see that the overall reaction is predicted to be exothermic
by about 22 kcal molÿ1, in keeping with the well known
solution stabilities of cyanide relative to methoxide, thus
providing the driving force for the reaction to occur.
Formation of the most stable4A intermediate (4A-2) is


Table 1. Summary of optimized [HF/6±31� G(d)] dihedral
angles ° for stable conformations of 4 and 4-vinyl


Conformation f  w


4A-1 ÿ77.2 ÿ44.7 ÿ131.7
4A-2 ÿ68.9 164.1 ÿ137.8
4A-3 ÿ69.9 164.5 ÿ112.7
4A-4 ÿ64.1 ÿ40.4 ÿ136.6
4A-vinyl ÿ63.3 ÿ33.7 ÿ133.8
4B-1 ÿ74.0 ÿ35.9 ÿ149.0
4B-2 ÿ78.0 162.5 ÿ117.4
4B-3 ÿ89.3 ÿ50.6 ÿ133.3
4B-vinyl ÿ64.4 ÿ34.8 ÿ164.5
4C-1 ÿ167.4 ÿ45.9 ÿ136.9
4C-2 ÿ169.6 163.0 ÿ136.4
4C-3 ÿ158.0 ÿ58.6 ÿ132.1
4C-vinyl ÿ174.0 ÿ44.7 ÿ130.5
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predicted to be exothermic at the B3LYP-SCIPCM/6–
31�G*//HF/6–31�G* level of theory by 1.4 kcal
molÿ1, when considering only enthalpy of reaction. If
we add in the calculated (HF/6–31�G*//HF/6–31�
G*) change in entropy for this reaction (DS=ÿ38.5 eu),
the overall free energy change at 300 K would be
approximately 10 kcal molÿ1 endothermic on going from
reactants to4A-2. Since the activation barrier for
elimination to theZ-product is 4.6 kcal molÿ1 (negligible
entropy effects) compared with the 0.7 kcal molÿ1 barrier
(at B3LYP-SCIPCM/6–31�G*//HF/6–31�G*) for the
elimination of methoxide ion to reform starting material,
the second step of this reaction is rate determining, in
excellent agreement with the conclusions reached
experimentally. The ‘sluggishness’ of this reaction can
also be explained by the very low activation barrier for
the elimination of methoxide from4A-2 to give back


starting materials (EA = 0.7 kcal molÿ1), thus causing
4A-2 to dissociate to starting material much more often
than it goes on to eliminate cyanide to form product. The
fact that only Z-product is formed in this reaction is
readily understood now in terms of the calculated
potential energy surface. After formation of4A-2, the
complex can either revert to starting material
(0.7 kcal molÿ1 barrier), eliminate to giveZ-product
(4.6 kcal molÿ1 barrier) or rotate to form 4C-1
(9.7 kcal molÿ1 barrier), which then goes on to eliminate
cyanide to formE-product. Clearly, the 5.1 kcal molÿ1


lower barrier for eliminating cyanide to form theZ-
product versus rotation followed by elimination from
4C-1 to give theE-product is more than enough free
energy difference to account for 99.99%Z-product
formation. The energy diagram in Scheme 2 summarizes
these calculations.


Table 2. Calculated relative energies (with respect to 4A-2) (kcal molÿ1)a


HF� ZPVEb HF (scrf)� ZPVE B3LYP//HF� ZPVE MP2//HF� ZPVE B3LYP (scrf) //HF� ZVPE


Reactants
4Z�methoxide 24.8 3.0 21.9 28.2 1.4


Intermediates
4A1 0.7 2.5 0.2 ÿ0.1 1.1
4A2 0.0 0.0 0.0 0.0 0.0
4A3 4.2 0.9 2.6 3.7 0.3
4A4 4.0 0.2 3.0 3.5 0.1
4B1 0.2 1.0 ÿ0.4 0.4 ÿ0.4
4B2 3.3 0.6 2.1 3.2 0.9
4B3 1.6 2.3 0.7 1.2 1.0
4C1 5.1 6.5 7.4 8.4 7.4
4C2 8.9 5.4 10.8 12.5 7.9
4C3 5.2 5.4 6.8 8.5 6.9


Transition states
4A1 (elim-SM) 12.3 11.7 0.6 2.4 0.7
4A1 (elim-Z) 8.9 9.1 7.3 9.8 7.4
4A2 (elim-Z) 10.5 9.8 9.1 11.8 9.4
4A3 (elim-Z) 9.8 6.8 7.5 10.4 4.8
4A4 (elim-Z) 10.7 6.4 8.7 12.0 4.6
4A1 (rot-4B1) 9.8 13.6 9.9 10.9 9.7
4A2 (rot-4B2) 12.4 10.7 12.6 13.7 11.9
4C1 (elim-E) 7.1 7.6 7.1 10.0 7.5
4C2 (elim-E) 10.8 7.8 9.9 13.4 7.7
4C3 (elim-E) 11.0 13.1 9.7 13.6 8.5


Products
Z � cyanide ÿ12.9ÿ ÿ29.9ÿ ÿ4.2 0.8 ÿ20.8ÿ


a All calculations used the 6–31�G* basis set.
b All ZPVEs were scaled by 0.9.


Table 3. Relative energies of the most stable conformations of 4A, 4B and 4C


Relative energy (kcal mol)ÿ1


4A 4B 4C


HF/6–31�G*//HF/6–31�G* � ZPVE 0.0 0.2 5.1
B3LYP/6–31�G*//HF/6–31�G* � ZPVE 0.4 0.0 7.8
MP2/6–31�G*//HF/6–31�G* � ZPVE 0.0 0.5 8.5
B3LYP-SCIPCM/6–31�G*//HF/6–31�G* � ZPVE 0.4 0.0 7.3
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To address the question of whether or not our
simplified model system (4), which had a hydrogen in
place of the phenyl ring used experimentally, is sufficient
to model accurately the possible steric and electronic
effects of the larger ‘real’ system, we performed several
calculations on the most stable conformations of4A, 4B
and 4C, this time using a vinyl substituent instead of
hydrogen (or phenyl). The results were remarkably simi-
lar to those for our simple model system (4-hydrogen).
The three general staggered conformations of the vinyl
system (4-vinyl) are shown in Newman projections.


The relative energies of the most stable conformations
of 4-vinyl are summarized in Table 4 at several different
levels of theory.


Tables 3 and 4 are very similar, that is, replacing the
hydrogen by a vinyl group had very little effect on the
overall relative energy difference between the4A
conformations (which lead toZ-product) and the4C
conformations (which lead toE-product). Therefore,


even when the model system is increased to include the
steric and electronic effects of the vinyl group, the
calculations still conclude that conformation4C is much
more unstable than conformation4A, and lead to the
same conclusion as before: one should expect onlyZ-
product formation, which is what is observed experi-
mentally, even though theE-product is thermodynami-
cally more stable (by 1 kcal molÿ1 at B3LYP-SCIPCM/
6–31�G*//HF/6–31�G*).


The results obtained in the reaction of methoxide ion
with hydroximoyl cyanides are in sharp contrast to the
nucleophilic substitution reactions we have reported for
the Z-and E-isomers of O-methylbenzohydroximoyl
chlorides.3b Since the hydroximoyl chloride reactions
are stereospecific it appears that the lifetimes of the
tetrahedral intermediates are so short that conversion of
conformationB to A (or A to B) does not compete with
loss of the leaving group (chloride ion) from these
conformations.


Scheme 2
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We anticipate that theoretical calculations will be a
useful tool in assisting us in explaining the stereochem-
istry and kinetics of nucleophilic substitution reactions at
the carbon–nitrogen double bond. We are currently
investigating the possibility of finding a system where
the electron–electron repulsion on conformationC is
diminished to the point that it competes favorably with
conformationA in producing product.
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ABSTRACT: The effects of micelles of sodium dodecyl sulphate (SDS) on the rates of reactions of ionized phenyl
salicylate (PSÿ) with n-butylamine, piperidine and pyrrolidine were studied at 35°C. Pseudo-first-order rate constants
(kobs) show a linear increase with increase in the total concentration of amine ([Am]T) at a constant [SDS]. An
increase in the total concentration of SDS from 0.0 to 0.2 mol dmÿ3 results in a decrease in the observed nucleophilic
second-order rate constants by the factors ofca2.6, 5.2 and 3.9 for the reactions of PSÿwith n-butylamine, piperidine
and pyrrolidine, respectively. The rate constants,kobs, show a non-linear increase with increase in [NaOH] from 0.0 to
0.04 mol dmÿ3 at a constant [SDS] and [Am]T. The observed results of aminolysis of PSÿ in the presence of SDS
micelles are rationalized in the light of the pseudophase model of micelles. Copyright 1999 John Wiley & Sons,
Ltd.


KEYWORDS: phenyl salicylate;n-butylamine; piperidine; pyrrolidine; anionic micelles aminolysis; hydrolysis;
intramolecular general base catalysis; kinetics


INTRODUCTION


Micelles are perhaps the simplest colloidal assemblage in
terms of their structural complexities and effects on
chemical reactivities. A huge amount of work has been
carried out on the effects of micelles on the rates of
hydrolysis of esters, activated aromatic compounds and a
few amides.1–9 Although the aminolysis of esters and
related compounds has been extensively studied and the
mechanistic details of these reactions have been under-
stood to a great extent, attempts to study micellar effects
upon the rates of these reactions appear to be limited.
Bunton and co-workers studied the effects of micelles on
rates of reactions of tri-(p-methoxyphenyl)methyl cation
with aliphatic amines10 and aromatic nucleophilic
substitution by both aliphatic and aromatic amines.11


The kinetics of aminolysis of carboxylic esters, in the
presence of micelles, were studied by Behmeet al.12 Al-
Lohedan et al.13 studied the effects of cationic and
anionic micelles upon the reactions of methylamine,
dimethylamine and trimethylamine with 2-chloropyridi-
nium salt. Recently, the effects of ionic micelles on the
rates of reactions of several secondary amines with alkyl
nitrites (2-bromoethyl and 1-phenylethyl nitrites) have
been reported.14,15


The most obvious reason for the limited attempts at
studies of the rates of aminolysis of esters and related
compounds is that these reactions generally require the
use of amine buffers and the ionic micelles significantly
affect the apparent pKa values of buffer components
owing to differential micellar incorporation of the buffer
components. This in turn complicates the kinetic analysis
of the aminolysis of organic compounds. In earlier work,
we studied the effects of anionic micelles on the rates of
reactions of propylamine, 1-aminopropan-2-ol and hy-
drazine with ionized phenyl salicylate (PSÿ), where the
use of amine buffers was shown to be unnecessary.16,17


Recently, the effects of cationic micelles on rates of
reactions ofn-butylamine, piperidine and pyrrolidine
with PSÿ have been studied in the absence of amine
buffers.18 The present work is an extension of the
previous work on the effects of anionic micelles on rates
of aminolysis of PSÿ. The results and the probable
explanations are described in this paper.


EXPERIMENTAL


Materials. Reagent-grade chemicals such as phenyl
salicylate, n-butylamine, piperidine, pyrrolidine and
sodium dodecyl sulphate (SDS) were obtained from
BDH, Aldrich and Fluka. All other chemicals were also
of reagent grade. Glass-distilled water was used through-
out. Stock solutions of phenyl salicylate were prepared in
acetonitrile.
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Table 1. Effect of [SDS]T on the apparent nucleophilic second-order rate constants (kn) for aminolysis of phenyl salicylatea


Amine
[SDS]T


(mol dmÿ3)
104 k0
(sÿ1)


103 kn
(dm3 molÿ1 sÿ1)


K1
b


(dm3 molÿ1)
[Am]T


c


(mol dmÿ3) No. of runs


n-Butylamined 0.0 8.11� 0.34e 72.8� 0.7e 0.01–0.07 5
0.002 7.84� 0.72 74.7� 1.5 0.01–0.07 5
0.005 9.48� 0.72 69.5� 1.1 0.01–0.07 5
0.007 7.44� 0.40 69.8� 0.8 0.01–0.07 5
0.020 5.79� 0.86 62.8� 1.8 11.7� 2.2e 0.01–0.7 5
0.050 3.84� 0.81 52.0� 1.6 8.6� 2.2 0.01–0.07 5
0.070 3.47� 0.67 45.6� 1.4 9.0� 1.6 0.01–0.07 5
0.100 2.34� 0.87 40.4� 0.5 8.4� 0.2 0.03–0.10 6
0.140 1.49� 0.30 34.5� 0.4 8.2� 0.2 0.03–0.10 6
0.200 1.13� 0.85 27.2� 1.2 8.5� 0.6 0.03–0.10 6
0.200f 4.21� 0.34 28.3� 0.5 8.1� 0.2 0.01–0.10 7
0.200g ÿ0.6� 1.1 29.2� 2.7 0.03–0.05 3


Piperidineh 0.0 7.68� 3.20 323� 8 0.01–0.06 5
(8.22) 323� 8


0.004 9.96� 2.86 311� 7 0.01–0.06 5
(8.22) 317� 7


0.007 8.43� 0.94 303� 2 0.01–0.06 5
(8.22) 304� 2


0.010 3.49� 2.58 305� 6 0.01–0.06 5
(6.80) 293� 9


0.015 6.61� 1.7 273� 4 0.01–0.06 5
(6.60) 273� 4


0.020 4.68� 3.01 267� 7 0.01–0.06 5
(6.29) 260� 8


0.050 2.19� 0.84 198� 2 0.01–0.06 5
(5.62) 185� 10


0.070 0.53� 1.96 171� 5 0.01–0.06 5
(5.04) 155� 10


0.100 0.51� 1.64 136� 4 0.01–0.06 5
(4.36) 122� 9


0.140 2.66� 0.80 94.1� 2.5 0.01–0.05 4
(4.21) 87.8� 4.0


0.200 1.72� 1.15 66.5� 2.8 0.01–0.06 5
(3.37) 61.0� 3.1


Pyrrolidineh 0.0 15.6� 5.1 797� 12 0.01–0.06 5
(8.22) 823� 17


0.004 17.9� 5.0 767� 15 0.01–0.05 5
(8.22) 810� 31


0.007 15.5� 4.2 744� 12 0.01–0.05 5
(8.22) 776� 23


0.010 6.44� 4.41 775� 13 0.01–0.05 5
(6.80) 774� 13


0.015 5.00� 2.92 754� 9 0.01–0.05 5
(6.60) 748� 8


0.020 3.42� 2.21 726� 7 0.01–0.05 5
(6.29) 713� 13


0.040 ÿ1.4� 2.2 607� 7 0.01–0.05 5
(5.84) 574� 24


0.080 ÿ7.3� 3.8 465� 11 0.01–0.05 5
(5.00) 412� 29


0.130 ÿ5.6� 3.6 343� 11 0.01–0.05 5
(4.05) 302� 21


0.200 ÿ3.2� 2.3 235� 7 0.01–0.05 5
(3.37) 207� 16


a [Phenylsalicylate]0 = 2� 10ÿ4 mol dmÿ3; 35°C; � = 350nm; reactionmixture for eachkinetic run contained2% (v/v) CH3CN.
b Calculatedfrom Eqn(8) asdescribedin the text.
c Total amineconcentrationrange.
d Externallyadded[NaOH] = 0.005mol dmÿ3 andcmc= 0.008mol dmÿ3.
e Error limits arestandarddeviations.
f Externallyadded[NaOH] = 0.04mol dmÿ3.
g Externallyadded[NaOH] = 0 mol dmÿ3.
h Externallyadded[NaOH] = 0.02mol dmÿ3 andcmc= 0.009mol dmÿ3.
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Kinetic measurements. Non-ionized phenyl salicylate
(PSH),N-substitutedsalicylamide,salicylic acid,phenol,
salicylate and phenolateions do not show detectable
absorption at 350nm. However, PSÿ and ionized
N-substituted salicylamide show strong and weak
absorption,respectively,at 350nm.Therateof cleavage
of phenyl salicylate in an aqueousalkaline solvent
containing an amine and SDS was studied spectro-
photometrically by monitoring the decreasein absor-
bance (Aobs) at 350nm. The details of the kinetic
procedureand data analysis were same as described
elsewhere.17,19 The absorbancevalues obtained at a
reactiontime t = ? werein agreementwith theproducts
formed as N-substituted salicylamide, salicylate and
phenolateions.


RESULTS


Effect of [amine] on the cleavage of phenyl
salicylate at a constant [SDS]T and 35°C


Thecleavageof phenylsalicylatewasstudiedat various
total amine concentrations([Am]T) at constant total


concentrationsof SDS ([SDS]T) and [NaOH]. Pseudo-
first-orderrateconstants(kobs) obeyedtheequation


kobs� k0 � kn�Am�T �1�
where k0 and kn representfirst- and second-orderrate
constantsfor amine-independent and amine-dependent
rate of cleavageof PSÿ, respectively.The linear least-
squarestechniquewasusedto calculatek0 andkn from
Eqn (1) and these values at different [SDS]T for n-
butylamine,piperidineandpyrrolodinearesummarized
in Table1. Thefitting of theobserveddatato Eqn(1) is
evidentfrom somerepresentativeplotsin Fig.1 andfrom
the standarddeviationsassociatedwith the calculated
parametersk0 andkn (Table 1). The valuesof kn for n-
butylaminolysisof PSÿ at 0.2mol dmÿ3 SDSarealmost
independentof added[NaOH] within therange0.0–0.04
mol dmÿ3 (Table1). This showsthat the presenceof n-
butylammoniumionsdueto thereactionof n-butylamine
with wateris kinetically insignificant.


The valuesof k0 at different [SDS]T are negligible
comparedwith kn[Am]T for highly reactiveaminessuch
aspiperidineandpyrrolidine.The valuesof kn for these
amineswerealsocalculatedfrom Eqn(1) by considering
k0 as a known parameter.The known valuesof k0 at
different[SDS]T wereobtainedfrom experimentscarried
out under similar experimental conditions with
[Am]T = 0.20 These calculated values of kn are also
shownin Table1.


The linearity of the plot of kobs versus[Am]T at a
constant [SDS]T shows that the ratio [AmH�]/[Am]
(where AmH� and Am represent protonated and
unprotonatedamine, respectively) remains unchanged
with changein [Am]T. Sucha characteristiclinear plot
alsoindicatesthat any micellar structuralchangedueto
thechangein [Am]T is kinetically insensitive.


Effect of [NaOH] upon aminolysis of phenyl
salicylate at a constant [Am]T and [SDS]T


The effect of [NaOH] upon the rates of reactionsof
phenyl salicylatewith n-butylaminewas studiedwithin
the [NaOH] range0.002–0.040mol dmÿ3 at a constant
[Am]T and [SDS]T. Similar observationswere obtained
with piperdine and pyrrolidine. Pseudo-first-orderrate
constants(kobs) were found to fit to the following
empiricalequation:


kobsÿ k00 �
��NaOH�


� � �NaOH� � �ÿOH�re
�2�


wherek0
0 is the pseudo-first-orderrateconstantobtained


undersimilar experimentalconditionswith [NaOH] = 0
and[ÿOH]re representsthe hydroxideion concentration
producedby the reversiblereaction


N� H2O �
Kb


NH� � ÿOH �3�
whereN andNH� representfreeandprotonatedform of


Figure 1. Dependence of the observed pseudo-®rst-order
rate constants (kobs) for aminolysis of ionized phenyl
salicylate (PSÿ) on total amine concentration ([Am]T) at 0.2
mol dmÿ3 SDS for (*) n-butylamine, (~) piperidine and (&)
pyrrolidine
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aminebaseand Kb = Kw/Ka with Kw = [H�] [ÿOH] and
Ka = [N] [H�]/[NH�]. Thevaluesof [ÿOH]re at different
[NaOH] werecalculatedfrom theequation


�ÿOH�re � fÿ��NaOH� � Kw=Ka� � ���NaOH�
� Kw=Ka�2� 4�Kw=Ka��Am�T�1=2g=2


�4�


where [Am]T = [N] � [NH�] and [NaOH] is the exter-
nally addedhydroxideion concentration.


Theempiricalparametersa andb werecalculatedfrom
Eqn(2) usingthenon-linearleast-squarestechnique.The
calculated values of these parameters(a and b) at
different [SDS]T for n-butylamine, piperidine and
pyrrolidine are summarizedin Table 2. The fitting of
the observeddata to Eqn (2) is evident from some
representativeplots is Fig. 2 wheresolid linesaredrawn
throughthecalculatedpointsusingEqn(2) andfrom the
standarddeviationsassociatedwith a andb (Table2). It
shouldbenotedthat althoughthe fitting of theobserved
datato Eqn(2) appearsto besatisfactory,thevaluesof a
andb at low [SDS]T arenot very reliablebecause,under
such conditions, the contribution of a [NaOH]/
(b� [NaOH]� [ÿOH]re) comparedwith k0


0 in Eqn (2)
is <50%(Table2).


DISCUSSION


Thevaluesof themolarextinctioncoefficients(�350) are
5700–6000dm3 molÿ1 cmÿ1 for PSÿ andzerofor PSHat
350nm. The values of initial absorbance(A0


obs at


Table 2. Values of empirical parameters, a and b, calculated from Eqn (2)a


Amine
[SDS]T


(mol dmÿ3)
104 a
(sÿ1)


103 b [� Kb(ap)]
(mol dmÿ3)


103 bcalc
b


(mol dmÿ3)
103 bcalc


c


(mol dmÿ3) Yd


n-Butylaminee 0.02 5.73� 0.78f 23.0� 6.7f 0.21
0.05 6.75� 0.87 18.8� 5.2 0.34
0.10 7.19� 0.75 26.1� 5.4 0.47


Piperidineg 0.01 15.0� 1.3 10.4� 2.9 - - 0.44
0.02 17.7� 1.4 12.3� 2.7 11.6 11.6 0.64
0.05 18.2� 1.1 17.1� 2.5 18.4 18.3 0.87
0.10 14.1� 1.9 22.0� 6.7 21.2 21.3 2.01


Pyrrolidineg 0.01 45.5� 2.7 7.16� 1.72 8.48 6.90 0.80
0.02 59.3� 4.8 17.0� 3.5 16.4 17.2 1.06
0.05 61.5� 6.5 25.9� 5.6 25.3 25.8 1.41
0.10 53.5� 2.5 29.2� 2.6 29.7 29.2 1.88h


a [Phenylsalicylate]0 = 2� 10ÿ4 mol dmÿ3; 35°C; � = 350nm; reactionmixture for eachkinetic run contained2% (v/v) CH3CN; unlessindicated
otherwise,thetotal numberof kinetic runsandtheaddedsodiumhydroxideconcentrationrangeat each[SDS]T were6 and0.002–0.040mol dmÿ3,
respectively.
b Calculatedfrom Eqn(12)with Kb = 0.00244mol dmÿ3, KNH = 494,KN = 61dm3 molÿ1 andcmc= 0.009mol dmÿ3 for piperidineandKb = 0.00301
mol dmÿ3, KNH = 970� 195,KN = 91� 22 dm3 molÿ1 andcmc= 0.009mol dmÿ3 for pyrrolidine.
c Calculatedfrom Eqn(12)with Kb = 0.00244mol dmÿ3, KNH = 447� 147,KN = 54� 23dm3 molÿ1 andcmc= 0.008mol dmÿ3 for piperidineand
Kb = 0.00301mol dmÿ3, KNH = 817� 28, KN = 74� 3 dm3 molÿ1 andcmc= 0.008mol dmÿ3 for pyrrolidine.
d Y= (kobs, mÿ kobs, i)/kobs i, wherekobs, m andkobs, i are the observedpseudo-first-orderrateconstantsobtainedat the maximumadded[NaOH]
( = 0.04mol dmÿ3) andat [NaOH] = 0.
e [Am]T = 0.02mol dmÿ3.
f Error limits arestandarddeviations.
g [Am]T = 0.01mol dmÿ3.
h The added[NaOH] rangewas0.001–0.040mol dmÿ3.


Figure 2. Plots showing the dependence of (kobs - k0
0) on


[NaOH] for the reaction of PSÿ with (*) n-butylamine
([Am]T = 0.02 mol dmÿ3), (~) piperidine ([Am]T = 0.01 mol
dmÿ3) and (&) pyrrolidine ([Am]T = 0.01 mol dmÿ3) at 0.1
mol dmÿ3 SDS
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reactiontime t = 0) of the reactionmixturescontaining
2� 10ÿ4 mol dmÿ3 phenylsalicylate,� 0.01mol dmÿ3


amine (n-butylamine, piperidine and pyrrolidine)
and� 0.005 mol dmÿ3 NaOH were found to be un-
changedwith changein [SDS]T from 0 to� 0.2 mol
dmÿ3. If thechangein thereactionconditionssuchasan
increasein [SDS]T increased[PSH], then the valuesof
A0


obs should have decreasedwith increasein [SDS]T.
Henceunchangedvaluesof A0


obswith changein [SDS]T
and in [Am]T showthe presenceof 100%ionized form
(PSÿ) of phenyl salicylate in the reactionmixtures of
almostall thekinetic runscarriedout in this study.


Pseudo-first-orderrate constants(kobs) for hydrolysis
of phenyl salicylate were found to be independentof
[ÿOH] within the[ÿOH] range0.005–0.060mol dmÿ3 in
the absenceof SDS.16,17 Similarly, kobs turnedout to be
independentof [ÿOH] within the [NaOH] range0.01–
0.04 mol dmÿ3 in the presenceof 0.03 mol dmÿ3


cetyltrimethylammonium bromide.20 It hasbeenascer-
tained unequivocally that the hydrolysis of phenyl
salicylateundersuchconditionsinvolvesPSÿ andH2O
asthe reactants.19,21 The rateof pH-independenthydro-
lysis of phenylsalicylatehasbeenshownto beincreased
by nearly 106-fold owing to the occurrenceof intramo-
lecular generalbase(IGB) catalysis(T1). The detailed
mechanism of IGB-catalysed hydrolysis of phenyl
salicylatehas beendescribedelsewhere.22 It has been
concluded elsewherethat the reactions of PSÿ with
primary andsecondaryaminesincluding piperidineand
pyrrolidineinvolve IGB catalysis(T2).


23 Themechanism
of thesereactionsin theabsenceof micellesis discussed
elsewhere.23


Effect of [SDS]T on aminolysis of phenyl salicylate
in the presence of constant [NaOH] at 35°C


An increase in [SDS]T decreasedthe nucleophilic
second-orderrate constants(kn) for the reactions of
phenyl salicylate with n-butylamine, piperidine and
pyrrolidine (Table 1). These observations may be
explained in terms of the pseudophasemodel of the
micelle,24 which consistsof various assumptions1b,25


includingonewhich considerstheaqueouspseudophase
and micellar pseudophaseas two distinct static phases.
Despite the fact that micelles are highly dynamic
molecularaggregates,26 almostall the kinetic data that
haveso far appearedin the literaturewere found to fit
satisfactorilythe presumedstatic micellar pseudophase.


The reaction scheme for the cleavage of phenyl
salicylate,in the presenceof amineand SDS micelles,
may be given as shown in Scheme 1 where the
subscriptsW andM representthe aqueouspseudophase
and micellar pseudophase,respectively,N and NH�


representrespectivefree and protonatedform of amine
baseandDn is themicellizedSDS.


PSÿW � Dn �
K1


PSÿM


NW � Dn �
KN


NM


NH�W � Dn �
KNH


NH� M


PSÿW ÿ!k
h


W product(s)


PSÿM ÿ!k
h


M product(s)


PSÿW � NW ÿ!k
n


W product(s)


PSÿM � NM ÿ!k
n


M product(s)


Scheme1


The equilibrium for micellar binding of PSH and the
reactionstepsfor hydrolysisandaminolysisof PSHare
not includedin Scheme1 for thereasondescribedat the
beginning of the Discussion that [PSH]T� 0 (where
[PSH]T = [PSHW] � [PSHM]) under the experimental
conditionsimposed.


The observed rate law (rate= kobs[PSÿ]T, where
[PSÿ]T = [PSÿW] � [PSÿM]) and Scheme1 lead to the
equation


kobs� kh
W � kh


MK1�Dn�
1� K1�Dn�


� �k
n


Wf N
W � kns


MK1KAm
appf N


M �Dn���Am�T
�1� K1�Dn���1� KAm


app�Dn��
�5�


where KAm
app= ([NM] � [NH�M])/([NW] � [NH�W])


[Dn] with [Dn] = [SDS]Tÿ cmc(critical micelle concen-
tration), f N


W = Ka,
N


W/(aH,W� Ka,
N


W), f N
M = Ka,


N
M/


(aH,M� Ka
N


M) with Ka
N andaH representingthe ioniza-


tion constantof NH� andactivity of proton,respectively,
[Am]T = [NW]T� [NM]T with [NW]T = [NW] � [NH�W]
and[NM]T = [NM] � [NH�M] andkns


M = kn
M/ V, whereV


is themicellarmolarvolumein which micellar-mediated
reactionoccurs.It may be noted that the derivationof
Eqn (5) involvesmanyassumptionswhich arecritically
discussedby Bunton1b andRomsted.25


Equation(5) is similar to Eqn (1) with


k0 � kh
W � kh


MK1�Dn�
1� K1�Dn� �6�


and
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kn � kn
Wf N


W � kns
M f N


MK1KAm
app�Dn�


�1� K1�Dn���1� KAm
app�Dn�� �7�


In orderto fit the observeddata(Table1) to Eqns(6)
and (7), one needsthecmc values under the present
experimentalconditions.The valuesof cmc weredeter-
minedusingthe graphicaltechniqueof Broxton et al.27


andthevaluesobtainedareshownin Table1. Thevalues
of k0 (Table 1) obtainedfor n-butylaminolysisof PSÿ


were treatedwith Eqn (6) using the non-linear least-
squarestechnique.Thevaluesof kh


M andK1 turnedout to
be (ÿ0.2� 0.5)� 10ÿ4 sÿ1 and 26� 5 dm3 molÿ1,
respectively.The value of kh


W usedwasobtainedfrom
the kinetic runs carried out at [SDS]T = 0 and also
[SDS]T < cmc.Thenegativevalueof kh


M with astandard
deviationof >200%merely indicatesthat the contribu-
tion of kh


M K1 [Dn] is insignificantcomparedwith kh
W in


Eqn (6). Similar observationswereobtainedat different
[NaOH] in theabsenceandpresenceof hydrazine.17 The
calculatedvalueof K1 ( = 26 dm3 molÿ1) is larger than
themorereliablevalue( = 8.9dm3 molÿ1).28 Thevalues
of kh


M and K1 obtainedin the presentstudy are less
reliable becausethey arederivedfrom k0 valueswhose
contributionstowardskobs vary from 48 to 12% within
the [Am]T range0.01–0.07mol dmÿ3 at 0.02mol dmÿ3


SDSand from 12 to 4% within the [Am]T range0.03–
0.10mol dmÿ3 at 0.20mol dmÿ3 SDS.


The plots of kn (1� K1 [Dn]) versus [Dn] for n-
butylamine,piperidineandpyrrolidineareshownin Fig.
3. The values of K1 used are 8.9 dm3 molÿ1 for n-
butylaminolysisat 0.005dm3 molÿ1 NaOHand4.8 dm3


molÿ1 for piperidinolysisandpyrrolidinolysisof PSÿ at
0.02 mol dmÿ3 NaOH. The valuesof K1 = 8.9 and 4.8
dm3 molÿ1 wereobtainedat0.0075and�0.02mol dmÿ3


NaOH,respectively,in theabsenceof anyamine.28


Theplot for n-butylaminein Fig.3 indicatesthatthekn


(1� K1 [Dn]) values are almost independentof [Dn]
within the [SDS]T range 0.0–0.2 mol dmÿ3. Similar
observationswereobtainedfor hydrazinolysisof PSÿ at
0.0075 and 0.050 mol dmÿ3 NaOH.17 As concluded
elsewhere,17 these observations indicate that kn


W


f N
W� kns


M f N
M K1. Under such conditions, Eqn (5)


yields


K1 � fkn
Wf N


W�Am�T ÿ �kobsÿ k0�g=�kobsÿ k0��Dn�
�8�


wherek0 is pseudo-first-orderrateconstantat [Am]T = 0,
[Am]T is thetotalconcentrationof n-butylamine,103 kn


W


f N
W = 71.7 dm3 molÿ1 sÿ1 andcmc= 0.008mol dmÿ3.


Equation(8) wasusedto calculateK1 at different [Am]T


with a constant[SDS]T. The averagevalues of K1 at
different [SDS]T are summarizedin in Table 1. The
values of K1 at [SDS]T� 0.05 mol dmÿ3 are not
significantly different from K1 ( = 8.9 dm3 molÿ1)
obtained under similar experimental conditions with
[Am]T = 0. Thevalueof K1 ( = 11.7� 2.2dm3 molÿ1) at
0.02 mol dmÿ3 SDS is associatedwith a high standard
deviation and is higher than K1 obtained at
[SDS]T� 0.05 mol dmÿ3. This may be attributedto a
slight error in thecmcvalue.Thestatisticalreliability of
k0� kn


W f N
W [Am]T ÿ kobsapparentlydecreasesas[Dn]


→ 0 andalso[Dn]
ÿ1 → ? as[Dn] → 0. Thus,the data


treatmentwith Eqn (8) is very sensitiveto errorswhen
[Dn] → 0.


The plots of kn (1� K1 [Dn]) versus [Dn] for
piperidinolysis and pyrrolidinolysis of PSÿ reveal
negativeslopes(Fig. 3). Thesedata were treatedwith
theequation


kn�1� K1�Dn�� � kn
Wf N


W � kns
M f N


MK1KAm
app�Dn�


1� KAm
app�Dn�


�9�
which is the rearrangedform of Eqn (7). The non-linear
least-squarescalculatedrespectivevaluesof kns


M f N
M K1


andKAm
appare(4.59� 2.80)� 10ÿ2 dm3 molÿ1 sÿ1 and


13.2� 3.2 dm3 molÿ1, respectively,for piperidine and
0.2� 4.0 dm3 molÿ1 sÿ1 and 9.1� 1.2 dm3 molÿ1,
respectively,for pyrrolidine.The fitting of the observed
datato Eqn(9) maybeseenfrom theplotsin Fig.3 where
solid linesaredrawnthroughthecalculatedpoints.


The calculatedvaluesof kns
M f N


M K1 are associated


Figure 3. Plots of Y versus [SDS]T for the reaction of PSÿwith
(*) n-butylamine, (~) piperidine and (&) pyrrolidine, where
Y = kn (1� K1 [Dn]), and plots showing the dependence of W
on [SDS]T for the reaction of PSÿ with (!) piperidine and (◊)
pyrrolidine, where W = (kn w f N w ÿ Y)/Y
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with extremelyhigh standarddeviationsand therefore
thesevaluesarenot statisticallyreliable.The maximum
contributionof kns


M f N
M K1 KAm


app[Dn], obtainedat the
highest[SDS]T ( = 0.2mol dmÿ3), turnedoutto be27and
30% for piperidinolysis and pyrrolidinolysis of PSÿ,
respectively.Hencekns


M f N
M K1 KAm


app [Dn] may be
neglectedcomparedwith kn


W f N
W in Eqn(9).Undersuch


conditionsEqn(9) is reducedto


�kn
Wf N


W ÿ Y�=Y � KAm
app�Dn� �10�


whereY= kn (1� K1[Dn]). The observeddataappeared
to fit Eqn (10) (Fig. 3) and the calculatedvalues of
KAm


app are 10.1� 1.8 dm3 molÿ1 for piperidine and
6.3� 0.7 dm3 molÿ1 for pyrrolidine.


Althoughthecalculatedvaluesof kns
M f N


M K1 arenot
veryreliable,asconcludedearlier,thevaluesof kns


M f N
M


may be calculatedfrom thesevaluesas 9.6� 10ÿ3 sÿ1


for piperidine and 4.2� 10ÿ2 sÿ1 for pyrrolidine with
K1 = 4.8 dm3 molÿ1. The value of kns


M f N
M


( = 8.1� 10ÿ3 sÿ1) for n-butylaminolysisof PSÿ may
be calculatedfrom the relationshipkns


M f N
M K1 = kn


W


f N
W, whereK1 = 8.9 dm3 molÿ1. The valuesof second-


orderrateconstants(kn
M f N


M = V kns
M f N


M with V = 0.14
dm3 molÿ1)1b turnedout to be1.1� 10ÿ3 dm3 molÿ1 sÿ1


for n-butylamine, 1.4� 10ÿ3 dm3 molÿ1 sÿ1 for
piperidineand5.9� 10ÿ3 dm3 molÿ1 sÿ1 for pyrrolidine.
Thesecalculatedvaluesindicatethat kn


W f N
W/ kn


M f N
M


are65 for n-butylamine,225 for piperidineand135 for
pyrrolidine. Although these calculatedvalues of kn


W


f N
W/kn


M f N
M arenot reliablebecauseof the largeerrors


in the kn
M f N


M values,they do indicatethat the rate of
aminolysis of PSÿ is much slower in the micellar
pseudophasethan in the aqueouspseudophase.Similar
resultswere obtainedin the nitrosationof piperidine14


and pyrrolidine15 with 2-bromoethyl nitrite and 1-
phenylethylnitrite in thepresenceof SDSmicelles.


Themicellar-mediatedreactionsarebelievedto occur
in an environment of significantly low dielectric
constant.29 An increasein CH3CN content from 2 to
50–60%(v/v) in mixed aqueoussolventsdecreasedthe
rate of n-butylaminolysis,piperidinolysisandpyrrolidi-
nolysisof PSÿ by nearly6–8-fold.30 A furtherincreasein
CH3CN contentfrom 50 or 60% to 80 or 90% (v/v) did
not bring any appreciablechange in kn. Hence the
significantlylow rateof aminolysisof PSÿ in themicellar
pseudophasecomparedwith that in theaqueouspseudo-
phasecannotbeattributedonly to a mediumeffect.


Themicellesaredynamicmolecularaggregatesandas
suchthemicellarpseudophasemaynotbeexpectedto be
similar to the aqueouspseudophasein termsof medium
properties.Experimentalobservationsindirectly show
that the micellar pseudophaseis non-homogeneousin
termsof polarity, concentrationof wateranddistribution
of different typesof micellizedmolecules.Henceit may
not be unreasonableto proposethat different average
locationsof aminesand PSÿ moleculesin the micellar


pseudophasearepartly responsiblefor thelowervalueof
kn


M comparedwith kn
W.


The values of Kam
app of 13 or 10 dm3 molÿ1 for


piperidineand9 or 6 dm3 molÿ1 for pyrrolidine may be
comparedwith the correspondingvalues(3.0–5.5dm3


molÿ1 for piperidine14 and 1.4 dm3 molÿ1 for pyrroli-
dine15) obtainedby a spectrophotometrictechnique.A
recentcompilationof a largenumberof KS valuesshows
a considerablespreadin the experimentalvaluesof KS


determinedby different techniques.31


Effect of [NaOH] on aminolysis of phenyl salicy-
late in the presence of constant [Am]T and [SDS]T


at 35°C


The apparentbase ionization constant[Kb(ap)] of the
aminein thepresenceof SDSmicellescanbedefinedby
theequation


Kb�ap� � �NH��T�ÿOH�T
�N�T


� ��NH�W� � �NH�M ����ÿOHW� � �ÿOHM ��
�NW� � �NM �


�11�
or


Kb�ap� � Kb�1� KOH�Dn���1� KNH�Dn��
1� KN�Dn� �12�


where KOH [Dn] = [ÿOHM]/[ÿOHW] and Kb = [NH�W]
[ÿOHW]/[NW]. In Eqn11,[ÿOH]T = [ÿOH]ad� [ÿOH]re,
where [ÿOH]ad and [ÿOH]re representhydroxide ion
concentrationsproducedby addedNaOH and by the
reactionbetweenamineandwater,respectively.


Scheme1 andEqn(11) leadto


kobsÿ k00 �
�kn


W � kns
MK1KN�Dn���ÿOH�ad�Am�T


�1� K1�Dn���1� KN�Dn��fKb�ap� � �ÿOH�Tg
�13�


where k0
0 is the observedrate constantat [ÿOH]ad= 0.


Equation(13) is similar Eqn(2) with a = (kn
W� kns


M K1


KN [Dn])[Am] T/{(1 � K1 [Dn])(1� KN [Dn])} and b =
Kb(ap).


It is evidentfrom Eqns(7) and(13) thata/[Am]T must
be equal to kn provided that Kam


app= KN and
f N


W = f N
M = 1 at 0.02 mol dmÿ3 [NaOH] ( = [ÿOH]ad).


This prediction appearsto be correct only at 0.1 mol
dmÿ3 SDSfor n-butylamineand�0.05 mol dmÿ3 SDS
for piperidineandpyrrolidine(Tables1 andTable2). At
lower values of [SDS]T, the a/[Am]T values are
considerablylower than the correspondingkn values.
The most obviousreasonfor sucha discrepancyis the
considerableuncertaintyin thea valuesat low [SDS]T, as
discussedearlier.


The value of Kb(ap) ( = 0.017mol dmÿ3) obtainedat
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0.05mol dmÿ3 SDSfor piperidinemaybecomparedwith
the values of Kb(ap) of 0.032 in the nitrosation of
piperidine by 2-bromoethyl nitrite and of 0.029 mol
dmÿ3 in the nitrosationof piperidine by 1-phenylethyl
nitrite at 0.055mol dmÿ3 SDSand25°C.14 Althoughthe
valuesof Kb(ap) arenot very reliable at lower valuesof
[SDS]T, an attemptwasmadeto fit the Kb(ap) valuesto
Eqn (12) by considering1� KOH [Dn]. The non-linear
least-squarestechniquegavethe respectiveKNH andKN


values as 494� 178 and 61� 28 dm3 molÿ1


with cmc= 0.009mol dmÿ3 and447� 147and54� 23
dm3 molÿ1 with cmc= 0.008 mol dmÿ3 for piperidine
and970� 195and91� 22dm3 molÿ1 with cmc= 0.009
mol dmÿ3 and 817� 28 and 74� 3 dm3 molÿ1


with cmc= 0.008mol dmÿ3 for pyrrolidine.Thereason-
ably goodfit of the Kb(ap) valuesto Eqn (12) (Table 2)
appearsto be fortuitousasthe calculatedKN valuesare
significantly larger than the experimentally observed
values.


Pseudo-first-orderrate constants(kobs) obtained for
aminolysisof PSÿ at a constant[Am]T and[SDS]T with
variousconcentrationsof NaOH were also treatedwith
theequation


KAm
app� kn


Wf N
W�Am�T ÿ �kobsÿ k0�X
�kobsÿ k0�X �Dn� �14�


whichis therearrangedform of Eqn(5) wherek0 = kobsat
[Am]T = 0 and X = (1� K1 [Dn]). The assumption
involved in the use of Eqn (14) is that the rate of
aminolysis is negligible in the micellar pseudophase
comparedwith that in aqueouspseudophaseunder the
experimentalconditionsof this study.


The valuesof kobs at different [NaOH] were usedto
calculate KAm


app from Eqn (14) with K1 = 4.8 dm3


molÿ1, cmc= 0.009mol dmÿ3, [SDS]T = 0.1 mol dmÿ3,
[Am]T = 0.01mol dmÿ3 andkn


W f N
W = 0.315dm3 molÿ1


sÿ1 for piperidine and 0.803 dm3 molÿ1 sÿ1 for
pyrrolidine (kn


W f N
W valueswereobtainedat 0.02 mol


dmÿ3 NaOHand[Dn] = 0). Theseresults,summarizedin
Table 3, reveal a decreasein KAm


app with increasein
[NaOH]. The KAm


app values were not calculated at
[SDS]T < 0.1mol dmÿ3 becauseas[Dn] → 0, [Dn]


ÿ1 →
? andkn


W f N
W [Am]T ÿ (kobsÿ k0) X → 0, andhence


undersuchlimits slight errorsin thecmc and kn
W f N


W


wouldaddalargeamountof uncertaintyto thecalculated
valuesof KAm


app.
Thedecreasein KAm


app with increasein [NaOH] may
beexplainedasfollows. By definition,


KAm
app� f�NH�M � � �NM �g=f��NH� W� � �NW���Dn�g


�15�
The following equation can be easily derived from
Scheme1 andEqn(15):


KAm
app� �KNHKw;W � KNKa;


N
W�ÿOHW��=


�Kw;W � Ka;
N


W�ÿOHW��
�16�


whereKw,W = [H�W] [ÿOHW].
The non-linear least-squarestechniquewas used to


calculateKNH and KN from Eqn (16) using the known
valuesof kw,W ( = 2.43� 10ÿ14 mol2 dmÿ6) and Ka,


N
W


( = 8.96� 10ÿ12 mol dmÿ3 for piperidine and
7.31� 10ÿ12 mol dmÿ3 for pyrrolidine).The calculated
respective values of KNH and KN are 93� 3 and
ÿ0.3� 0.9 dm3 molÿ1 for piperidine and 95� 5 and
ÿ6.5� 2.0 dm3 molÿ1 for pyrrolidine. The negative
valuesof KN with significantlyhigh standarddeviations
merely indicate that the valuesof KN are not different
from zero.The experimentallydeterminedvaluesof KN


( = 3.8dm3 molÿ1 for piperidine14 and1.4dm3 molÿ1 for
pyrrolidine15 at 25°C) were also usedto calculateKNH


from Eqn (16) andthesecalculatedvaluesturnedout to
be 70� 16 dm3 molÿ1 for piperidineand 65� 22 dm3


molÿ1 for pyrrolidine.Althoughthecalculatedvaluesof
KNH areassociatedwith high standarddeviations,these
KNH valuesappearto be realistic becausethe cetyltri-
methylammoniumbromidemicellarbindingconstantsof


Table 3. Values of KAm
app calculated from Eqn (16) at different [NaOH] in the presence of 0.1 mol dmÿ3 SDS and 0.01 mol dmÿ3


amine


Piperidine Pyrrolidine


103[ÿOH]T
a


(mol dmÿ3)
KAm


app


(dm3 molÿ1)
(Kam


app)calc
b


(dm3 molÿ1)
103[ÿOH]T


a


(mol dmÿ3)
Kam


app


(dm3 molÿ1)
(Kam


app)calc
b


(dm3 molÿ1)


3.868 39.2 38.1 4.180 40.2 38.4
5.196 30.7 31.7 4.836 36.7 34.8
7.464 25.0 24.6 6.250 26.9 28.7


11.72 15.8 17.2 7.788 21.4 23.8
21.04 10.0 10.4 12.01 13.4 15.4
30.74 7.0 7.3 21.24 7.3 7.2
40.57 7.1 5.6 40.69 3.5 1.1


a Total concentrationof hydroxideion ( = [ÿOH]ad� [ÿOH]re).
b Calculatedfrom Eqn(16)with [ÿOHW] � [ÿOH]T andKNH = 93� 3 dm3 molÿ1 andKN =ÿ0.3� 0.9dm3 molÿ1 for piperidineandKNH = 95� 5
dm3 molÿ1 andKN =ÿ6.5� 2.0 dm3 molÿ1 for pyrrolidine.
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relatively more hydrophobicsubstratessuchas ionized
acetylsalicylic acid32 and N-hydroxyphthalimide33 are
120and102dm3 molÿ1, respectively.
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Identi®cation of photodegradants of droloxifene by
combined HPLC±MS, NMR spectroscopy and
computational chemistry
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ABSTRACT: A combination of high-performance liquid chromatography (HPLC)–mass spectrometry and1H and
13C NMR spectroscopy was utilized to characterize the photodecay products of droloxifene, a potent new estrogen
receptor agonist. Structurally similar to tamoxifen, droloxifene demonstrates a complex and unique decay scheme,
including the formation of two naphthalene derivatives which were unexpected decay products and previously
unreported for this class of compound. Elucidation of the decay products was assisted by the use of computational
chemistry, namely by correlating simulated UV spectra and aqueous solvation free energies with actual UV spectra
and HPLC retention data. In addition to describing the photodecay scheme of droloxifene, the present work demon-
strates the utility of computational chemistry in providing support for the identification of unknown compounds.
Copyright  1999 John Wiley & Sons, Ltd.


KEYWORDS: NMR;1H NMR; 13C NMR; droloxifene; photodegradants; liquid chromatography–mass spectrometry


INTRODUCTION


Droloxifene (Fig. 1, R = OH) is a potent new estrogen
receptor agonist which is targeted for the treatment of
osteoporosis. It is a derivative of triphenylethylene, and
similar in structure to the commercially available drug
tamoxifen (R = H). Stability studies of droloxifene in
solution have revealed the compound to be extremely
unstable in the presence of light. Furthermore, the decay
scheme in light is complex, with the appearance of 4–6
major decay products over time, depending upon pH.
Photochemical conversion of tamoxifen and droloxifene
to phenanthrene derivatives to increase sensitivity for
fluorescence-based serum assays has been reported.1,2 In
the case of tamoxifen, structural identity of these


phenanthrenes has been clearly made.3,4 However, the
complete photodegradation profile of droloxifene or any
other triphenylethylene compound has not been formally
reported. The purpose of this study was to elucidate the
photodegradation pathways of droloxifene and provide
identification of the degradation products therein.


EXPERIMENTAL


Materials


Droloxifene, as the citrate salt, and its corresponding
geometricZ-isomer were obtained from Klinge Pharma
GmbH (Munich, Germany). Based on the attached group
priorities on the aromatic rings of the molecule,
droloxifene carries theE stereochemical designation.
Acetonitrile, methanol (J.T. Baker, Phillipsburgh, NJ,
USA) and trifluoroacetic acid (Sigma Chemical, St Louis,
MO, USA) were of high-performance liquid chromato-
graphy (HPLC) grade. Hydrochloric and phosphoric acid
(J.T. Baker) were of reagent grade. High-purity water
was obtained from a Milli-Q water system (Millipore,
Bedford, MA, USA)


Sample preparation and storage


For assessment of stability in light, solutions of
droloxifene were prepared in 0.06M hydrochloric acid
(pH 1.5) and 0.02M sodium phosphate–sodium acetate


Figure 1. Structure of droloxifene and tamoxifen
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buffer (pH 3.0, 5.0 and 7.0). Acetonitrile was addedto
thesesolutions(20%, v/v) to allow a droloxifene con-
centrationof 75mg mlÿ1 throughoutthepH range.These
solutionswere stored in clear glassvials (1.5ml) and
sealedwith Teflon-linedplasticscrewcaps.Photodegra-
dationwascarriedoutby storingthevials in an840foot-
candle fluorescentlight cabinet constructedin-house,
maintainedat30°C.Vials wereperiodicallyremovedand
assayedby HPLC.


To generatemilligram quantitiesof two late-eluting
droloxifenedegradantsfor NMR analysis,a 10mgmlÿ1


solution of droloxifene in buffer at pH 3.0 (with 20%
acetonitrile)wassubjectedto storagein light asabovefor
8 months.Most of the two desireddegradantsthat were
formed precipitated from this solution. The resulting
suspensionwasfiltered. The retainedsolid waswashed
with several portions of water, then dissolved in a
minimum amount of acetonitrile–water(80:20). This
solution was injected into the semi-preparativeHPLC
systemdescribedbelow. Fractionsof each pure com-
poundwerecollectedandpooledafter eachinjection.


For NMR analysis,eachof theabovecompoundswas
extracted from solution with either diethyl ether or
carbon tetrachloride.The solvent solutions were then
driedwith magnesiumsulfate,filteredandevaporatedto
dryness.Eachdegradantsolid wasdissolvedin 0.6ml of
deuteratedacetonitrilefor NMR analysis.Theextraction
procedurewasrepeatedwith blank solventandrun asa
control.


HPLC analysis


Degradationof droloxifene was monitored using an
HPLC method which was developed to permit the
separationof droloxifene from all of its light-induced
decayproducts.This chromatographicsystemutilized a
ThermoSeparationProductsConstaMetric3200isocratic
pumpand an Applied BiosystemsModel 785 program-
mable-wavelengthUV detectorset at 230nm. Samples
were injected using a Bio-Rad AS-100 autoinjector
equippedwith a20ml injectionloop.Datawerecollected
andtabulatedutilizing a TurboChrom(P.E.Nelson)data
acquisitionsoftwareplatform (version 4). The column
was a Beckman UltrasphereC18 with dimensionsof
250� 4.6mm i.d., maintainedat 30°C with a Bioanaly-
tical Systems LC-22C column heater. The isocratic
mobile phaseconsistedof water–methanol–acetonitrile–
trifluoroaceticacid (47:30:23:0.1,v/v adjustedto pH 3
with ammoniumhydroxidesolution)andwasdeliveredat
1.5ml minÿ1. The mobile phase was filtered and
degassedprior to use. UV spectrawere obtained for
decay products with a similarly instrumentedHPLC
systemasdescribedabovewith anidenticalmobilephase
except that it was equipped with a Bio-Rad Bio-
DimensionScanningUV–visible diode-arraydetector.


Two late-eluting droloxifene degradantswere col-


lectedfrom multiple HPLC injectionsfor NMR analysis,
using the sameHPLC equipmentas aboveand a semi-
preparativecolumnfrom the samemanufacturerhaving
dimensionsof 250� 10mm i.d. A mobilephaseratio of
45:25:20:0.1(v/v) (solventsas above)was utilized and
deliveredat 5 ml minÿ1. Injectedsamplevolumeswere
typically 300ml. Targeteddegradantswererecoveredas
describedabove.


HPLC±mass spectrometric (MS) analysis


Atmosphericpressurechemical ionization (APCI) ex-
periments were performed on a Fisons Instruments
Quattro triple-quadrupolemassspectrometer,using the
HPLC separationsystemdescribedaboveon a Hewlett-
PackardModel1050quaternaryHPLCsystem.Staticand
dynamicmassspectrometercalibrationswereperformed
in theelectronionizationmodeagainstperfluorotributyl-
amine,andcheckedin theAPCI modewith a solutionof
polyethyleneglycol. APCI interfaceand massspectro-
metertuning parameterswereoptimizedfor droloxifene
by repeatedflow injections. For MS–MS collision-
induceddecomposition(CID) studies,argon was used
in thecollision cell.


1H and 13C NMR analysis


One- and two-dimensional NMR experiments were
performed to identify the structures of two of the
droloxifene degradantswhich could not be intuitively
discernedfrom massspectralandUV spectralanalysis.A
Bruker DMX500 instrument with z-gradientsusing a
5 mm broadbandinverse probe was used to acquire
proton, carbon, DEPT (distortionlessenhancementby
polarizationtransfer),gradientCOSY (correlationspec-
troscopy), gradient HMQC (heteronuclear multiple
quantumcorrelationspectroscopy),long-rangegradient
HMQC, and NOE (nuclearOverhausereffect) data5 at
25°C. The long-rangegradientHMQC experimentwas
optimizedfor 6 Hz, which is the averageJ couplingfor
threebonds[J(C,C,C,H)] in aromaticsystemsand two
bonds[J(C,C,H)] in aliphaticsystems.


Computational methods


Computedaqueoussolvationfree energies(DG°w) were
calculatedfor correlationwith HPLCretentiondatausing
theCramer–TruhlarSM2 solvationmodel,implemented
in the SPARTAN softwarepackage.6 For the phenan-
threnesI, II andIII thesolvationenergywascomputedon
the neutral molecule,althoughthe side-chainnitrogen
atomwould be protonatedunderthe elution conditions.
This is a reasonablesimplification, as the side-chainis
likely to exert the sameeffect on the capacityfactor for
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eachcompound,and not to influencethe interactionof
the aromaticportion of the moleculewith the stationary
phasein a significantly different way for any of the
isomers.


Using the Sybyl ForceFieldcomputation,as imple-
mentedin the Sybyl softwarepackage7 (version6.3), a
systematic conformational search was performed on
diastereomers6 and 7. The dihedralangleof the bond
connecting the carbonyl to the olefinic carbonswas
incrementedby 180° (s-cisor s-trans), while thetorsional
anglesof the remainingbonds(the bondconnectingthe
naphthaleneto thephenolicring andthebondconnecting
the naphthaleneto the olefinic carbon)were searched
using15° increments.An energywindowof 3 kcalmolÿ1


(1 kcal= 4.184kJ) was used to filter out high energy
conformers.The resulting structureswere then parti-
tioned into families using the dihedral angle valuesas
criteria, and the lowest energy conformer from each
family wasselectedout andminimized.This procedure
resulted in eight representativecompoundsfor each
diastereomer.These representativecompounds were
subsequentlyimported into CaChe,8 and were usedto
computesimulatedUV spectra(gas phase)using the
ZINDO molecularorbital package.


RESULTS AND DISCUSSION


Photostability and kinetics


Figure 2 showsa typical HPLC trace for droloxifene
degradedin light in a pH 3 solution. This solution
representsabout 85% decompositionof droloxifene,


whichelutesat17.8min in theassay.As shown,thereare
six major decayproductswhich appearover time. The
rate of appearanceof the two most highly retained
degradants,eluting at approximately 43 and 56min,
diminishedasthepH of thesolutionincreaseduntil they
were no longer producedin pH 7 solution.The rate of
decay was generally very fast, following an apparent
overallfirst-orderprocess,asshownin Fig.3.Thetypical
half-life for droloxifenedecaywas36h in pH 1.5 solu-
tion and60h in pH 3, 5 and7 solutions.


Mass spectrometric behavior of droloxifene


The APCI mass spectrum of droloxifene showed a
prominent[M � H]� ion at m/z388 with no other sig-
nificant features.MS–MS CID of droloxifene did not
producevery informativeproduction spectra.The only
reliably abundantfragmentappearedat m/z 72, which
correspondsto the N,N-dimethylaminoethyl side-chain.
This behavior is identical with that reported for
tamoxifen.9 A numberof different collision energyand
collisiongasdensityconditionswereexploredin asearch
for moreusefulCID conditions,without success.


Identi®cation of decay products 2±5


LC–MS was used as the primary method for initial
structuralidentificationof the degradants.Much of the
photochemistryexpectedfor tamoxifenanddroloxifene
parallelsthat for stilbenederivatives,which havebeen
extensivelystudied.10 Uponexposureto light, it hasbeen
shown that tamoxifen isomerizesto its corresponding
geometricisomer,with eachisomer capableof under-
goinga cyclizationreactionwith a lossof two hydrogen


Figure 2. HPLC trace for the pH 3 droloxifene solution
exposed to light for 1 week. 1 = Droloxifene; 2 = phen-
anthrene I; 3 = droloxifene Z-isomer; 4 = phenanthrene II;
5 = phenanthrene III; 6 = Z-naphthalene derivative; 7 = E-
naphthalene derivative. See text for explanation of structural
and peak assignments)


Figure 3. Apparent ®rst-order decay of droloxifene (&) in
light-exposed (840 foot-candle) pH 1.5 solution at 30°C and
formation of degradants, 2 (*), 3 (*), 4 (&) and 5 (!).
Compounds 6 and 7 precipitated from solution during the
study and are not shown
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atomsto form a correspondingphenanthreneanalog.4 A
similar behaviorwasalsoexpectedfor droloxifene.


Referringto Fig. 2, analysisof compound3 demon-
stratedamassspectrumandaUV spectrumidenticalwith
thoseof droloxifene.Ultimately confirmedby HPLC co-
elutionwith anauthenticsample,3 wasidentifiedastheZ
geometricisomerof droloxifene(seeFig. 4).


APCI massspectraof thechromatographicpeaksfor 2,
4 and5 showeda prominentm/z386 species,two mass
units below that of droloxifene, and the expected
[M � H]� for a phenanthreneanalog.The massspectra
of the three chromatographicallyseparatedcompounds
were indistinguishablefrom eachother. Unlike tamox-
ifen, whereonly two phenanthrenecompoundsmayform
on exposureto light, structuralexaminationof drolox-
ifenesuggestedthat the formationof threephenanthrene
compounds was possible. Droloxifene itself should
producephenanthreneII, shownin Fig. 4, whererings
A andB havebeenfusedinto thephenanthrenenucleus.
The formationof the additionaltwo phenanthrenesfirst
requires isomerizationof droloxifene to its Z-isomer.
Theselatter two phenanthrenesthen originatefrom the
fact that,prior to ring fusion,ring C is freeto rotateabout
its bondto thecentralolefin.Theasymmetrycreateddue
to themetapositioningof thehydroxylgrouponthis ring
leads to two possible positional isomers, shown as
phenanthrenesI andIII in Fig. 4. Formationof positional
phenanthreneisomersin this mannerhasbeendemon-
strated for other asymmetrically substituted stilbene
derivatives.11 As mentioned,LC–MS alone could not
distinguishwhich of the chromatographicpeakscorre-


spondedto each of the three phenanthreneanalogs.
Assignmentswere achieved through the use of the
computationalchemistrymethodsdescribedbelow.


Assignment of phenanthrene isomers


As shownin Fig. 3, the extentof formationof the three
phenanthrenedegradantstypically followed the order 4
>5> 2. Sinceit wasproducedin greatestabundance,4
was proposedintuitively to originate from the starting
droloxifene isomer (E-isomer), and the other two
phenanthrenesfrom the droloxifene Z-isomer. This
notion was supported kinetically by the fact that
photodegradationof droloxifeneZ-isomerasthestarting
materialresultedin the formationof significantlyhigher
levelsof 5 and2 relativeto 4. By analogywith someof
the physicaland chemicalpropertiesof tamoxifen and
relatedphenanthrenecompoundspresentin theliterature,
some evidencewas available to support theseassign-
ments. Coupled with the use of computational ap-
proaches,particularly the use of computed aqueous
solvation free energies(DG°w) as a measureof each
compound’srelative polarity, consistentevidencewas
obtainedultimatelyto providehighly confidentstructural
assignments.


TheUV spectraof 2, 4 and5 areshownin Fig. 5. Each
compound displayed a prominent absorption band
between250 and 260nm, with the overall UV profile
consistentwith hydroxylatedphenanthrenes12 andthose
phenanthrenesderivedfrom tamoxifen.4 As a potentially


Figure 4. Proposed formation of phenanthrenes from droloxifene photodegradation
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useful first approach,the UV spectraof the threepro-
posedphenanthrenestructureswere calculatedthrough
computer modeling, then compared with the actual
spectraof the proposedphenanthrenecompounds2, 4
and5. Themodelingof phenanthrenestructuresI, II and
III accuratelyproducedspectrawith �max valueswithin
4 nmof experimentalvaluesonaverage,whichsupported
their structural assignment.However, owing to the
structuralsimilaritiesof the threephenanthreneisomers
and the resulting closenessof their experimental�max


values (Fig. 5), differentiation using the computed
spectrawas difficult. In addition, some of the more
subtle absorptionbandsin the actual spectrawere not
capturedby thesimulatedspectra,whichmadeit difficult
to ‘fingerprint’ the threecompounds.Hencethe spectral
simulations,although fairly accuratein modeling the
experimental spectra, could not be used to assign
definitively thestructuresof eachisomer.


The UV spectraof the phenanthrenesidentified from
the photodecompositionof tamoxifenand its geometric
isomer4 had distinguishingcharacteristicswhich were
verysimilar to thespectraof 4 and5, respectively.Owing
to structuralsimilaritiesbetweendroloxifeneandtamox-
ifen, their respectivephenanthrenedegradantswould be
expectedto haveverysimilarUV spectra.In addition,the
phenanthrenederivedfrom tamoxifenis morepolar than
thatderivedfrom its geometricisomerbasedonreversed-
phaseHPLC retention,4 which correspondsto 4 being
more polar than 5 (Fig. 2). Taken togetherand con-
sideringthe kinetic data,thesecorrelationssupport4 as
beingthephenanthreneoriginatingdirectly from drolox-
ifene, i.e. phenanthreneII in Fig. 4, and 5 and 2 as
originatingfrom thedroloxifeneZ-isomer.


Owing to the relative uniquenessof droloxifene in
producingthree phenanthrenedegradants,no literature
evidence was available to differentiate directly the
phenanthrenesderived from the droloxifene Z-isomer,
namely 2 and 5. This was accomplishedthrough an


examinationof therelativepolaritiesof thetwo proposed
structures.Themoleculeswereexpectedto differ only in
thepositionof a ring hydroxylgroupateitherthe2- or 4-
position(Fig.4).Thehydroxylat the2-positionshouldbe
moresolventaccessible.Hencethis compoundshouldbe
more polar and lessretainedon reversed-phaseHPLC.
Indeed, this has been demonstratedfor a series of
hydroxyphenanthrenes,where 2-hydroxyphenanthrene
wasshownto elutemuchearlierthan4-hydroxyphenan-
threneon C18 reversed-phasecolumns.12 Compound2 is
significantly more polar than 5, as shown in Fig. 2,
suggestingthat theformer is the2-hydroxyphenanthrene
derivative and the latter the 4-hydroxy derivative
(phenanthrenesI andIII, respectively,Fig. 4).


Computermodelingwasthenusedto lend supportto
theabovearguments,in anattemptto differentiatefurther
theselatter two phenanthrenederivatives.Thecomputed
aqueoussolvationfreeenergyof eachproposedstructure,
a measureof their relativepolarities,wascalculatedand
compared with the HPLC retention order of each
phenanthrenepeak. As can be surmised from their
relatively large difference in HPLC retention(Fig. 2),
phenanthrenesI and III must differ significantly in
polarity. Calculatedsolvationfreeenergies(DG°w) were
thereforeexpectedto be largely different andpredictive
of their relative HPLC retentiontimes. The calculated
solvationfree energywas indeedsignificantly different
for phenanthrenesI and III, with valuesof ÿ10.20and
ÿ8.85kcalmolÿ1, respectively.This suggeststhat the
better solvated structure (more negative value) is
phenanthreneI, and this compoundwould be expected
to belessretainedonareversed-phaseHPLCcolumn.On
the other hand,phenanthreneII elutesmore closely to
phenanthreneI andit wasthoughtto bemoredifficult to
‘separate’by meansof its solvationfreeenergyfrom the
otherphenanthrenesI andIII. PhenanthreneII showedno
difference from I in solvation free energy, with a
computedvalueof ÿ10.20kcalmolÿ1. However,on the
basis of the kinetic observationsand the mechanistic
argumentsproposed,thedistinctionbetweenI andIII can
be made and allows the assignment of all three
phenanthrenesto the chromatographicpeaks.Inciden-
tally, the commonlyusedCLogP13 andSRCLogKow14


predictionpackagescouldnotdistinguishbetweenanyof
the phenanthrenes,as might be expected from the
fragmentalnatureof mostof thosecalculationmethods.
Thus,takenwith thekinetic dataandall othersupportive
argumentsthat have been discussed,the decay com-
pounds 2, 4 and 5 can be assignedas the three
phenanthrenederivatives I, II and III, respectively,
shownin Fig. 4.


Identi®cation of acidic decay products 6 and 7


In acidicpH media,namelypH 1.5,3 and5 solutions,two
additionalhighly retaineddecayproductswere formed


Figure 5. UV Spectra for compounds 2 (- - -), 4 (Ð) and 5 (± ±)


Copyright  1999JohnWiley & Sons,Ltd. J. Phys.Org. Chem.12, 881–889(1999)


IDENTIFICATION OF PHOTODEGRADANTSOF DROLOXIFENE 885







over time. These products were produced in nearly
similar quantities in the pH 1.5 and 3 solutions.
Approximatelyone-tenthlower levelswereproducedin
thepH 5 solution.Theproductswerenot formedat all at
pH 7. Thetwo products,whenformedin eachrespective
solution, were producedin almost identical abundance
over time. The UV spectra of these products were
significantly different from eachother and completely
different to thoseof droloxifene and the phenanthrene
degradants.Compound6 showed a major absorption
band at 230nm and a shoulderat 280nm whereas7
showeddistinct maxima at 223, 282 and 328nm [Fig.
6(a)].


LC–MS analysisshoweda low-intensity massspec-
trumfor bothcompounds,butsuggestedan[M �H]� ion
atm/z317,correspondingto a relativemolecularmassof
316 for eachcompound,indicating that the compounds
wereisomers.Lossof theN,N-dimethylaminoethyl group
from droloxifene,to form the correspondingdiphenolic
compound,producesa specieswith the requiredrelative
molecularmassof 316. However,comparisonwith the
authentic compound showed significantly different
HPLC retentiontimesandmassspectralfragmentations.
NMR analysiswasutilized for final confirmationof the
two compoundstructures.


Theproposedstructuresfor 6 and7 areshownin Fig.
7. A count of the carbonsobservedin the 13C NMR
spectrumof 7, thenumberof attachedprotonsseenin the
DEPTexperiment,theexchangeableprotonsobservedin
the proton spectrumand a count of the oxygen atoms
indirectly observed(a carbonylandeithera phenolicor
vinyloxy group)gavea molecularformula of C22H20O2


anda relativemolecularmassof 316,which agreedwith
the massspectraldata. The gradient COSY spectrum
showedfour spin systems[Figure 8(a)], three in the
aromaticregion.Onespinsystemconsistingof a pair of
doubletsin the aromaticregion of the proton spectrum
hada couplingconstantof 16Hz, which is indicativeof
transvinyl protons.Thelong-rangegradientHMQC[Fig.
8(b)] andNOE [Fig. 8(c)] dataallowedplacementof the
non-protonatedcarbonsandsubstituentson thenaphtha-
lene ring system.Finally, the exchangeableproton was
attachedto thephenoliccarbon,resultingin thestructure
proposedfor 7. A lower concentrationof 6 submittedfor
NMR analysispreventedasextensiveanidentity charac-
terizationaswith 7. However,acomparisonof theCOSY
data showed the same four correlation patterns and
similarcarbonshifts.Themaindifferenceobservedwasa
changein thecouplingconstantof thevinyl protonsfrom
16 to 12Hz, indicative of a changefrom E to Z con-
figurationof thevinyl group.Hencethe two compounds
areanE andZ isomerpair (Fig. 7), which is supportedby
themassspectraldata.


TheobserveddifferencesbetweentheUV spectraof 6
and7 deservesomecomment.Thesetwo isomersdiffer,
as determined by NMR spectroscopy,only in the
configurationof their respectiveenonemoieties,but they
differ significantly in their UV spectralproperties.A
computationalapproachwas usedto try to model their
UV spectra and, in doing so, lend support to the
assignmentof theproposedstructures.A conformational
searchperformedusing the Sybyl ForceFieldcomputa-
tion yieldedafamily of eightZ-isomersfor 6 andafamily
of eight E-isomersfor 7. Furtheroptimizationof these
structures in gas phase using the Sybyl ForceField
showedthat theE-isomerscouldgenerallyreacha much
higher degreeof coplanaritybetweenthe enonesystem
and the naphthalenering, whereasthe Z-isomershad a
much moreorthogonalpositioningof the enonesystem
with respect to the naphthalenering. It is worth
mentioningthat the structuresobtainedfor the E-isomer
are consistentwith the observedNOE between the
aromaticprotonandthevinylic proton.The!1 torsional
angle(Fig. 7) is alwaysnearlycoplanarfor theE-isomer
family of structures(close to 30°), whereasit deviates
significantlyfrom coplanarityfor theZ-isomerfamily of
structures(50–110°). Overall theseresultsshowthat the
observeddifferencesin the UV spectraof these two
isomeric compoundsmay be rationalizedthrough this
computationalapproach.


Referringto Fig. 6, thespectralsimulationsperformed
oneachisomerindicatedthat,for theZ family of isomers


Figure 6. (a) Experimental and (b) simulated UV spectra of
compounds 6 (± ±) and 7 (Ð). The simulated spectra were
performed on their proposed structures shown in Fig. 7
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(6), the275–325nmregioneithershowedthepresenceof
a poorly defined shoulder, as in the experimental
spectrum,or the observedmaximumin that regionwas
relativelybroad.Furthermore,a fairly high intensityratio


betweenthemaximumin the220–240nmregionandthat
in the 275–325nm regionwasinvariably observed.It is
realized,of course,that no single gas-phasesimulated
spectrumcan be expectedto reproducean observed


Figure 7. Proposed mechanism for the formation of naphthalene derivatives


Figure 8. NMR correlations observed in the E-naphthalene isomer: (a) COSY connectivities; (b) long-range C to H connectivities;
(c) NOE correlations
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solutionspectrumaccurately,which would be the result
of the absorptionof severalconformers.However, the
agreementis fairly good betweenthe computedand
observedspectra,in the regionsdescribed.


Conversely,the E family of isomers(7) showeda
consistentlylower intensityratio betweentheabsorption
maximumin the 220–240nm region,anda well defined
maximumobservedin the 275–325nm regionas in the
experimentalspectra.Overall, both simulated spectra
providegoodbackingfor the structuralassignmentsfor
thesecompounds.


A possiblepathwayfor the formationof 6 and7 must
explaintheexperimentalobservationsthat(i) 6 and7 are
not formed at neutral or alkaline pH, even upon
irradiation of the solution, and (ii) 6 and 7 are not
formedat acidic pH in theabsenceof light.


Theproposedmechanismfor theformationof 6 and7,
theZ- andE-naphthaleneisomersrespectively,is shown
in Fig. 7. The ring closure,to generatephenanthreneII
(4), is awell knownoccurrencefor stilbenesystemsupon
irradiation.The initial dihydrophenanthreneis the result
of aconrotatoryelectrocyclicring closurewhichconverts
a 1,3,5-hexatrieneinto a cyclohexadiene.This inter-
mediatehas beenisolatedfor diethylstilbestrol.15 This
step, followed by removal of hydrogen atoms by
dissolvedmolecularoxygen(or otherhydrogenacceptors
which might be present in the system), yields the
phenanthrenederivative.This transformationis generally
fairly rapidand,asmentioned,hasservedasthebasisfor
post-columnderivatizationin the quantitationof tamox-
ifen andits derivativesin biological matrices.1


Referring to Fig. 7, dihydrophenanthreneIV could
undergo sequential [1,5]-sigmatropic shifts to yield
dihydrophenanthrene VI. Such a process would be
thermally allowed as a suprafacialshift.16 Thesesteps
are probablynot too high in energyfor cyclic systems,
andtheyhaveindeedbeenreportedat roomtemperature
for cyclopentadienylsystems.17,18 The last step of the
sequence,leadingto vinyl etherVII, is an electrocyclic
ring opening from a 1,3-cyclohexadieneto a 1,3,5-
hexatriene.Similar rearrangementshavebeenreportedto
occurin steroidsystemsuponirradiation.19


Thepresenceof anacidicenvironmentis crucialto the
sequenceof eventsdescribed,asthetrappingof thevinyl
ethermustplay a fundamentalrole in the formationof 6
and7. This processslowsdownaspH increasesfrom 1.5
to 5, andit is notobservedatpH 7. Indeed,theformation
of 6 (Z-isomer) would result from an acid-catalyzed
hydrolysis of VII, with concomitantloss of the alkyl
chain.Finally, 7 wouldbeformedby rapidisomerization
of 6 induced by light. This is consistent with the
experimentalobservation.Thus the acidic environment
is ultimately driving the reactionsequenceleadingto 6
and7 from the initial dihydrophenanthrene.


All the stepsdescribedabove,after the initial ring
closureleadingto IV, appearlikely to occur under the
experimentalconditionsemployed.In the absenceof an


efficient hydrolysis step for VII, however, the latter
intermediatemayrevertbackto dihydrophenanthreneVI,
which presumablywould then revert to IV. This initial
dihydrophenanthrenewould then exclusivelyundergoa
facile dehydrogenationto the correspondingphenan-
threnederivativeandthe naphthalenederivativeswould
not beobserved.It alsowould intuitively appearthatthis
phenanthrenecould be formed from any of the dihy-
drophenanthreneintermediatesunder the experimental
conditions.


CONCLUSION


An investigationinto thephotodecompositionof drolox-
ifene was conducted.The resultsshoweddecay to be
rapid, with the formation of its Z-isomer, several
phenanthreneproducts and, in acidic media, two
naphthalenederivatives. LC–MS was useful for the
initial identification of the phenanthrenederivatives.
Computationalmethods and comparisonof chemical
propertiesto structurally similar tamoxifen and related
phenanthreneswere used ultimately to assign the
structureof eachphenanthreneproduct.DetailedNMR
analysiswasnecessaryto assignandconfirmstructuresof
thetwo naphthalenederivatives,which wereunexpected
photodecayproducts of droloxifene. Their structural
assignmentsalso correlatewith propertiespredictedby
computationalmethods.In addition to describing the
photodecaymechanismandproductsof droloxifene,the
presentwork also demonstratedthe utility of computa-
tional methodsin providing support for the structural
elucidationof unknowndecayproducts.
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barbituric acid guest to complementary 2,6-diamino-
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ABSTRACT: The binding between a ruthenium polypyridine guestRuG2, (whereRu = 4,4'-di-tert-butyl-bpy)2Ru
(bpy = 2,2'-bipyridine) andG2 = 5-[4-(4'-methyl)-2,2'-bipyridyl]methyl-2,4,6-(1H,3H,5H)-pyrimidinetrione, and a
series of host acyl derivatives of 3,5-bis[(6-aminopyrid-2-yl) amino]carbonylpyridine (R/H =n-Pr/H, phenyl/H,
CF3/H, t-Bu/H, —(CH2)3-CO2


ÿH) and 3,5-bis[(6-amino-4-isopropoxypyrid-2-yl)amino]carbonylpyridine diacetyl
derivative (R/X = CH3/i-OPr) was studied by fluorescence and NMR titrations. TheRuG2 (which exists in the enolate
form in the presence of the hosts) forms a number of H-bonds involving the amide groups of the hosts and the
carbonyl groups of theG2 for all the hosts studied. Specific 1:1 association betweenRuG2 and all the complementary
hosts was observed with binding constants,Ka (l molÿ1), for R/H in CH2Cl2 of 3� 105 (t-Bu/H), 5� 106 (Ph/H),
3� 107 (n-Pr/H), 9� 107 (CF3/H) and>108 [—(CH2)3CO2H) and for R/X of 4� 108 (Me/i-OPr). Similar, but
weaker, binding was also observed in solvents of higher donor number such asd6-acetone,d3-acetonitrile andd6-
DMSO with R/X = Me/i-OPr host showing the highest binding constant in CH2Cl2, d6-acetone andd6-DMSO.
Differences in the binding constants of the ruthenium guestRuG2 to these hosts are analyzed in terms of the steric,
electronic and solvational changes in the structure of the host amide substituents and the polarity of the solvents used.
Copyright  1999 John Wiley & Sons, Ltd.


KEYWORDS: Ruthenium (II) bipyridine barbituric acid guest; 2,6-diaminopyridine amide host; hydrogen bonding
association; high-binding hydrogen bonding cavities


INTRODUCTION


Self-assembly and H-bonding between donors and
acceptors are important determinants for charge-transfer
pathways in biological molecules. Many enzymatic redox
processes occur within protein interfacial environments
where H-bonding, hydrophobic, and electrostatic inter-
actions are collectively responsible for binding and
molecular recognition1,2 (for an interfacial electron
transfer protein–protein–structure, see Ref. 1a). Several
types of donor-acceptor molecules where charge-transfer


processes occur across H-bonded interfaces have been
described.3–10aMost relevant to this study is the work of
Hamilton and others describing various types of H-
bonded donor–acceptor complementary molecules.10,11


Recently, a new class of barbituric acids capable of
undergoing keto–enol equilibria has been identified and
shown to enhance this complementary binding further.12


Additional increases in binding constants ranging from
103 to 104 l molÿ1 were observed when these barbituric
acids (which exist in the enolate form in the presence of
the hosts) bind to 2,6-diaminopyridine amides. The host
binding facilitates the enolization of the barbituric acid
derivatives, which is also facilitated in the presence of
electron-withdrawing groups (including ruthenium poly-
pyridine complexes) attached to the C-5 position of the
barbituric acid guest ring.12


In this paper we describe the binding of a series of 2,6-
diaminopyridine hosts with different amide substituents
that alter their steric, electronic and solvational properties
and, therefore, their interactions with the barbituric acid–
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ruthenium bipyridine guests,RuG2, whereRu = 4,4'-di-
t-butyl-bpy)2Ru (bpy = 2,2'-bipyridine) and G2 = 5-[4-
(4'-methyl)-2,2'-bipyridyl]methyl-2,4,6-(1H,3H,5H)py-
rimidinetrione) (Fig. 1). Binding constants for these host–
guest pairs are reported in solvents of varying polarities.
The large and unusual variation in guest host binding in
the two solvents CH2Cl2 andd6-DMSO will be discussed
in terms of the steric and electronic effects of the host
structures and the solvation of the amide substituents of
the host cavities. The results are discussed in terms of guide-
lines for optimizing donor–acceptor H-bonding interactions.


RESULTS


Synthesis and characterization of guest and host
molecules


The guest molecule used in these studies is (4,4'-di-tert-
butyl-bpy)2RuG2 (RuG2), whereG2 = 5-[4-(4'-methyl)-
2,2'-bipyridyl]methyl-2,4,6-(1H,3H,5H)pyrimidinetrione
(Fig. 1). One of the important features ofRuG2 in its
binding with the respective hosts is its ability to engage in
keto–enol equilibria, strongly favoring the enolate form
[Fig. 1(b)] as it binds to the hosts in solvents such as
CH2Cl2, d-CHCl3, d3-CH3CN andd6-DMSO.12


The host molecules are derivatives of 2,6-diaminopyri-


dine amides which are assembled from the reaction of the
appropriate 2,6-diaminopyridine derivative with 3,5-
pyridinedicarboxylic acid chloride. Two different amino
hosts, 3,5-bis[(6-aminopyrid-2-yl)amino]carbonylpyri-
dine and 3,5-bis[(6-amino-4-isopropoxypyrid-2-yl)-
amino]carbonylpyridine, were used. They were acylated
with the appropriate carboxylic acid derivative to give the
corresponding host molecules which were used for the
binding studies. The host molecules were characterized
by NMR, UV and mass spectrometric analysis (see
Experimental).


Binding studies of RuG2 to different hosts


The binding ofRuG2 to the different hosts (Table 1) was
carried out in a variety of solvents using fluorescence and
NMR methods.12 An increase in the fluorescence
intensity of the RuG2 upon binding of the different
hosts was used to calculate the 1:1 binding constants.
Fluorescence methods were used mainly in CH2Cl2,
where the large binding constants observed required the
use of low concentrations ofRuG2 and host molecules.13


A typical example of a large binding constant is shown
for the host CF3/H where the fluorescence intensity of
RuG2 increases upon the addition of host CF3/H (as R/X)
in CH2Cl2 (Fig. 2). Competition methods were also used


Figure 1. (a) Structure of the host and the dication of RuG2 guest
molecules; (b) keto and enolate forms of the barbituric acid derivatives
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to obtain these high binding constants (Table 1) (barbital
was used as a competitive guest for R/X =t-Bu/H, and
R/X = t-Bu/H host was used as a competitive host for
R/X = n-Pr/H, CF3/H and Me/i-OPr hosts). Binding
studies were also carried out in more polar solvents such
as d6-acetone,d3-acetonitrile andd6-DMSO (Table 1).
Binding constants below 104 lmolÿ1 were determined by
NMR titrations. The low binding constant (Ka = 1.7�
102 lmolÿ1) was obtained by NMR titration ofRuG2
with the Me/i-OPr host (as R/X) ind6-DMSO, where the
changes in the chemical shifts of the amide protons were
followed upon addition ofRuG2 ([Me/i-OPr] = 7.7 mM)


(Fig. 3). In some cases the low solubility of the hosts in
solvents such as acetone and acetonitrile limited their
binding studies to fewer solvents.


A number of control experiments were carried out to
complement the binding studies. These resulted in the
following observations: (a) the fluorescence intensity for
host RuG2 did not change upon addition of small
amounts of the 2,6-lutidine base or trifluoroacetic acid in
CH2Cl2; (b) addition of 2,6-lutidine (1 molar equivalent)
to a 1:1 complex ofRuG2–hosts [including R/X =
—(CH2)3CO2


ÿ/H] showed no change in fluorescence
intensity; (c) addition of trifluoroacetic acid to a solution
of RuG2–host complexes caused the fluorescence
intensity to decrease to that observed for theRuG2 alone.


DISCUSSION


The binding of different host molecules to RuG2
guest


The different hosts selected for this study introduce
varying steric, electronic and solvational effects on their
binding cavity toRuG2. The binding was studied by both
NMR and fluorescence methods. Changes in the NMR
chemical shifts of the host were observed throughout the
series upon titration of the guest into the different hosts.
A detailed NMR analysis of the chemical shifts was given
earlier for R =t-Bu/H.12 The fluorescence titrations
carried out under similar conditions, but at lower con-
centrations (where the stoichiometry was established to
be 1:1) were assumed to have similar H-bonding patterns
to those deduced from the NMR titrations above. The
three hosts (where R/X =t-Bu/H, Ph/H,n-Pr/H) differ in


Table 1. Hydrogen bonding association constants for the different hosts with RuG2 in different solvents equation


Ka


R/X CH2Cl2 d6-Acetone d3-CH3CN d6-DMSO


t-Bu/H (3� 1)� 105a, b (3.5� 0.4)� 102c — <0.1� 102c


Ph/H (5� 2)� 106a — — —
n-Pr/H (3� 1)� 107a, b (6.4� 0.7)� 103c (8.0� 1)� 103c (0.32� 0.03)� 102c


Me/i-OPr (4� 2)� 108a, b >1� 104c — (1.7� 0.2)� 102c


—(CH2)3CO2
ÿ/H >1� 108a —d (3� 1)� 105a (0.40� 0.05)� 102c


CF3/H (9� 3)� 107a, b (2.5� 0.3)� 103c —d <0.1� 102c


a Determined by direct fluorescence methods.
b Determined by direct and competition fluorescence methods.
c Determined by NMR titration.
d Insoluble at concentrations required to carry out NMR titration.


Figure 2. Fluorescence titration for the binding of RuG2 to
the host, R/X = CF3/H, under anaerobic conditions: (a)
[RuG2] = 2.4� 10ÿ7


M, no host present and (b) [RuG2] =
2.4� 10ÿ7


M with total host [CF3/H] = 4.4� 10ÿ7
M
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their respective side-chains, and the interaction between
these side-chains of the host and the bipyridine rings of
the guest alters the binding significantly (Table 1). The
binding constants (Ka) for these hosts toRuG2 in CH2Cl2
differ by more than two orders of magnitude witht-Bu/H
<Ph/H<n-Pr/H. For Me/i-OPr (R/X) host, the introduc-
tion of an isopropoxy grouppara to the pyridine nitrogen
of 2,6-diaminopyridine increases the basicity of the
pyridine nitrogens and thus increases their association
with the two amide groups of the barbituric acid. The Me/
i-OPr host was found to exhibit the highest binding in
both CH2Cl2 andd6-DMSO (Table 1). Thus, in CH2Cl2 a
discrimination factor ofca 103 is observed by manipula-
tion of steric and electronic effects in these closely
related host cavities with the groups R/X =t-Bu/H
<Ph/H<n-Pr/H<Me/i-OPr.


The two hosts —(CH2)3CO2
ÿ/H and CF3/H exhibit


additional properties which become more apparent in
solvents of high donor number.14 The charge neutraliza-
tion of the Ru(II) by the two carboxylate groups in
—(CH2)3CO2


ÿ/H results in higher binding in CH2Cl2
(Table 1). However ind6-DMSO the two carboxylate
groups have virtually no effect on the binding constant
[binding constant for R =n-Pr is equal to that for
R/H = —(CH2)3CO2


ÿ/H]. This implies that the highly
solvated carboxylate groups ind6-DMSO are not


contributing to charge neutralization from the host
cavities and are not disrupting the binding of the guest.
A minimized structure showing the binding of the
barbituric acid ring to the host and the orientation of
the carboxylate groups relative to the ruthenium bipyri-
dine guest is shown in Fig. 4.


Unexpected effects are observed for the host with


Figure 3. NMR titration of the amide protons of the Me/i-OPr host (4 mM) with 5±50 ml of RuG2 stock solution
(13 mM in 1.0 ml of solvent) (guest:host ratio = 0±4.16). The broad outer amide protons of the host were not
observed


Figure 4. Minimized structure of Ð(CH2)3CO2
ÿ/H host±


RuG2 complex showing the cooperative electrostatic and
H-bonding interactions
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R = CF3. Although the CF3 electron-withdrawing group
should increase the acidity of the outer amide groups of
the host (those furthest from the central pyridine groups),
making them more available for H-bonding, this is only
observed in CH2Cl2. The finding that the CF3 group
reduces rather than enhances the host binding in both
acetone andd6-DMSO indicates that more than electronic
effects are needed to explain its binding toRuG2 in the
more polar solvents. Additional solvation of the CF3 must
also increase solvent competition with the guest barbital
ring, resulting in lower binding. Thus the solvation of
(any or all parts of) the CF3CONH group contributes to a
decrease in the binding of this host toRuG2, such that
this host experiences the largest drop in binding as the
solvent is changed from CH2Cl2 to d6-DMSO.


These binding studies show that some of the factors
that enhance the H-bonding in a low polarity solvents
(such as CH2Cl2) can decrease the H-bonding propensity
in the more highly polar solvent (d6-DMSO). The solva-
tion of the groups next to the H-bonding cavity can have
profound effects on the molecular recognition in high-
polarity solvents. In order to design effective H-bonding
interactions in donor–acceptor complexes which main-
tain their binding capacity in polar solvents, the steric and
electronic properties of the guest and the host should be
optimized15 and, in addition to this, for the molecules
chosen for this study, polar groups in the vicinity of the
designed H-bonding cavity should be avoided.


EXPERIMENTAL


Solvents and starting material. Chloroform was distilled
from CaCl2, CH2Cl2 and triethylamine from CaH2, and
THF from Na–benzophenone and methanol from CaO.
All deuterated solvents (Aldrich) were dried over 4 A˚


molecular sieves and then were used without further
purification. 4,4'-Di-t-Bu-2,2'-bipyridine16 andcis-(4,4'-
R-bpy)2RuCl2�2H2O (where R =t-Bu and bpy = bipyri-
dine) and 4'-methyl-2,2'-bipyridine-4-carboxaldehyde17


were prepared as described in the literature.18 cis-(4,4'-R-
bpy)2Ru (G2)[PF6]2 (RuG2) (where R =t-Bu) was
prepared as described earlier.12


Instrumentation. HPLC analyses (Waters instrument)
were carried out by using 25–30% CH3CN–H2O with
0.1% TFA adjusted to pH 3.5 with NaOH and the effluent
was monitored at 254 nm. NMR chemical shifts (Varian
instrument, 200 MHz) are reported in ppm downfield
from tetramethylsilane with coupling constants in hertz.
Fast atom bombardment mass spectrometry (FAB-MS)
was carried out at the Washington University Mass
Spectrometry Resource Facilities and laser desorption
mass spectrometry (LD-MS) at the Biomedical Research
Core Facilities, University of Michigan;m/z values are
reported for the protonated molecular ions, unless
indicated otherwise. UV–visible spectra were acquired


on a Hewlett-Packard model 8452A diode-array spectro-
photometer. Fluorescence spectra were obtained using a
FluoroMax spectrofluorimeter (SPEX).


Binding studies. The binding studies betweenRuG2 and
the hosts were investigated by1H NMR and fluorescence
spectroscopy. The binding constants were obtained from
non-linear least-squares curve-fitting of the data to the
binding isotherms. The protocol used for each technique
is detailed below.


All fluorescence binding studies were performed using
CH2Cl2 (freshly distilled from CaH2). To exclude oxygen
and moisture, the samples were kept under argon using
rubber septa and argon-filled balloons. A typical binding
experiment involved the titration ofRuG2 (3.0 ml, Ca
0.2–5mM) where aliquots of 2–5ml of the host stock
solution (Ca 2� 10ÿ4 M) were added. The increase in
emission intensity at 610 nm (for excitation at 434 nm)
was monitored as a function of host concentration.
Addition of host solution was repeated until no further
increase in emission intensity was observed. Different
increases in fluorescence intensity were observed for the
different hosts in their titration withRuG2. The
percentage change in fluorescence intensity forRuG2
upon binding the host molecules [DIf (%)] for R/H =
t-Bu/H, n-Pr/H, CF3/H, phenyl/H, —(CH2)3CO2


ÿ/H was
53� 3, 82� 5, 107� 10, 67� 3, 145� 35%, respec-
tively, and for R/X = Me/i-OPr it was 61� 3%. For the
different host molecules several methods were used to
determine the binding. Fort-Bu/H, n-Pr/H, CF3/H,
phenyl/H and Me/i-OPr hosts, fluorescence titration with
RuG2 was carried out in CH2Cl2. Competition methods
were used to carry out additional fluorescence titrations
of RuG2 with t-Bu/H, CF3/H, n-Pr/H and Me/i-OPr
hosts, where excess barbital was used (i.e. 500–600 times
in the case oft-Bu/H). In a similar manner, excesst-Bu/H
host (20–300 times) was used in the fluorescence
titrations of RuG2 with CF3/H, n-Pr/H and Me/i-OPr
hosts. The overall binding constants betweenRuG2 and
the hosts (R/X = CF3/H, n-Pr/H and Me/i-OPr were
calculated from the binding constants fort-Bu/H and
barbital,12 for t-Bu/H with RuG212 and the observed
binding constants (determined under conditions of
competition).


1H NMR binding studies were carried out ind1-
chloroform,d3-acetonitrile,d6-acetone, ord6-DMSO. In
a typical experiment, the1H NMR spectrum of the host
solution (4 mM in 0.5–0.7 ml of solvent) was recorded
and then small aliquots (5–50ml) of RuG2 stock solution
(13 mM in 1.0 ml of solvent) were added to the NMR tube
via a gas-tight syringe. The chemical shifts of the amide
protons of the host were monitored as a function ofRuG2
concentration. Addition ofRuG2 guest was continued
until no further shifts of the amide protons were observed.


Molecular mechanics calculations. All calculations were
carried out using the Molecular Mechanics program
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(MM2),22 part of the CAChe Work System (v. 3.8), from
CAChe Scientific.


The initial structure of the host or guest molecule was
constructed assuming that the molecule is planar in the
conjugated regions. Local minima were avoided by
choosing the lowest energy configuration from a
sequential minimization by varying all the dihedral
angles of the inter-ring bonds in 12° steps. All the
N—H and O=C bonds responsible for the hydrogen
bonding in the host molecule were oriented towards the
center so that the hydrogen bonding network would be
intact. The selected structure was further optimized to
within 0.0003 kcal molÿ1 (1 kcal = 4.184 kJ).


The RuII(bpy)2 group was attached to the bipyridine
side of the host molecules and the coordination environ-
ment of this ruthenium was taken to be that of the crystal
structure.23


Once the individual host or guest molecules had been
optimized, the oxygen atom of the pivotal O=C bond in
the barbiturate ring was brought to a 2 A˚ distance from
the para-H of the central pyridine of the host molecule
with C=O H angle of 180°. For the starting configura-
tion, the 2,4-Cs of the barbiturate ring of the guest
molecules were placed in the same plane of the pyridine
ring of the host and the structure was then minimized to a
limit of 0.0003 kcal molÿ1.


Preparation of 2,6-diamino-4-isopropoxypyridine.
Diethyl-4-isopropoxypyridine-2,6-dicarboxylate es-
ter.19±21. Isopropyl iodide (20.0 ml, 34.0 g, 0.20 mol)
was added to a suspension of the sodium salt of diethyl-4-
hydroxypyridine-2,6-dicarboxylate ester (22.8 g,
87.3 mmol) in dry DMF (230 ml). The mixture was
heated while stirring at 135°C in an oil-bath for 5 h. The
milky solution became transparent yellow, then brownish
owing to the formation of iodine. It was cooled and the
DMF was removed under vacuum. The oily residue
obtained was dissolved in ethyl acetate (300 ml) and the
solution was washed twice with 100 ml of 10% Na2CO3,
then with 50 ml 20% sodium hydrogen sulfite (to bleach
the iodine), to give a pale yellow solution that was dried
over magnesium sulfate. Evaporation under reduced
pressure gave a dark oily material, which was further
dried under vaccum overnight to yield 11.5 g (46.8%) of
a yellow oil. Analysis. Calculated for C14H19NO5: C,
59.77; H, 6.81; N, 4.98. Found: C, 59.60; H, 6.99; N,
4.91%. NMR,� (ppm) (200 MHz, CDCl3):


1H, 1.30–1.50
(m, 12H, CH3), 4.43 (q,J = 7.08 Hz, 4H, OCH3), 4.73 (m,
J = 6.0 Hz, 1H, OCH), 7.69 (s, 2H, mHpyr);13C, 14.15,
21.58, 62.29, 71.25, 114.91, 150.12, 164.80, 165.95.


4-Isopropoxypyridine-2,6-dicarboxylic acid dihydra-
zide. The diester (11.5 g, 40.9 mmol) was dissolved in
100 ml of dry ethanol. Hydrazine (98%, 7.0 ml, 7.2 g,
1.4� 102 mmol) was added to the solution and the
mixture was refluxed for 5 h. After cooling, diethyl ether
was added to precipitate a creamy product that was


filtered off, washed with diethyl ether then driedin vacuo
at 40°C. The solid obtained was recrystallized from
ethanol to yield 5.66 g (54.6%) of a white solid, m.p.
195°C. Analysis. Calculated for C10H15N3O3: C, 47.42;
H, 5.97; N, 27.65. Found: C, 47.42; H, 5.84; N, 27.54%.
NMR, � (ppm) (200 MHz, CD3CN): 1H, 1.35 (d,
J = 6.06 Hz, 6H, CH3), 4.20 (s, br, 4H, NH2), 4.87 (m,
J = 6.06 Hz, 1H, OCH), 7.64 (s, 2H, mHpyr), 9.30 (s br,
2H, NH).


4-Isopropoxy-2,6-dicarbethoxyamidopyridine. The di-
hydrazide (5.20 g, 20.5 mmol) was dissolved in 120 ml of
10% HCl at 10°C and sodium nitrite solution (4.60 g,
66.4 mmol, in 20 ml of water) was added dropwise. The
reaction mixture was kept at 10°C for 20 min. A creamy
white, gummy precipitate resulted with little foaming.
The solid obtained was collected by filtration and dried
by pressing it between pieces of filter-paper. The solid
was dissolved in 200 ml of ethanol and the solution was
heated under reflux conditions for 2 h, 50 ml of solvent
were evaporated, then 50 ml of dry ethanol were added,
and refluxing was continued for a total reflux time of 4 h.
The solution was then concentrated to about 60 ml and
water (300 ml) was added. The resulting creamy white
precipitate was collected by filtration and dried under
vacuum. It was recrystallized from aqueous ethanol to
yield 5.88 g (92%) of a white solid, m.p. 112–114°C.
Analysis. Calculated for C14H21N3O5: C, 54.01; H, 6.80;
N, 13.50. Found: C, 54.01; H, 6.66; N, 13.93%. NMR,�
(ppm) (200 MHz, CDCl3):


1H, 1.20–1.40 (m, 12H, CH3),
4.24 (q,J = 7.08 Hz, 4H, CH2), 4.68 (m,J = 5.8 Hz, 1H,
OCH), 7.21 (s, 2H, mHpyr), 8.21 (s, 2H, NH).


2,6-Diamino-4-isopropoxypyridine. The dicarbamate
(5.85 g, 18.8 mmol) was added to 10% sodium hydroxide
solution (100 ml) and the mixture was refluxed for 3 h.
The reaction mixture was cooled and the diamine
precipitated as white crystals. It was filtered by suction
and the mother liquor was extracted with ethyl acetate
(4� 200 ml), dried over sodium carbonate and evapo-
rated under vacuum. The greenish solid obtained was
added to the above filtered solid and the mixture was
recrystallized from water to give pale yellow needle-like
crystals, yield 1.25 g (40%), m.p. 154°C. Analysis.
Calculated for C8H13ON3: C, 57.46; H, 7.84; N, 25.13.
Found: C, 57.35; H, 7.71; N, 25.00%. NMR,� (ppm)
(200 MHz, CDCl3):


1H, 1.30 (d,J = 6.0 Hz, 6H, CH3),
4.15 (s br, 4H, NH2), 4.49 (m,J = 6.0 Hz, 1H, OCH), 5.46
(s, 2H, mHpyr).


Preparation of 3,5-bis[(6-amino-4-isopropoxypyrid-2-
yl)amino] carbonylpyridine [1]. A slurry of 3,5-pyridine-
dicarboxylic acid (1.00 g, 6.0 mmol) in chloroform
(7 ml), thionyl chloride (16 ml, excess) and a drop of
DMF was refluxed for 5 h under an inert atmosphere. A
clear orange–yellow solution was obtained. The mixture
was evaporated under vacuum to yield a light-orange
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solid that was washed with benzene to remove excess
thionyl chloride. The crude product was dissolved in
CH2Cl2 (17 ml) and added to a vigorously stirred solution
of 2,6-diamino-4-isopropoxypyridine (3.50 g,
21.0 mmol) and triethylamine (4.0 ml) in CH2Cl2
(70 ml) at 0°C. The reaction mixture was allowed to
warm to room temperature and then stirred for 24 h. The
solvent was removed under reduced pressure. The light-
green solid which formed was washed with water to
remove excess of 2,6-diamino-4-isopropoxypyridine and
triethylamine hydrochloride. The crude product obtained
was purified by recrystallization from ethanol–water to
yield 2.50 g (90%) of a light greenish yellow powder.
FAB-MS: [M�H]� 466.2. NMR,� (ppm) (200 MHz,d6-
DMSO): 1H, 1.30 (d, CH3, 12H), 4.03 (m, CH, 2H), 5.27
(s, NH2, 4H), 5.90 (s, pyr-3H, 2H), 7.32 (s, pyr-5H, 2H),
8.92 (s, pyr-4H, 1H), 9.28 (s, pyr-2, 6H, 2H), 9.59 (s, NH,
2H).


Preparation of 3,5-bis[(6-aminopyrid-2-yl)amino]carbo-
nylpyridine10b[2]. 3,5-Bis[(6-aminopyrid-2-yl)amino]-
carbonylpyridine was prepared as described.10b


Preparation of the hosts. R/X = CF3/H and R/X =
Me/i-OPr. The corresponding diamino host[1] or [2]
was dissolved in anhydrous pyridine and the correspond-
ing acid anhydride RCOOCOR (R = CF3 or CH3) (3
equiv., excess) was added dropwise by a syringe while
stirring, and the solution was left under nitrogen for 16 h.
The volatiles were removed under vacuum and the
residue was dissolved in a minimum amount of CH2Cl2.
The crude acylated host was precipitated by the addition
of heptane and filtered using a fritted glass funnel. This
product was purified by chromatography (silica gel, 10%
ethanol, 90% CH2Cl2), yield 65–80%. LD-MS: CF3/H;
[M�H]� 543.6. NMR,� (ppm) (200 MHz,d6-DMSO):
1H, 7.62 (d,J = 6.96 Hz, 2H, 5'py), 8.04 (m,J = 7.34 Hz,
4H, 3'–4'py), 8.85 (s, 1H, 4py), 9.28 (s, 2H, 2–6py), 11.06
(s, 2H, NH), 11.78 (s, 2H, NH'). Absorption spectra in
CH2Cl2 [� abs, nm (", 1 l molÿ1 cmÿ1)]: 236 (52900),
300 (57600). FAB-MS: Me/i-OPr; [M�H]� 550.1.
NMR, � (ppm) (200 MHz, d6-DMSO): 1H, 1.35 (d,
J = 5.84 Hz, 12H, CHCH3), 2.13 (s, 6H, CH3), 4.69
(septet,J = 5.84 Hz, 2H, CH), 7.47 (d,J = 3.02 Hz, 4H,
3'–5'py), 8.76 (s, 1H, 4py), 9.23 (s, 2H, 2–6py), 10.12 (s,
2H, NH), 10.72 (s, 2H, NH'). Absorption spectra in
CH2Cl2 [� abs, nm (", l molÿ1 cmÿ1)]: 232 (42300), 292
(20300), 384 (800).


R/X = t-Bu/H and R/X = phenyl/H. The diamino host[2]
was dissolved in dry THF and 3 equiv. of triethylamine
and cooled to 0°C. The corresponding acid chloride
RCOCl (R =tert-butyl or phenyl) (2.5 equiv.) was added
dropwise with a syringe while stirring, then left under
nitrogen for 12 h. The volatiles were removed under
vacuum and the residue was dissolved in a minimum
amount of THF and water was added to precipitate the


desired host, which was filtered using a fritted glass
funnel and washed with water, yield 70–90%. FAB-MS:
t-B/H; [M � H]� 518.1. NMR,� (ppm) (200 MHz,d6-
DMSO): 1H, 1.25 [s, 18H, (CH3)3], 7.73 (m, 2H, 3'py),
7.87 (m, 4H, 4'5'py), 8.82 (s, 1H, 4py), 9.26 (s, 2H, 2-
6py), 10.15 (s, 2H, NH), 10.84 (s, 2H, NH'). Absorption
spectra in CH2Cl2 [� abs, nm (", l molÿ1 cmÿ1)]: 232
(44900) 302 (34400). LD-MS: phenyl/H; [M� H]�


567.2. NMR,� (ppm) (200 MHz,d6-DMSO): 1H, 7.60
(m, 6H, 3'4'5'py), 7.98 (m, 10H, Ph), 8.87 (s, 1H, 4py),
9.29 (s, 2H, 2–6py), 10.50 (s, 2H, NH), 11.10.95 (s, 2H,
NH'). Absorption spectra in CH2Cl2 [� abs, nm (",
l molÿ1 cmÿ1)]: 232 (44700), 306 (36200).


R/X = Ð(CH2)3CO2
ÿ/H. The diamino host[2] (70 mg,


0.21 mmol) was dissolved in anhydrous pyridine (30 ml)
with glutaric anhydride (2.5 equiv.), then stirred under
nitrogen at 100°C for 16 h. The volatiles were removed
under vacuum and water was added to the oily residue.
Using a fritted glass funnel, a creamy brown solid was
collected and washed with water, ethanol and diethyl
ether. The crude solid was dissolved in 20% sodium
hydrogencarbonate solution (10 ml), then precipitated
with 4M HCl–acetic acid solution (1:1) (pH 4). The light
creamy solid was collected by filtration and dried under
vacuum, yield 75 mg (64%). FAB-MS: —(CH2)3CO2


ÿ/
H; [M�H]� 578.1. NMR, � (ppm) (200 MHz, d6-
DMSO): 1H, 1.84 (q,J = 7.26 Hz, 4H, —CH2—), 2.29
(t, J = 7.34 Hz, 4H, —CH2CONH), 2.48 (t,J = 7.34 Hz,
4H, —CH2COOH), 7.85 (d,J = 3.30 Hz, 6H, 3'4'5'py),
8.80 (s, 1H, 4py), 9.26 (s, 2H, 2–6py), 10.18 (s, 2H, NH),
10.83 (s, 2H, NH'), 12.09 (s, 2H, COOH). Absorption
spectra in CH2Cl2 [� abs, nm (", l molÿ1 cmÿ1)]: 214
(50100), 232 (39700), 300 (30600).


R/X = n-Pr. The diamino host[2] (70 mg, 0.21 mmol) was
dissolved in anhydrous pyridine and 30�l of butyric
anhydride (2.5 equiv.) were added dropwise while
stirring, then the solution was kept at 100°C for 16 h
under nitrogen. The volatiles were removed under
vacuum and diethyl ether was added to the oily residue.
Using a fritted glass funnel, a creamy white solid was
collected and washed with diethyl ether and 10% sodium
hydrogencarbonate. The crude solid was purified by
chromatography (neutral alumina, 0–10% ethanol,
CH2Cl2), yield 88 mg (90%). FAB-MS:n-Pr/H; [M�H]�


490.1. NMR,� (ppm) (200 MHz,d6-DMSO):1H, 0.93 (t,
J = 7.32 Hz, 6H, CH3), 1.62 (m, J = 7.32 Hz, 4H,
—CH2—), 2.40 (t, J = 7.32 Hz, 4H, —CH2CONH),
7.84 (m,J = 5.22 J' = 4.84, J@ = 4.96 Hz, 6H, 3'4'5'py),
8.79 (s, 1H, 4py), 9.26 (s, 2H, 2–6py), 10.17 (s, 2H, NH),
10.86 (s, 2H, NH'). Absorption spectra in CH2Cl2 [�
abs, nm (", l molÿ1 cmÿ1)]: 232 (21200), 302 (15200).
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ABSTRACT: Semiempirical PM3-RHF-CI calculations were used to probe structure–exchange coupling relation-
ships in radical-substituted Zn(II) porphyrins. The results support a number of important design elements for creating
high-spin molecules from metalloporphyrins and the corresponding pi-cation radicals. The calculations showed that
inactive porphyrin–active phenoxy union mode provides stronger exchange coupling than active porphyrin–inactive
phenoxy union mode. Connecting radicals to the metalloporphyrin core via an ethynyl linkage eliminates severe
torsion, permitting a coplanar alignment of the two pi systems. Metalloporphyrins could be excellent redox-activated
exchange couplers: porphyrin radical cation exchange couples attached radicals more effectively than the neutral
porphyrin. Finally, the magnitude of exchange coupling between a metalloporphyrin pi-cation radical depends on the
nature of the attached radical. The results of the calculations were explained using a coupler spin analysis. Copyright
 1999 John Wiley & Sons, Ltd.
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Developing molecule-based systems capable of exhibit-
ing magnetic ordering with the ultimate goal of bulk
magnetic behavior is an active area of research.1 A
molecular magnet is defined as a bulk magnetic system in
which at least one of its magnetic components arises from
spin sites in either s- or p- orbitals.2 One strategy for
designing a potential molecular magnetic system is to
design high-spin building blocks—molecules containing
ferromagnetically coupled unpaired spins—that are
subsequently magnetically coupled as illustrated below.3


The magnetic coupling mechanism can operate through
hydrogen bonds, conjugated pi systems, metal ligation or
through-space interactions.4–11


An accepted strategy for molecular and supramolecu-
lar design is coupling of spin-containing units (SCU) with
a ferromagnetic coupling unit (FCU).12 The SCU is any
stable species with a permanent magnetic moment. The


FCU is any linker that promotes the parallel alignment of
the magnetic moments (i.e.stabilizes the high-spin state).
Here, we investigated the effectiveness of the metallo-
porphyrin and its radical cation as FCUs using a
computational approach.


Multispin molecular assemblies featuring metallopor-
phyrins are promising components of molecule-based
magnetic materials. Interesting molecules and building
blocks include porphyrins with phenylcarbene groups
whose spin–spin coupling depends on the substitution
pattern.13,14 Kamachi15 reported verdazyl-substituted
porphyrins attached to polymer backbones that exhibit
weak antiferromagnetic interactions.13 Kitano et al.16


studied the magnetic behavior of pyridine nitroxides
coordinated to chromium(III) tetraphenylporphyrin.
Miller et al.17 are studying a series of Mn(II) porphyr-
in–TCNE complexes that order magnetically at surpris-
ing high temperatures.18


We are preparing radical-substituted metalloporphy-
rins for the construction of coordination polymers with
interesting magnetic properties19,20 (hereafter, ‘porphy-
rin’ refers to metalloporphyrin). Porphyrins are attractive
from a synthetic point of view for four reasons: (1) there
are 12 positions at which substituents can be attached,i.e.
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four meso-positionsandeightb-pyrrolepositions,(2) the
coordinationof metalsin the centerof the macrocycle
providesa handlefor synthesizingextendedsystems,(3)
the redox propertiesare well understoodand (4) the
electronic character of the oxidized porphyrin is
conducive to spin–spin coupling. There are several
designmotifs for spin–spincouplingin suchmolecules,
includingcouplinganattachedorganicradicalspinwith
theunpairedelectronof anoxidizedporphyrin,coupling
with a transitionmetalspinor couplingwith both.


We desirea theoreticalfoundationand needto test
topologicalmodelsfor spin–spincouplingin thesenovel
structures.Becausethe systemsunder investigationare
large and contain several heteroatoms,high-level ab
initio calculationsarenotpracticalandthereforewehave
necessarilyrelied upon semiempirical calculations to
makepredictionsand draw conclusions.Semiempirical
methodshaveprovenuseful for understandingtrendsin
organicpolyradicals21–27andprobingthe structuresand
electronicpropertiesof porphyrins.28–32


The paper is divided into four parts. The first part
focusesontheferromagneticcouplingof asingleorganic
radicalspin with the unpairedelectronof the porphyrin
radical cation propagatedthrough the meta-through-a-
benzeneunionmodeleadingto S= 1 species.Thesecond
part demonstratesthe ferromagneticcouplingof periph-
eral organicradicalspinsby the ferromagneticcoupling
of eachto theunpairedelectronof theporphyrinradical
cationresultingin S= 3/2 species.Sincethe couplingis
propagatedthrougha redox-activespecies,we refer to it
as ‘redox-activatedexchangecoupling.’ In this casethe
FCU(ZnTPP�


.
) is alsoanSCU.Thethird partshowsthe


lack of significant coupling when the neutral metallo-
porphyrin, ZnTPP, is used as the FCU. Finally, we
comparethe coupling of ZnTPP�.


with two common,
stableSCUs:galvinoxyl andnitronylnitroxide.


A successful,systematicapproachto investigatingthe
spin–spincouplingstrengthof anFCUis to (1) choosean
SCU to be usedthroughoutthe study and (2) vary the
FCU by either modifying its molecular structure or
altering the SCU–FCU connectivity.33 As mentioned
above, the unique FCUs under investigation are the
metalloporphyrin(ZnTPP)andthecorrespondingmetal-
loporphyrinradicalcation(ZnTPP�.


). We chosetheoxy


radical as the SCU. Lahti and co-workers23,25,26 have
used the oxy radical as the SCU in computational
investigationsof the effectivenessof other magnetic
couplers and found the results to be in qualitative
agreementwith experiment.Here,wedescribetheresults
of PM3-RHF-CI34 calculations on radical-substituted
ZnTPP�.


andradical-substitutedZnTPP.
Like other computationalinvestigations,certaincon-


straints and assumptionsare made for the sake of
computational efficiency which preclude obtaining
definitive quantitativeresults,but allow qualitativeand
semiquantitativeconclusions to be reached.21,22,26,27,


29,30,35–37 Zinc(II) tetraphenylporphyrin (ZnTPP) and
zinc(II) tetraphenylporphyrinradical cation (ZnTPP�.


)
geometrieswereobtainedfrom UHF-PM3optimizations
subjectto bothsymmetryandplanarconstraints.38,39As
notedpreviously,UHF calculationson high-spinmole-
culesaremorelikely to provideaccurategeometriesthan
RHF calculations.40 The crystallographiccoordinatesof
[Mg(TPP)aquo]�.


were used as the initial geometry41


replacingMg with Zn and placing the Zn atom in the
centerof the macrocycle.42 As shownin Figs 1 and 2
optimized bond lengths, angles and dihedrals are
consistentwith thosereportedin theliteraturefor ZnTPP
and ZnTPP�.


, respectively.43,44 The optimized Zn—
Npyrrole bonddistanceis 2.06Å for ZnTPP�.


and2.05Å
for ZnTPPcomparedwith thecrystallographiclengthsof
2.06–2.09Å for ZnTPP�.45 and 2.05Å for ZnTPP.44


The optimized Cmeso—C(1')(phenyl) bond length and
phenyl-coredihedralanglefor ZnTPP�.


are1.47Å and
67°, respectively,comparedwith 1.48–1.51Å and49.8–
68.4° obtained from crystallographic studies of
ZnTPPClO4


45, andfor ZnTPP1.48Å and90° compared
with 1.50Å and 60° obtained from crystallographic
studiesof ZnTPP.46


We found a mere0.32kcalmolÿ1 (1 kcal= 4.184kJ)
differencebetweenthe energyof the optimizedZnTPP
wherethe phenyl ring-coredihedralanglewas 90° and
the energyof the optimizedstructurewherethe phenyl
ring-coredihedralanglewasconstrainedto 67°, illustrat-
ing the low energybarrier to rotation. For the sakeof
consistencywe fixed all meso-phenyl torsions in this
studyat 67° in keepingwith thegeometryof the radical
cation.


Figure 1. Calculated and experimental38 bond lengths for
ZnTPP


Figure 2. Calculated and experimental44 bond lengths for
ZnTPP�


.


Copyright  1999JohnWiley & Sons,Ltd. J. Phys.Org. Chem.12, 10–18(1999)


SPIN–SPINCOUPLINGIN METALLOPORPHYRINS 11







TheSCUsandbridgesattachedto theporphyrinwere
optimized subject to planar constraintsand symmetry
constraints (where appropriate) using the UHF-PM3
Hamiltonian34 at the highestmultiplicity and a planar
porphyrincoregeometry.As notedpreviouslyby Lahti et
al.,26 semiempirical calculations are insufficient for
making definitive quantitative predictions, but are
effective as a tool to predict qualitative trends.They
foundtheseparateoptimizationof thespinstatesdid not
producelarge differencesin the relative energysepara-
tions of thesestates25 (seeRef. 22 for a discussionof
singlet/tripletorbitaldescriptions).As shownin Fig.3, for
zinc(II) [5-[(3'-oxyphenyl)ethynyl]-10,15,20-triphenyl-
porphyrin] and its radical cation, the optimized
C(5)meso—Ca(ethynyl), Ca(ethynyl)—Cb(ethynyl), andCb(ethynyl)


to C(1')(phenyl) bond lengths(1.409,1.205,1.405 Å for
unoxidized;1.416,1.196,1.417Å for oxidized, respec-
tively) are similar to thoseobtainedfrom the crystal-
lographicdataof zinc(II) [5,15-[bis[(4'-methoxyphenyl)
ethynyl]-10,20-diphenylporphyrin](1.437,1.187,1.432Å,
respectively).36 Likewise, the optimized phenoxy-
ethynylporphyrincore dihedral is nearly 0° consistent
with the crystallographic data for zinc(II) bis[(4'-
methoxyphenyl)ethynyl]-10,20-diphenylporphyrin.


We usedspindensitiesobtainedfrom PM3-RHF-CI34


calculations in this study since UHF-calculatedspin
densitiesareoften contaminated.21 PM3-RHF-CIcalcu-
latedspindensitiesfor ZnTPP�.


areconsistentwith other
calculatedvaluescited in the literature.The calculated


meso-C anda-C spindensitiesin thisstudyare0.125and
0.0060, respectively, compared with the previously
calculatedspin densitiesof 0.193(0.158)andÿ0.0094
(0.0066)with CI (without CI).47 Spin densitiesfor our
SCUsareshownin Fig. 4. The calculatedspindensities
of the meta-and para-positionsof the phenoxyring are
ÿ0.0529and0.2969,respectively,which areconsistent
with the experimentalvaluesof ÿ0.0676and0.3239.48


Thecalculatedspindensityof thephenoxyring showsan
alternatingdistribution of spin density consistentwith
othercalculatedresults.25,26Thecalculatedspindensities
of the ethynyl-linked nitronylnitroxide atomsare 0.29
(N), 0.20 (O) and 0.0093(Cmethine) comparedwith the
experimentalvalues of 0.27 (N), 0.27 (O) and ÿ0.11
(Cmethine) which wereobtainedfrom phenylnitronylnitr-
oxide.49 The calculatedspin densitiesof the ethynyl-
linked galvinoxyl atomsareÿ0.0061(Cmethine), 0.2336
(Cipso), ÿ0.0014(Cortho), 0.1204(Cmeta), 0.0090(Cpara)
and 0.0755 (O) comparedwith the McLachlan MO
calculated spin densities of ÿ0.062 (Cmethine), 0.153
(Cipso), ÿ0.043(Cortho), 0.142(Cmeta), 0.027(Cpara) and
0.168(O) for thephenylgalvinoxyradical.50,51


The low-spin–high-spinenergydifference,DELS–HS,
wasobtainedfrom a PM3-RHF-CIcalculationusingthe
keyword OPEN(n,n) where n = 2 and 3 for triplet and
quartet,respectively.A CI active spaceof five orbitals
wasused:two doublyoccupied,two singly occupiedand
one unoccupiedfor triplets and one doubly occupied,
threesingly occupiedand one unoccupiedfor quartets.
This methodhasbeenusedpreviouslyby otherresearch
groupsto obtainresultsthatarein qualitativeagreement
with experiment.21,27


Coupling of an attachedorganic radical with the
porphyrin radical cation providesa meansof creating
S> 1/2species.This featureis amajorcomponentof our
investigation.As illustrated in Fig. 5, the SOMO of a
metalloporphyrinradical cation can have either predo-
minantly a1u or a2u character,dependingon which of
these two orbitals is higher in energy. In general,
oxidationof a meso-substitutedmetalloporphyrinresults
in theremovalof anelectronfrom thea2u orbital leaving
unpairedspin densityconcentratedat the mesocarbons
andpyrrolenitrogenpositions,with minorspindensityat
theb-pyrrolepositionsandevenlessspindensityatthea-
carbons.29,46,47 Oxidation of a b-pyrrole-substituted
porphyrin resultsin positive spin densityat the a- and


Figure 3. Calculated and experimental bond lengths for
ethynyl-bridged biradicals. Values in roman type are the
calculated lengths for the unoxidized porphyrin those in
italics are calculated lengths for the oxidized porphyrin and
those in parentheses are from crystallographic data36


Figure 4. PM3-calculated and other calculated47±50 spin densities for SCUs
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b-carbonsand negativedensity at the meso-carbons.52


Becauseof the largespindensityat themeso-carbonsof
meso-substitutedporphyrinradicalcations,weemployed


our efforts to designporphyrin radical cation systems
bearingSCUsattachedat themeso-positions.Becauseof
thestericdemandsat themeso-positionof theporphyrin
macrocycle,weinvestigatedthreedifferentmodifications
of the porphyrin periphery: phenyl meso-substitution,
ethenylmeso-substitutionandethynylmeso-substitution.
Figure6 showsthestructuresusedin this study.


To beginthestudy,wedeterminedtheconnectivity(or
union mode) of the SCUs that leads to ferromagnetic
couplingwith theoxidizedporphyrin.A usefulapproach
to this determinationis the starred–non-starredformal-
ism. ‘Starred’ refersto positionsof positivespindensity
and‘non-starred’refersto positionswith no spindensity
(nodal positions)or negativespin density. It has been
shownthatunionof anactivesite (starredposition)with
an inactive site (non-starredposition) resultsin a high-
spingroundstate.53


First we will discuss the electronic properties of
ZnTPP�.


andtheoxy radicalastheSCUsandtheunion
modesleading to high-spin coupling. In ZnTPP�.


, the
spinat themeso-positioncandelocalizeinto meso-phenyl
rings, asevidencedby protonhyperfinecoupling in the
EPR spectraof thesesystems.46 The spin of the oxy
radicaldelocalizesinto theattachedphenylring resulting
in largepositivespindensitypara to the oxygen(active
site) and negative spin density meta to the oxygen
(inactivesites).25,26,48


Figure 5. Porphyrin singly occupied molecular orbitals
(SOMOs)


Figure 6. Porphyrin systems used in this study
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Giventheexistenceof spindensityin thephenylrings
of ZnTPP�.


, we predict that the union of an inactive
porphyrinphenylpositionwith anactiveSCUsiteor the
union of an active porphyrinsite with an inactive SCU
siteillustratedin Fig. 7 shouldbothleadto ferromagnetic
coupling. Compounds1 and 5 have active-TPP�.


–
inactive-oxy union modes whereas 2 and 6 have
inactive-TPP�.


–active-oxyunionmodes.
After qualitatively determiningwhich union modes


lead to ferromagneticcoupling, we semiquantitatively
investigated which connectivity provides the largest
ferromagnetic coupling. It is convenient to use the
‘meta-through-a-benzene’union modein examiningthe
semiquantitativeresultsfor theZnTPP�.


–oxy study.The
benzenering which hastheSCUsattachedmetato each
otheris actingastheFCU(hereafterreferredto asMBC:
‘meta-benzenecoupler’).Themagnitudeof thecoupling
is reflectedby the magnitudeof the spin densityin the
MBC from each SCU.54 A brief discussionof the
couplingof m-xylylenewill provehelpful. Thebiradical
m-xylylene is composedof a benzenering (the MBC)


with two methyleneradicals(theSCUs)attachedmetato
eachother.As shownin Fig. 8 andTable1, examination
of variousconformersof m-xylyleneshowsthe relation-
ship betweenMBC spin density and spin coupling.55


Whenthetwo methylenesareplanar(in thesameplaneas
the MBC), both methyleneradical spinscan delocalize
into theMBC andcontributeequallyto thespindensityin
theMBC, resultingin a largeexchangeinteractionanda
largesinglet–tripletgap.


When one methyleneis twisted perpendicularto the
plane of the MBC while the other methyleneremains
planar,the spindensityin the MBC comesmainly from
delocalization of the planar methylene spin. The
exchangeinteractionis dramaticallydecreasedbecause
the conformationkeepsmost of the two spinsspatially
separated.This illustratesthat it is not sufficientto have
atomswith largespindensitiesattachedmeta-through-a-
benzene:the factor thatdeterminesthemagnitudeof the
exchangeinteraction is the amount of spin density
delocalizedinto the MBC from eachSCU.54,55 Separat-
ing thespindensityin theMBC into its SCUcomponents
is a convenientmeansof rationalizingthe spincoupling
in our porphyrinradicalcation–SCUsystems.Therefore,
two important identificationsare neededto explain the
calculatedcouplingtrendsin our ZnTPP�.


–oxy systems:
which benzenering hastheSCUsattachedmetato each
other(i.e.whichring is theMBC) andtheamountof spin
densityin theMBC from eachSCU.


In 1 thephenylring bearingtheoxy radicalis theMBC
asshownin Fig. 9. However,for 2 theporphyrinphenyl
ring is theMBC.


Next we considerthe spin densityfrom eachSCU in
theMBC. Sincetheconnectivitiesof 1 and2 donotallow
the SCU spinsto be resonancedelocalizedbeyondthe
MBC, wecandeterminetheamountof spindensityin the
MBC from eachSCU.Theresultsaredisplayedin Table
2.


Figure 7. Active and inactive union sites for ZnTPP�
.
and the


SCU phenoxy radical


Figure 8. Labels and methylene torsion angles for m-xylylene


Table 1. UHF-PM3-calculated spin densities and singlet±triplet gaps for m-xylylene conformers


Methylene
torsion


DELS–HS
a


(kcalmolÿ1)
MBC spin


density


MBC spin
densityfrom
methylenea


MBC spin
densityfrom
methyleneb


Methylenea
spindensity


Methyleneb
spindensity


0,0 15.3 0.878 0.439 0.439 0.561 0.561
0,90 0.581 0.535 0.473 0.062 0.527 0.944
90,90 ÿ0.021 0.112 0.056 0.056 0.944 0.944


a Singlet–triplet energygap.A positivevalueindicatesa triplet groundstateanda negativevaluea singletgroundstate.
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The para-substitutedZnTPP�.
system1 hasa smaller


exchangeinteractionthanthe meta-substitutedZnTPP�.


system2. Even though the para-substitutedZnTPP�.


systemhasa large amountof spin densityin the MBC
(0.8210),thespinmainly originatesfrom only oneof the
SCUs—theoxy radical(0.8204).Thetiny amountof spin
densityat the phenylpara-position is an indication that
thereis very little spin from theporphyrinradicalcation
in thecouplerleadingto a small exchangeinteractionin
1. Conversely,the meta-substitutedZnTPP�.


system,2,
hasa smallertotal spindensityin theMBC (0.1516),but
becauseit hascontributionsfrom bothSCUs(0.017from
porphyrin radical cation and 0.13 from oxy radical) its
exchangeinteraction is over twice as large. Thus, the
results of the calculations indicate that the inactive
porphyrin–active phenoxyunionmodeprovidesstronger
coupling than the active porphyrin–inactive phenoxy
unionmode,illustrating an importantdesignelement.


The spin coupling in the phenyl meso-substituted
porphyrinis limited by thephenyl-coretorsion.Because
thestericinteractionsbetweentheb-pyrroleprotonsand
the phenylortho-protonsforce the phenyl rings to twist
considerably(between60° and 70° for MTPP deriva-
tives),45,46 thereis only a small amountof spin from the
porphyrin radical cation delocalizedinto the porphyrin
phenylrings, thuslimiting thespin–spincoupling.


Realizingtheneedfor moredelocalizedspinfrom the
macrocycle in the MBC to achieve larger exchange
interactions,we investigatedthe ethenyl-bridgedpor-
phyrin 3 and the ethynyl-bridgedporphyrin 4. The b-
ethenylbridgeprotonalsoexperiencesstericinteractions
with theb-pyrroleproton,causingthebridgeto twist by
50°, but the amount of spin delocalized from the
porphyrinradicalcationto theMBC is largerfor ethene
thanfor phenyl,asshownin Table2.


Calculationsshow that becausethe ethynyl linkage
allows elimination of the torsion factor allowing the
planar alignment of phenoxy ring with the porphyrin
radicalcation,thesinglet–tripletgapin 4 is nearly380cal
molÿ1 greaterthanthat in 3. Hencethemagnitudeof the
exchangeinteraction is shown to be a function of the
amount of spin density from ZnTPP�.


, the smallest
contributorto theMBC spindensity.


Next, we investigated redox-activated exchange
coupling—theeffectivenessof theZnTPP�.


to exchange
couple two SCUs.Other researchgroupshave investi-
gatedredox-activatedhigh-spin species.56–60 Examina-
tion of thequartet–doubletgapsfor 5–8 in Table2 shows
thathigh-spingroundstatesareachievedconsistentwith
the trendsfor biradicals1–4, i.e. the exchangecoupling
increasesin the order 5< 6< 7< 8. Since the quartet
state is calculated to be the ground state for these


Table 2. ZnTPP�
.
±oxy spin±spin coupling and spin density analysisa


Porphyrin DELS–HS
b (kcalmolÿ1) MBC spindensity


MBC spindensity
from ZnTPP�


. MBC spindensity
from oxy radical


1 0.067(TGS) 0.8210 0.0006 0.8204
2 0.149(TGS) 0.1516 0.0171 0.1345
3 0.903(TGS) 0.8362 0.0187 0.8175
4 1.282(TGS) 0.8425 0.0237 0.8188
5 0.041(QGS) 0.8211 0.0001 0.8210
6 0.070(QGS) 0.1529 0.0167 0.1362
7 0.309(QGS) 0.8276 0.0094 0.8182
8 0.405(QGS) 0.8323 0.0131 0.8192
9 0.405(QGS) 0.8324 0.0133 0.8192


a TGS= triplet groundstatefor S= 1 biradical;QGS= quartetgroundstatefor S= 3/2 triradical.
b DELS–HS= high-spin–low-spinenergygap;positivevalueindicatesa high-spingroundstate.


Figure 9. Active and inactive union sites for TPP�
.
and the SCU phenoxy radical. The MBC is a different ring in each biradical and


is shown in bold
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triradicals,the calculationspredict the porphyrinradical
cation functions as a high-spin coupler. We believe
similar trendswouldbeobservedfor specieshavingthree
or four SCUsattachedto ZnTPP�.


.
We also performed calculations on the neutral,


unoxidizedporphyrin core to test its effectivenessas a
ferromagneticcoupler,and the resultsare presentedin
Table3. The lack of interactionbetweenthe peripheral
SCUsof 5 and 6, evidencedby the degenerateground
states,and the small antiferromagneticcoupling of the
ethenyl-and ethynyl-bridgedsystems,7 and 8, demon-
strates,as expected,the ineffectivenessof the neutral
porphyrin as an FCU. Sinceboth SCUsare attachedat
nodal positions,very little spin is delocalizedinto the
macrocycle. Spin polarization in 7 and 8 may be
responsiblefor the low-spin ground-statepreference.
Therefore,porphyrin radical cation enhancesexchange
coupling among SCUs, and could prove to be an
importantredox-activatedexchangecouplingfragment.


The neutral porphyrin is more effective as an
antiferromagneticcoupler as seen in system 10. In
contrastto the connectivity of 8 (neutral species),the
activephenoxypositionof 10 is attachedto theporphyrin
phenyl ring as shownin Fig. 10. The ZnTPPantiferro-
magneticallycouplesthe two spinsleadingto a singlet
groundstate.


After determining the most effective means of
accomplishingferromagneticcoupling, we turned our
attention to the peripheral SCUs. Galvinoxyl and
nitronylnitroxide areboth stableradical moietieswhich
have been incorporated in other systems exhibiting
magnetic interactions.61–65 Using the ethynyl-bridged
derivative,we comparedthesetwo SCUsto seewhich
would give the largestexchangeinteraction.


TheFCUin thesesystemsis nottheMBC sincethereis
no benzenering with SCUsattachedmetato eachother.
Thereis, however,anotherrobustferromagneticcoupler
intrinsic in these systems—trimethylenemethane
(TMM). Just as we used the meta-through-a-benzene
motif to examine the coupling strength for the oxy-
substitutedradicalcationporphyrinsystems,we nowuse
the TMM motif to examinethe couplingstrengthin the
galvinoxyl- and nitronylnitroxide-substituted radical
cation porphyrin systems. We examined the spin
componentsof theTMM couplerto rationalizethetrend
of theexchangeinteractionjust aswe did with themeta
benzenecoupler.


As shown in Fig. 11, the galvinoxyl-substituted
porphyrin has more spin density from the porphyrin
radicalcationcontributingto theTMM coupler(thebold
double bond) than the nitronylnitroxide derivative,


Table 3. Neutral porphyrin±Oxy high-spin±low-spin energy
gapsa


Porphyrin DELS–HS
a (kcalmolÿ1)


5 0
6 0
7 ÿ0.017
8 ÿ0.036
9 ÿ0.024


10 ÿ0.936


Figure 10. Spin densities and high-spin±low-spin energy gaps for biradicals 8 and 10
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whereasthe nitronylnitroxide derivative hasmore spin
densityfrom theSCUcontributingto theTMM coupler.
Consistentwith the resultsof the metabenzenecoupler,
the exchangeinteractionis limited by delocalizedspin
densityfrom thesmallercontributor.


In conclusion,thesecalculationssupportthefeasibility
of usingtheporphyrinradicalcationasanefficientFCU
to build high-spinspecies.Thetrendsin computedhigh-
spin–low-spinenergygapswereexplainedwith theaidof
a coupler–spinanalysis.Even though the meta-substi-
tuted ZnTPP�


.
system is calculatedto have a larger


exchangeinteractionthanthe para-substitutedZnTPP�.


system,theexchangeinteractionis limited by thephenyl
torsionwhich modulatesdelocalizationof the spin from
the ZnTPP�.


into the MBC. The ethenyl-and ethynyl-
bridgedsystems,however,havetwo factorscontributing
to their largerexchangeinteractionscomparedwith the
phenyl-bridgedsystems:decreasedtorsion(50° twist for
ethenyland0° twist for ethynyl)andasmallernumberof
atomsin the bridge over which the spin is delocalized.
The ethynyl-bridgedsystemhas the largest spin con-
tributions from both SCUs in the MBC and hencethe
largest exchangeinteraction. The importance of the
redox-activatedspin coupling was demonstratedby the
lack of significant ferromagneticcoupling when the
unoxidizedZnTPPwasusedastheFCU(i.e. ZnTPP�


.
vs


ZnTPP).Finally, galvinoxylethynyl substitutionresults
in greatercouplingthannitronylnitroxide–ethynylcoup-
ling.
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ABSTRACT: Zwitterionic micelles of tetradecyldimethylammoniopropanesulfonate and tetradecyldibutylammo-
niopropanesulfonate, SB3-14 and SBBu3-14, respectively, accelerate theE2 reaction of OHÿ with 4-nitrophenethyl
bromide (1b), but the reaction of phenethyl bromide (1a) is inhibited by SB3-14 and is only slightly accelerated by
SBBu3-14. Analysis of these data allows the separation of the association constants for transfer of reactants from
water to micelles from the second-order rate constants in the micelles. These second-order rate constants are, as in
water, larger for1b than1a, and for both substrates are higher in SBBu3-14 than in SB3-14, as found for reactions in
otherwise similar cationic micelles. Rate constants in micelles, relative to those in water, are consistently higher inE2
than inSN2 reactions. Copyright 1999 John Wiley & Sons, Ltd.


KEYWORDS: Sulfobetaine micelles; elimination; head group bulk


INTRODUCTION


There are many examples of reactions of substrates with
ionic reagents in solutions of association colloids, e.g.,
micelles, microemulsions and vesicles.1 Ionic association
colloids typically accelerate bimolecular reactions of
counter-ions and inhibit those of co-ions. These observa-
tions are understandable because these colloids take up
both non-ionic solutes and counter-ions and concentrat-
ing reactants in the small colloidal volume accelerates the
reaction. Conversely, if one reactant is incorporated in
the colloid and the other remains in water, reaction is
inhibited. Bulk solvent, e.g. water, and the association
colloids, e.g. micelles, act as discrete reaction regions,
i.e. as pseudo-phases.1 Provided that reactants transfer
rapidly between the pseudo-phases, rate constants for the
overall reaction can be written in terms of the transfer
equilibria and second-order rate constants in each
pseudo-phase, and it is evident that micellar rate
enchancements of many reactions are governed largely
by this concentration of reactants. Polar and ionic solutes
are bound in the interfacial regions of aqueous associa-
tion colloids and second-order rate constants in this
region are usually similar to those in water,1 but there are
indications that micelles favor reactions in which there is
extensive charge dispersion in the transition state, and


that the discrimination increases with increasing bulk of
the surfactant head group.1,2


The pseudo-phase model for bimolecular reactions of
OHÿ with moderately hydrophobic substrates, S, is
described by the equation1


kobs� kW�OHÿW� � kMKS�OHÿM �
1� KS�Dn� �1�


wherekobs is the first-order rate constant with respect to
S, quantities in square brackets are concentrations in
terms of total solution volume, KS is the association
constant of S with micellized surfactant (detergent) (Dn),
subscripts W and M denote the aqueous and micellar
pseudo-phases respectively,kW (l molÿ1 sÿ1) is written
with concentration as molarity andkM (sÿ1) is written
with concentration as a mole ratio, [OHÿM]/[Dn].
Second-order rate constants in the micellar pseudo-phase
can also be written with concentration aslocal molarity,
km


2 �l molÿ1sÿ1�, and


km
2 � kMVM �2�


whereVM (l molÿ1) is the molar volume of the reaction
region at the micellar surface. Surfactant exists partly as
monomer whose concentration is assumed to be the
critical micelle concentration (cmc), i.e.


�Dn� � �DT� ÿ cmc �3�


Ionic concentrations in the micellar pseudo-phase can
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sometimesbe estimatedexperimentally,3 but those of
OHÿ have to be calculated by using theoretical
treatmentswhich involve approximations,andhavebeen
discussed.4 In thiswork wecomparedmicellareffectson
SN2 andE2 reactionswith OHÿ andthereforeuncertain-
tiesin thetransferequilibriumof OHÿ betweenwaterand
micellesfactor out for a given surfactant.


We use sulfobetainemicelles with different head
groups:


n-C14H29N
�Me2�CH2�3SO3


ÿ


SB3-14


n-C14H29N
�Bu2�CH2�3SO3


ÿ


SBBu3-14


Sulfobetainemicelles are formally neutral, but they
incorporateanions,althoughlessstrongly than cationic
micelles,5 andincorporationof OHÿ is describedby6


K0OH � �OHÿM �=�OHÿW���Dn� ÿ �OHÿM �� �4�


Equationsof this general form have been used to
describeion binding to counter-ionicand sulfobetaine
micelles.1b,6,7 In earlier work we comparedeffects of
cationic micelleswith different headgroupson E2 and
SN2 reactionsof OHÿ (Scheme1).2 Equationsof theform
of Eqn. (4) were used to treat the binding of Brÿ to


sulfobetainemicellesestimatedkinetically andconducti-
metrically with reasonableagreementbetweenthe two
methods,andtherewaslowerbindingwith anincreasein
bulk of theheadgroup.7


Second-orderrate constantsof the SN2 reactionsin
micelles are relatively insensitive to the bulk of the
surfactantheadgroups,but an increasein head-group
bulk favors E2 reactions,and the preferenceis higher
with thenitro derivative,1b. Second-orderrateconstants
in cationicmicelles,relativeto thosein water,arehigher
for E2 reactionsin which charge is dispersedin the
transitionstatethanfor SN2 reactionsin which it is more
localized.2 We havenow extendedthis investigationto
reactionsin micelles of SB3-14and SBBu3-14.Reac-
tions of OHÿ were examined in solutions of these
surfactants,valuesof K'OH [eqn(4)] wereestimatedand
are, as expected,much lower for sulfobetainethan for
cationicmicelles.7 In addition,anincreasein thebulk of a
headgroupdecreasesaffinitiesfor anionsin bothcationic
andsulfobetainemicelles.


RESULTS AND DISCUSSION


Therate-surfactantprofilesfor E2 reactionsof phenethyl-
and4-nitrophenethylbromide(1a, b) areshownin Figs1
and2. Rateconstantsof reactionof 1a areonly slightly
affectedby thesurfactant,whichis oftentakento indicate
thatmicellesdonotaffectlocal reactivity,butanalysisof
the rate data by using Eqns (1)–(4) shows that this


Scheme 1
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conclusionis incorrect.However, reactionof the nitro
derivative,1b, is clearly micellar accelerated(Fig. 2).


Theassociationconstantfor 1b to micellizedSBBu3-
14 is 500l molÿ1, based on the saturation-solubility
method.8 This value is similar to that of 540l molÿ1 in
micellizedcetyltrimethylammoniumbromide(CTABr),2


indicatingthat changesin the head-groupchargedo not
have large effects on Ks, although typically binding
constantsare larger in zwitterionic than in cationic
micelles.9


Thefitting parametersfor thedatain Figs1 and2 are
given in Table 1. The valuesof Ks are similar to those
usedearlierin fitting kinetic datafor reactionsin cationic
micelles and ‘kinetic’ values (Table 1) are similar to
those measured in cationic micelles, or estimated
kinetically.2 As in othersystems,acceptablefits canbe
obtainedwith minor variationsin thefitting parameters.1


ConsistentlykM for a given substrateincreaseswith
increasingbulk of the surfactantheadgroup, and with
introductionof a nitro group(Table1). Our valuesof kM


for the E2 reactions are slightly lower than those
estimatedby Wilk in cationicmicelles,10 but sheuseda
mixed-ion system and data fitting had to allow for
interionic competition.


Structural effects on micellar reactivity


Regardlessof the estimated fitting parameters,the
differencesin valuesof kobs (Figs 1 and 2) show that
micellar rate enhancementsare more significant for a
nitro-substitutedthanfor an unsubstitutedderivative,as
with reactions in cationic micelles.2 This substituent


effect is muchstrongerin E2 thanin SN2 reactions,and
we note that in non-micellar conditionsa decreasein
solventpolarity favorsE2 overSN2 reactions.11,12


Water is not excludedfrom the interfacial region of
ionic micelles but, basedon spectrometricprobes,the
polarities appear to be lower than that of water,13


consistent with kinetic data on spontaneousreac-
tions.1b–e,14 Therefore, micellar medium effects upon
relative ratesof E2 and SN2 reactionsare analogousto
thoseof organicsolventsascomparedwith water.There
is extensiveevidencethat electronicsubstituenteffects
aretypically largerfor E2 thanfor SN2 reactions10 when
basedon structurallysimilar substratesand we seethis
pattern for reactions in micelles. We compare the
behaviorsof E2 reactionsof 1a andb with thoseof SN2
reactionsof 2a and b. The rate increasesinducedby a


Figure 1. Values of kobs for reaction of phenethyl bromide
(1a) in SB3-14 (*) and SBBu3-14 (✚) in 0.2 M NaOH. Lines
here and in Fig. 2 calculated with Eqns (1), (3) and (4) and the
parameters in Table 1


Figure 2. Values of kobs for reaction of 4-nitrophenethyl
bromide (1b) in SB3-14 (*) and SBBu3-14 (✚) in 0.2 M


NaOH


Table 1. Fitting parameters for reactions of 1a and ba


Substrate Surfactant Ks (l molÿ1) 103 kM (sÿ1)


1a SB3-14 260 0.045
SBBu3-14 260 0.163
CTAOH 340 0.110
CTPAOH 260 0.200


1b SB3-14 450 42.0
SBBu3-14 500 116
CTAOH 450 46.0
CTPAOH 420 120


a At 25.0°C,with 0.2M NaOHin sulfobetainesand0.1M NaOHfor the
othersurfactants.2
b Fitting parametersfor reactions in the sulfobetainesare kW =
3.61� 10ÿ5 and2.40� 10ÿ3 l molÿ1sÿ1 for 1a andb, respectively,2


K'OH = 0.35and0.25l molÿ1 for SB3-14andSBBu3-14,respectively,
andcmc= 1� 10ÿ4


M.
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4-nitro grouparecomparedfor SN2 andE2 reactionsin
water and in micellesof SB3-14and SBBu3-14and of
cetyltrimethyl- and tripropylammonium hydroxide
(CTAOH andCTPAOH, respectively)(Table 2). These
ratecomparisonsindicatehowmicellesfavorreactionsin
which chargeis delocalizedin the transitionstate,as in
E2 comparedwith SN2 reactions,andtheextentto which
the effects are increasedby increasingthe bulk of the
surfactantheadgroup.


The relation betweenrate constantsin the micellar
interfacial region, relative to those in water, and the
‘softness’of the transitionstateappliesto spontaneous
unimolecular and also bimolecular micellar-mediated
reactions,andexamplesin decarboxylationanddephos-
phorylationaregivenelsewhere.14–16Head-groupeffects
uponreactivitiesin themicellarpseudo-phasearelargest
for reactionsin which chargeis delocalizedin a ‘soft’
transitionstate.Substratehydrophobicity,of itself, does
not seem to be of major importance in controlling
reactivity in themicellar interfacialregion.For example,
micellarhead-groupeffectsaresimilar for reactionsof 2a
and methyl naphthalene-2-sulfonate, 3, in both catio-
nic2,17 andsulfobetaine7 micelles,despitedifferencesin
hydrophobicitiesand values of Ks. This behaviour is
understandableif a hydrophobic moiety is relatively
isolatedfrom thereactioncenterandits interactionswith
the associationcolloid do not changeon going from the
initial to the transition state and provided that the
hydrophobicmoiety doesnot changethe locationof the
reactioncenterin the interfacialregion.18


Values of second-order rate constants, kM, are
estimatedunambiguouslyfrom the transferequilibrium
of a reagentbetweenwaterandmicelles,but we haveto
estimatelocalmolarity at themicellarsurface,if theyare


to becomparedwith second-orderrateconstantsin water,
kW (l molÿ1 sÿ1). Local molaritiesfor someions canbe
estimated by dediazonization trapping,3d,e but this
methodfails for basic anions.Local molarities can be
estimated theoretically,1,4 but these methods involve
assumptionsandapproximationsandsomeof themhave
not been tested with micelles that have bulky head
groups.Theusualapproachis to applyEqn.(2), although
thevalueof VM andtheimplied assumptionof a uniform
micellar reactionregionareuncertain.18,19This problem
of the definition of ‘concentration’ complicates the
comparisonof second-orderrate constantsin cationic
andsulfobetainemicelles,althoughwe note the simila-
rities of values of kM under theseconditions.Similar
questions regarding the meaning of concentration
expressedasmolarityalsoapplyto comparisonsbetween
second-orderrateconstantsin homogeneoussolutionsof
mixed solventsanddifferent compositions.


With thesereservationswe show k2
m/kw, calculated


with VM = 0.14l molÿ1 (Table3), aselsewhere.1b


On the basisof the abovevalue of VM, second-order
rateconstantsof E2 reactionsin micellar pseudo-phases
follow similar patterns.Reactionsof 1a are slightly
slowerin micellesthanin water,butthoseof 1b arefaster
(Table3), becausedelocalizationof chargeinto thenitro
group in the anionic transition state increasesk2


m/kw.
Thesemicellar effects are larger in SBBu3-14than in
SB3-14 becausethe bulky butyl group decreasethe
polarity in the interfacialregion.Therearecompilations
of valuesof k2


m/kw for reactionsof OHÿ with avarietyof
organicsubstrates,1 generallyin cationicmicelles,andit
appearsthat k2


m< kw for biomolecular reactions at
saturatedcarbon and at acyl and phosphorylcenters,
where charge is localized, but k2


m� kw for aromatic
nucleophilicsubstitutionandE2 reactions10 wherethere
is extensivechargedelocalizationin the transitionstate.
The factorsthat control relative rate constantsin water
and in cationic micelles also apply to sulfobetaine
micelles.Thereis uncertaintyin the estimationof local
ionic concentrations,e.g. of OHÿ, in micellar pseudo-
phases,buttheproblemis reducedby comparingmicellar
effectsuponreactionswith differentmechanisms,which
involve a commonionic reagent.Theeffectsof substrate
andsurfactantstructuresonk2


m/kw for reactionsof 1aand
b (Table 3) arequantitativelysimilar to thoseobserved
for E2 reactions of the hydrophobic 1,2-dihalo-1,2-


Table 2. Micellar effects on SN2 and E2 reactionsa


Reactionmedium


H2O
b CTAOHb CTPAOHb SB3-14 SBBu3-14


SN2 reactionsof 2a, b 4 7.5 13
E2 reactionsof 1a, b 67 400 650 520 700


a Valuesof kM(NO2)/kM(H).
b Fromdatain Ref. 2.


Table 3. Comparison of second-order rate constants in
micelles and in water with increasing head-group bulka


Substrate Surfactant k2
m/kW


1a SB3-14 0.27
SBBu3-14 0.63


1b SB3-14 2.5
SBBu3-14 6.8


a kw = 3.61� 10ÿ5 and 2.40� 10ÿ3 l molÿ1 sÿ1 for 1a and b 2,


respectively.
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diphenylethanesin cationicmicelles.20 Henceuncertain-
tiesin thevaluesof VM andK'OH [Eqns(2) and(4)] donot
cloud theoverall conclusions.


EXPERIMENTAL


Materials. Substratesand surfactantswere materials
describedearlier.2,20,21Reactionsolutionswereprepared
in distilled, deionized,CO2-freewater.


Kinetics. Reactionswere followed spectrophotometri-
cally at 264 and 350nm for reactionsof 1a and b,
respectively, as described,2 with 10ÿ4 M substrate
introduced in MeCN, so that the reaction solution
contained1 vol.% MeCN.Valuesof kobswerecalculated
by using the integratedfirst-order rate equation with
correlationcoefficientsof 0.999or better.Fitting of the
kobs vs [surfactant] profiles, by using Eqn. (1),1 was
insensitiveto valuesof Ks in therange260� 50 l molÿ1


for 1a, and 450� 100 l molÿ1 for 1b, basedon visual
fitting.


Substrate binding. Thevalueof Ks for 1b in SBBu3-14
wasdeterminedby the saturation-solubilitymethod,8 as
described.2
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CA, CerichelliG,McKenzieDC.J. Phys.Chem.1993;97: 11324–
11331.


5. (a) BuntonCA, Mhala MM, Moffatt R. J. Phys.Chem.1989;93:
854–858;(b) Da Silva BaptistaM, CuccoviaIM, ChaimovichH,
Politi MJ, ReedWF. J. Phys.Chem., 1992; 96: 6442–6449;(c)
KamenkaN, ChorroM, ChevalierY, Levy H, ZanaR. Langmuir
1995;11: 4234–4240.


6. BuntonCA, GanL-H, Moffatt JR,RomstedLS, SavelliG.J. Phys.
Chem.1981;85: 4118–4125.


7. Di ProfioP,GermaniR, SavelliG, ChiariniM, ManciniG, Bunton
CA, Gillitt ND. Langmuir 1998; 14: 2662–2669,and references
cited therein.


8. SepulvedaL, Lissi E, QuinaFH. Adv.Colloid InterfaceSci.1986;
25: 1–57.


9. Weers JG, RathmanJF, Axe FU, Crichlow CA, Foland LD,
ScheuingDR, WiersemaRJ,ZielskeAG. Langmuir1991;7: 854–
867.


10. (a) Wilk K. J. Phys.Chem.1989; 93: 7432–7435;(b) Wilk K,
Burczyk B. J. Phys.Chem.1989;93: 8219–8223.


11. March J. Advanced Organic Chemistry (4th edn). Wiley–
Interscience:New York, 1992.


12. (a) Ingold CK. Structureand Mechanismin Organic Chemistry
(2ndedn).CornellUniversityPress:Ithaca,NY, 1969;(b) Lowry
TH, RichardsonKS.MechanismandTheoryin OrganicChemistry
(3rd edn). Harperand Row: New York, 1987; (c) ReichardtC.
SolventandSolventEffectsin Organic Chemistry(2ndedn).VCH:
Weinheim,1988;(d) SaundersWH, Cockerill AF. Mechanismof
Elimination Reactions. Wiley–Interscience:New York, 1973;(e)
Stirling CJM. Acc.Chem.Res.1979;12: 198–203.


13. RamachandranC, PyterRA, MukerjeeP.J. Phys.Chem.1982;86:
3198–3205.


14. (a) GermaniR, PontiPP,RomeoT, SavelliG, SpretiN, Cerichelli
G, LuchettiL, Mancini G, BuntonCA. J. Phys.Org. Chem.1989;
2: 553–558;(b) Di Profio P, GermaniR, Savelli G, Cerichelli G,
SpretiN, BuntonCA. J. Chem.Soc.,PerkinTrans.1996;2: 1505–
1509.


15. Brinchi L. Thesis,Universityof Perugia(1998).
16. Del RossoF, Bartoletti A, Di Profio P, GermaniR, Savelli G,
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ABSTRACT:Ab initio calculations were carried out on the identity gas-phase proton and methyl cation transfers from
carbon acids (acetaldehyde and propene) to conjugate bases (acetaldehyde enolate and allyl anions) at the MP2/6–
311�G**//MP2/6–311�G** level. The percentage bond length changes at the transition structure (TS) show that in
the imbalanced TS the exoergic bond contraction is always ahead of the proton transfer and concurrent endoergic
bond stretching with a net gain of resonance stabilization. This is achieved by a lag in charge delocalization into thep-
acceptor group in the TS. The reaction through an imbalanced TS is in accord with a basic natural law of the minimum
energy path in physical or chemical changes. Copyright 1999 John Wiley & Sons, Ltd.


KEYWORDS: ab initio calculation; identity proton and methyl cation transfer; principle of non-perfect
synchronization; imbalanced transition structure; resonance stabilization


INTRODUCTION


There has been considerable interest in the study of the
imbalanced transition state in which various processes
such as bond formation and bond cleavage, development
or destruction of charge andp-overlap (resonance) and
solvation/desolvation have made unequal progress or
have developed non-synchronously.1 An understanding
of these imbalances and their origin is important because
transition state imbalances are known to cause elevation
of intrinsic barriers (DEz0) or lower intrinsic rate
constants (k0).


1 According to the principle of non-perfect
synchronization (PNS) proposed by Bernasconi,1 a
product stabilizing factor that develops late along the
reaction coordinate or a reactant stabilizing factor that is
lost early lowersk0. Hence the lack of synchronization
between proton transfer and charge delocalization (the
lag in charge delocalization) in the deprotonation of
carbon acids activated byp-acceptors causes little
development of resonance stabilization of the transition
state, which is considered the major reason why reactions
that lead to resonance-stabilized products have high
intrinsic barriers. The lag in resonance development is
therefore considered to create a high barrier than would
prevail if this resonance were developed synchronously


with proton or charge transfer. This is, however, in
apparent contradiction to a basic law of nature that
physical or chemical changes should occur always
through a minimum energy path.


In an effort to resolve this problem, Bernasconi and co-
workers2 and Saunders and Van Verth3 carried out high-
level ab initio calculations on several typical gas-phase
identity proton transfers,e.g.


O CH CHÿ2 � CH3CHO�
CH3CHO�O CH CHÿ2 �1�


CH2 CH CHÿ2 � CH3CH��CH2�
CH3CH��CH2� CH2 CH CHÿ2 �2�


In their work, they focused on the transition statecharge
imbalances and one of their conclusions reads, ‘the
transition state imbalances do not lead to a significant
increase in the intrinsic gas phase barriers (in fact there is
a slight decrease).’ They attributed it to a very strong
influence of inductive/field and electrostatic/hydrogen
bonding effects on the gas-phase intrinsic barrier.1c


In this work, we aimed to show that the imbalanced
transition structure (TS) actually has a lower intrinsic
barrier than a hypothetical TS that has a synchronously
developed resonance or balanced TS. We approach the
imbalance problem through bond length (or bond order)
changes involved on going to the TS from the separated
reactants using the identity gas-phase proton transfer
processes [Eqns (1) and (2)] and the corresponding
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methyl cation transfers:


O CH CHÿ2 � CH3CH2CHO�
CH3CH2CHO�O CH CHÿ2 �3�


CH2 CH CHÿ2 � CH3CH2CH��CH2�
CH3CH2CH��CH2� CH2 CH CHÿ2 �4�


in which there is 50% proton and methyl cation transfer
in the TS.


Theab initio calculations were carried out on reactions
1–4 at the MP2/6–311�G**//MP2/6–311�G** level.
We chose this approach because the dominant factor
determining intrinsic barrier heights (DEz0) in transfer
reactions is the extent of structural reorganization that
occurs upon passage from reactants to TS.4 A bond


stretch associated with a hybridization change from sp2 to
sp3 should cost energy (an endoergic process), leading to
an enhanced barrier height, in contrast to a bond con-
traction associated with a rehybridization from sp3 to sp2


(an exoergic process). Bond length changes required to
achieve the TS are known to be linearly correlated with
the intrinsic barriers.4


The reactions studied, Eqns (1)–(4), are identity
carbon-to-carbon proton and methyl cation transfers so
that the activation energy represents the intrinsic barrier,
DEz0. At the TS, the proton and methyl cation are
transferred 50.0%,i.e. the proton and methyl cation being
transferred are located at equal distances from the two
identical groups. For example, we calculated the intrinsic
barriers,DEz0, for the fully optimized imbalanced TS (cis-
gaucheform) of reaction 1 at point ‡ {Ez =ÿ 306.29960
hartree; DEz0 = 0.21 kcal molÿ1 (1 kcal = 4.184 kJ);


Figure 1. More O'Ferrall±Jencks diagram for gas-phase identity proton transfer from acetaldehyde to enolate anion. The S
(stretched) and C (contracted) corners represent hypothetical states of d2 stretched and d1 contracted to their respective length
in the enolate. The relative DE z values in kcal molÿ1 are shown in parentheses; %Dd z = [(d z ÿ dR)/(dPÿ dR)]� 100. The energy
at the TS (z) is ÿ306.29960 hartree with an intrinsic barrier height DE z0 = 0.21 kcal molÿ1
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%Ddz1/%Ddz2 = 65.6/55.4, where %Ddz = [(dz ÿ dR)/
(dPÿ dR)] � 100}, and for the hypothetical transition
structures at points O (= 50.0/50.0), A (= 55.4/44.6) and
B (= 60.5/60.5) and the relativeDEz0 values are shown in
parentheses on the More O’Ferrall–Jencks diagram5 in
Fig. 1. The diagram is meant only to illustrate quali-
tatively the reactions as they relate to the transition
structures by percentage bond length changes and hence
it is not in proper scale. The upper two corners,P
(product) andS (stretched form), are destabilized due to
the C=O stretching so that the hypothetical balanced TS
at O shifts to points A and B, leading to the resultant
optimized TS at point ‡. It must be stressed that all four
points on the diagram represent 50% proton transfer, or
reaction progress, since we kept the two H�� � �enolate
distances equal in all cases. We note that all supposedly
balanced TSs, O, A and B, have higher intrinsic barriers
than the imbalanced TS (‡), even though the differences
in DEz0 are small (0.04–0.26 kcal molÿ1). This means that
the imbalanced TS is actually the most resonance-
stabilized form, and the imbalance does not cause
elevation of the intrinsic barrier or lower the intrinsic
reaction rate as has been believed or predicted based on
the imbalanced charge transfers.1 Hence the TS imbal-
ance in the gas phase does not contradict a basic natural
law of the minimum potential energy path for physical or
chemical changes.


A similar diagram for reaction 2 (Ez =ÿ 234.44781
hartree andDEz0 = 4.74 kcal molÿ1, for the cis-gauche
form) was obtained (not shown) with the same behavior
regarding the correlation between the TS structure and
DEz0 [� DEz0 = DEz0 (50/50)ÿ DEz0 (55/47) = 0.03 kcal
molÿ1] with that for reaction 1. The only difference is the
length of vectorO‡, which should represent the size or
extent of the imbalance. The imbalance parameters,
O‡, determined for variousp-acceptor groups Y
(CH3—Y/CH=Yÿ) decrease in the order NO2 (8.0)2c


�CH=O (7.8)> CH=CH (6.2)� C=N (5.9).5b


Identical diagrams for methyl cation transfers, Eqns (3)
and (4), were obtained (not shown) with the more stable
imbalanced than the balanced TS [� DEz0 = DEz0


(50/50)ÿ DEz0 (72/57) = 0.58 kcal molÿ1 and � DEz0 =
DEz0 (50/50)ÿ DEz0 (67/53) = 0.25 kcal molÿ1 for Eqns
(3) and (4), respectively].


WHAT IS THE REAL NATURE OF THE
IMBALANCED TS?


The developing electron pair on C-1 in the TS (at 50%
deprotonation) in Scheme 1 should have 50% lone pair
(n) character. It is well known that the n–p* first-neighbor
vicinal (n → p2,3*) interaction provides the greatest
contribution to the second-order charge delocalization.6


In such a process, the vicinalp2,3 bond is partially lost
while a geminalp1,2 bond is partially formed.6,7 It is
obvious that at 50% proton transfer the first neighbor
vicinal delocalization of the charge created (50%) at C-1
can only take place partially, most probably less than
50%, to p2,3 owing to a low degree of vicinal n–p*
overlap (this is in line with the qualitative explanation for
charge imbalance offerred by Kresge:8 the charge ond2 at
the TS is small since it is a fraction of a fraction). This is
the reason why there is an imbalance in the charge
transfer advocated by Bernasconi and co-workers.1–3


On the other hand, however,p bond formation between
C-1 and C-2 is an exoergic process, whereas the
concerted but asynchronous bond cleavage of thep2,3


bond is an endoergic process. Therefore, the formation of
the p1,2 bond is actually ‘paying for’ the concurrent
breaking of thep2,3 bond, and in order to conserve the
resonance stabilization energy, orp-bond-order,9 the
exoergic p1,2 formation (with resonance energy gain)
should proceed ahead of, or should be greater than, the
proton transfer (50%) and also of the endoergicp2,3 bond
cleavage (with resonance energy loss).


This is why the %Ddz1 is always greater than 50% (%
proton transfer) and %Ddz2 in the imbalanced TS.2,3


Hence there is actually a net gain in the resonance energy
by proceeding through theimbalanced TS,and the
intrinsic barrier is lower, not higher, thanthe balanced
TS. The extra n→ p* resonance stabilization ofca
0.3 kcal molÿ1 for the imbalanced TS (‡) compared with
the balanced TS (O) corresponds to a greater charge
transfer ofca 0.0005 e from the developing electron pair
(n) to the vicinalp2,3* orbital.6c,,7a The experimentally
observed decrease in the intrinsic rate in solution should
reflect the lag in solvation of the negative charge on the
acceptorp group in the TS, which should enhance the
intrinsic barrier.
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ABSTRACT: The gas-phase elimination kinetics of primary, secondary and tertiaryb-hydroxynitriles were examined
in static seasoned vessels over the temperature range 360–450°C and pressure range 47–167 Torr (1 Torr = 133.3 Pa).
These reactions are homogeneous, unimolecular and follow a first-order rate law. The rate coefficients are given by
the Arrhenius equation: for 3-hydroxypropionitrile logk1 = (14.29� 0.47)ÿ (234.9� 6.3) kJ molÿ1 (2.303RT)ÿ1;
for 3-hydroxybutyronitrile logk1 = (13.76� 0.10)ÿ (222.6� 0.7) kJ molÿ1 (2.303RT)ÿ1; and for 3-hydroxy-3-
methylbutyronitrile logk1 (sÿ1) = (13.68� 0.68)ÿ (212.5� 8.7) kJ molÿ1 (2.303RT)ÿ1. The decomposition rates of
the b-hydroxynitriles increase from primary to tertiary carbon containing the OH group. The rates for theb-
hydroxynitriles are found to be slower than those for the correspondingb-hydroxyacetylene analogs. The value of log
A from 13.7 to 14.4 and the small positiveDS≠ indicate a mechanism different from a six-centered cyclic transition
state. These data appear to indicate that a four-membered cyclic transition state or a quasi-heterolytic mechanism is
conceivable. Copyright 1999 John Wiley & Sons, Ltd.


KEYWORDS:b-hydroxynitriles; elimination kinetics; gas phase


INTRODUCTION


Several studies on the pyrolyses ofb-hydroxyalkenes1,2


andb-hydroxyalkynes3 have shown that they proceed via
a six-membered cyclic transition state as pictured in Eqn
(1). Moreover, the replacement of the double bond with
the 1,2-aromaticp-bond of benzene4 and of pyridine5 was
also found to eliminate in a similar manner [Eqn (1)].


The increased rates found withb-hydroxyacetylenes
compared with their olefinic analogs were attributed to
the greater nucleophilicity of the triple bond toward the
hydroxy hydrogen.3 In addition, the elimination process
of Eqn (1) by the nucleophilic attack of the more polar
C=N bond of 2-(2-hydroxyethyl)pyridine was found, as
expected, to be faster than that for the corresponding 2-
hydroxyethylbenzene.5


The faster rates due to the greater nucleophilicity of the
C�C with respect to the C=C bond and the C=N with


respect to the C=C bond for the abstraction of the
hydrogen of the OH group led us to examine the
reactivity differences in elimination reaction (1) between
C�C and C�N, that is, theb-hydroxyacetylenes and
their correspondingb-hydroxynitriles. The literature cites
only a patented work onb-hydroxynitrile decomposi-
tion.6 These compounds when brought into contact with
pumice at 300–600°C yielded the corresponding alkyl
cyanide and aldehyde or ketone.


With this background, it seemed of interest to study the
homogeneous gas-phase pyrolysis kinetics of
HOCH2CH2CN, CH3CH(OH)CH2CN and
(CH3)2C(OH)CH2CN and to make a comparison with
theb-hydroxyacetylene analogs.


RESULTS AND DISCUSSION


3-Hydroxypropionitrile


The kinetics for the pyrolytic elimination of this substrate
were reasonably determined within a temperature range
of 40°C. The reaction is described as


Stoichiometry (2) requiresPf/P0 = 2, wherePf andP0


are the final and initial pressures, respectively. The
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averageexperimentalresultat four differenttemperatures
and 10 half-lives is 1.89 (Table 1). The observed
Pf /P0� 2 of the overall elimination was found to be
due to a small degree of polymerization of the
formaldehydeproduct.Further verification of the stoi-
chiometryof Eqn (2) waspossibleby comparing,up to
75% decomposition, the quantitative gas chromato-
graphic (GC) analysesof the amount of unreacted
substratewith the sum of the amountof the products
acetonitrileandacrylonitrile (Table2).


To examinetheeffectof thesurfaceareaontherateof
pyrolysis, several runs in the presenceof at least a
twofold amountof tolueneinhibitor werecarriedout in a
vesselwith a surface-to-volume ratio six times greater
thanthatof thenormalvessel.The ratesof formationof
acetonitrilefrom 3-hydroxypropionitrile wereunaffected
in seasonedpacked and unpackedvessels.However,
clean packed and unpackedPyrex vesselsshowed a
dramatic effect on the k values, which could not
reasonablybeestimated(Table3).


The effect of different proportionsof the free radical


suppressortolueneontheeliminationprocessis shownin
Table4. No inductionperiodwasobservedandtherates
werereproduciblewith a relativestandarddeviationnot
greaterthan5% at a given temperature.


Table 1. Ratio of ®nal (Pf) to initial (P0) pressure


Substrate Temperature(°C) P0 (Torr) Pf (Torr) Pf /P0 Average


3-Hydroxypropionitrilea,b 410.6 106 198 1.87
419.5 77 210.5 1.90
429.5 112 208.5 1.86 1.89
439.4 73 140.5 1.92


3-Hydroxybutyronitrilea,b 409.9 60.5 127 2.10
419.4 66 143.5 2.16
429.1 121.5 241 1.98 2.08
449.9 134 279 2.08


3-Hydroxy-3-methylbutyronitrilea,b 379.7 148 260.5 1.76
388.8 109 204 1.87
400.7 127 242 1.91 1.86
410.0 104 197.5 1.90


a Seasonedvesselswith allyl bromide.
b In thepresenceof the free radicalsuppressortoluene.


Table 2. Stoichiometry of the elimination reactiona,b


Substrate Parameter Values


3-Hydroxypropionitrileat 429.5°C Time (min) 4 7 10 15 20 30
Substrate(%) (GC) 20.5 25.8 39.7 45.7 55.8 74.8
Acetonitrile (%) (GC) 16.5 20.4 26.5 34.7 37.3 54.9
Acrylonitrile (%) (GC) 5.0 7.1 9.6 15.0 21.8 24.9


3-Hydroxybutyronitrileat 419.4°C Time (min) 4 6 8 12 14
Reaction(%) (pressure) 20.1 30.6 39.3 49.3 54.6
Acetonitrile (%) (GC) 18.2 29.8 37.2 47.7 55.8


3-Hydroxy-3-methylbutyronitrileat 400.7°C Time (min) 2 5 8 10 12
Reaction(%) (pressure) 19.3 38.1 52.7 58.5 68.8
Substrate(%) (GC) 21.4 38.4 55.4 61.5 70.2
Acetonitrile (%) (GC) 19.4 39.4 52.4 61.2 70.0


a Vesselseasonedwith allyl bromide.
b In thepresenceof the inhibitor toluene.


Table 3. Homogeneity of the reaction


Substrate
S/V


(cmÿ 1)a
104k1
(sÿ 1)b


104k1
(sÿ 1)c


3-Hydroxypropionitrileat 429.5°C 1 —d 5.22e


6 —d 5.54e


3-Hydroxybutyronitrileat 419.4°C 1 8.65 9.20
6 7.08 9.57


3-Hydroxy-3-methylbutyronitrileat
388.8°C


1 10.42f 8.17e


6 39.54f 8.01e


a S= surfacearea,V = volume.
b CleanPyrexvessel.
c Seasonedwith allyl bromide.
d k Valuesvery irregular.
e k Valuesof acetonitrileformation.
f Averagek values.
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The rate coefficients,in seasonedvesselsand in the
presenceof toluene,werefoundto beindependentof the
initial pressureof the substrate,andthe first-orderplots
aresatisfactorilylinear up to about75%reaction(Table
5). The temperaturedependenceof the overall rate
coefficients,at the 90% confidencelevel with a least-
squaresmethod,is describedin Table6.


Thepartialratesof theformationproductsasdescribed
by Eqn (2) were determinedby the quantitative gas
chromatographicanalysesof acetonitrile and acrylo-


nitrile. The variation of the rate coefficients for the
formation of theseproductswith temperature(Table 7)
gives, by the least-squaresprocedureand with 90%
confidencelimits, thefollowing Arrheniusequations:for
acetonitrile formation log k1 (sÿ1) = (14.37� 0.57)ÿ
(237.7� 7.7)kJmolÿ1 (2.303RT)ÿ1 andfor acrylonitrile
formationlog k1 (sÿ1) = (13.12� 0.93)ÿ (227.1� 12.4)
kJ molÿ1 (2.303RT)ÿ1.


3-Hydroxybutyronitrile


The elimination productsof the 3-hydroxybutyronitrile
describedby Eqn (3) suggesta theoreticalPf/P0 ratio of
2. TheaverageexperimentalPf/P0 valueat four different
temperaturesand 10 half-lives is 2.08 (Table 1).
Additional verification of stoichiometry(3), up to 60%


Table 4. Effect of the free radical inhibitor toluene on ratesa


Substrate
P0


(Torr)
Pf


(Torr) Pf /P0


104k1
(sÿ 1)


3-Hydroxypropionitrile 109 53 0.5 6.93
at 429.5°C 101 147.5 1.5 6.83


70 157 2.2 6.31
47 162 3.5 6.71


3-Hydroxybutyronitrile 122 — — 9.09
at 419.4°C 150 135 0.9 9.12


106.5 137.5 1.3 9.68
63 135.5 1.8 9.33


3-Hydroxy-3-methyl- 132 — — 16.81
butyronitrileat 400.7°C 98 110 0.9 16.88


93.5 107 1.1 16.73
88 171 1.9 16.79


a Vesselseasonedwith allyl bromide.


Table 5. Variation of rate coef®cients with initial pressurea,b


Substrate Parameter Values


3-Hydroxypropionitrileat 429.5°C P0 (Torr) 47 70 101 109 67
104k1 (sÿ 1) 6.71 6.31 6.13 6.93 6.71


3-Hydroxybutyronitrileat 419.4°C P0 (Torr) 63 103 116 150
104k1 (sÿ 1) 9.46 9.11 9.37 9.47


3-Hydroxy-3-methylbutyronitrileat400.7°C P0 (Torr) 88 93.5 112 136
104k1 (sÿ 1) 16.79 16.73 16.51 16.30


a Vesselseasonedwith allyl bromide.
b In thepresenceof the inhibitor toluene.


Table 6. Variation of rate coef®cients with temperaturea,b


Substrate Parameter Values


3-Hydroxypropionitrile Temperature(°C) 410.6 420.6 429.5 439.1
104k1 (sÿ1) 2.30 3.96 6.81 11.56
Log k1 (sÿ1) = (14.29� 0.47)ÿ (234.9� 6.3) kJ molÿ1 (2.303RT)ÿ1


3-Hydroxybutyronitrile Temperature(°C) 390.9 400.1 409.9 419.4 429.5 440.1 449.9
104k1 (sÿ1) 1.78 3.09 5.50 9.35 15.85 28.84 47.86
Log k1 (sÿ1) = (13.76� 0.10)ÿ (222.6� 0.7) kJ molÿ1 (2.303RT)ÿ1


3-Hydroxy-3-methylbutyronitrile Temperature(°C) 360.5 370.1 379.7 388.8 400.7 410.0
104k1 (sÿ1) 1.51 2.67 4.35 8.17 16.30 27.51
Log k1 (sÿ1) = (13.68� 0.68)ÿ (212.5� 8.7) kJ molÿ1 (2.303RT)ÿ1


a Seasonedwith allyl bromide.
b In thepresenceof the inhibitor toluene.


Table 7. Variation of rate coef®cients with temperature for
product formation from 3-hydroxypropionitrile pyrolysis


104k1 (sÿ1)
Temperature(°C) Acetonitrile Acrylonitrile


410.6 1.63 0.60
420.6 2.94 1.02
429.5 5.11 1.70
439.1 8.60 2.96
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decomposition,wasobtainedby comparingthe pressure
measurementswith the quantitative GC analysis of
acetonitrileformation(Table2).


CH3CH(OH)CH2CNÿ!CH3CHO� CH3CN �3�
The homogeneityof this pyrolytic elimination was


examinedin the presenceof the inhibitor toluene,by
usinga packedreactionvesselwith a surface-to-volume
ratio six times greaterthan that of the unpackedvessel
(Table 3). The packed and unpackedPyrex vessels
seasonedwith allyl bromide had no effect on rates.
However,the packedandunpackedcleanPyrexvessels
gavea significantheterogeneouseffect.


The effect of the addition of different proportionsof
tolueneinhibitor is shownin Table4. Nevertheless,the
pyrolysisexperimentswerecarriedout in thepresenceof
at leasttwice the amountof toluenein order to prevent
any possiblefree radical chain reactions.No induction
period was observed.The rate coefficientswere repro-
duciblewith astandarddeviationnotgreaterthan5%ata
given temperature.


Theratecoefficientsof this hydroxybutyronitrilewere
found to be invariant with their initial pressure.The
logarithmic plots are linear up to 60% decomposition
(Table 5). The variation of the rate coefficientswith
temperature,in seasonedvesselsand in the presenceof
the inhibitor toluene,is given in Table6. The datawere
fitted to the Arrhenius equation shown where 90%
confidencelimits from a least-squaresprocedureare
quoted.


3-Hydroxy-3-methyl-butyronitrile


The experimentalstoichiometryfor the pyrolysisof this
substrate,asdescribedby Eqn(4), with vesselsseasoned
with allyl bromideandin thepresenceof theradicalchain
suppresor toluene, requires Pf/P0 = 2. The average
experimental Pf/P0 value obtained at four different
temperaturesand10 half-lives was1.86 (Table 1). The
smalldeparturefrom thestoichiometrywasdueto slight
polymerization of the 3-methyl-3-butenenitrile. How-
ever,thestoichiometry(4) up to 70%decompositionwas
confirmedby comparingthepercentagedecompositionof
the substratefrom pressuremeasurementswith those


obtainedby GC analysisof the unreactedsubstrateand
theproductacetonitrile(Table2).


The homogeneityof reaction (4) was examinedby
using a vesselwith a surface-to-volumeratio six times
greaterthanthat of the unpackedvessel.The rateswere
unaffectedby thepackedandunpackedseasonedvessels
whereasa significantheterogeneouseffectwasobserved
with thepackedandunpackedcleanPyrexvessels(Table
3). The effect of the free radical inhibitor toluene or
cyclohexeneis shownin Table 4. No induction period
wasobserved.Theratesarereproduciblewith a standard
deviationnot greaterthan5% at a given temperature.


The first-orderrate coefficientsof this hydroxynitrile
calculated from k1 = (2.303/t) log P0/(2P0ÿ Pt) was
independentof their initial pressures(Table 5). A plot
of log (2P0ÿ Pt) againsttime(t) gaveagoodstraightline
up to 75%reaction.Thevariationof theratecoefficients
with temperature and the corresponding Arrhenius
equation is given in Table 6 (90% confidencelimits
from a least-squaresprocedure).


Thekinetic parametersobtainedfrom thepathleading
to the formation of acetonitrile and the corresponding
aldehydeor ketonein b-hydroxynitrileselimination[Eqn
(5)] arecomparedwith thoseof theb-hydroxyacetylene
analogs[Eqn (6) (Table8)].


R1R2C(OH)CH2C� Nÿ!R1R2CO� CH3CN �5�
R1R2C(OH)CH2C� CHÿ!R1R2CO� CH2 � C� CH2 �6�


Theeliminationratesof theb-hydroxynitrilesincrease
from primary to tertiary carbonbearingan OH group
(Table8).As in thepyrolysesof b-hydroxyalkenes1,2and
b-hydroxyalkynes,3 theC(OH)—CH2 bondpolarization,
in the directionof C(OH)� � … CH2


� ÿ, is the limiting
factor (structures1–4).


Theratesfor thehydroxynitrilesarefoundto beslower
than those for the correspondinghydroxyacetylenes


Table 8. Comparative rates and kinetic parameters at 410.0°C


Compound 104k1 (sÿ1) Relativerate Ea (kJ molÿ1) Log A (sÿ1) DS≠ (J molÿ1 Kÿ1) DH≠ (kJ molÿ1)


HOCH2CH2CNb 1.55 1 237.7� 7.7 14.37� 0.57 15.1 226.3
HOCH2CH2C=CHa 275.4 178 166.9 11.2 ÿ45.6 155.5
CH3CH(OH)CH2CN 5.75 1 222.6� 0.7 13.76� 0.10 3.3 211.0
CH3CH(OH)CH2C=CHa 501.2 87 164.8 11.3 ÿ43.7 153.4
(CH3)2C(OH)CH2CN 26.7 1 212.5� 8.7 13.68� 0.68 1.87 201.1
(CH3)2C(OH)CH2C=CHa 691.8 26 166.9 11.6 ÿ38.0 155.5


a Datafrom Ref. 3.
b Parametersfor acetonitrileformation.
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analogs.In addition, the value of log A of 13.7 – 14.4,
which leads to a small positive entropy of activation,
DS≠, suggeststhat a four-memberedcyclic transition
state(1) or aquasi-heterolyticcleavageof theC—Cbond
(2) rather than a six-memberedcyclic transition state
attributedto theb-hydroxyacetylenes3 (3) mayoccur.


The differencein mechanismof theb-hydroxynitriles
maywell bethatthepossiblevinylimine formedis a six-
memberedcyclic transitionstate(4) and may not be a
stable intermediate,leaving the H of the OH to be
abstractedby theC�ÿ asdepictedin 1. In addition,if the
bondlengthbetweenC andN is shorterin nitrilesthanthe
bond length of C�C in acetylenes,it is possible to
rationalizethat the differencein reactivity may well be
dueto the nitrile bondbeingmore rigid, thus impeding
thestructuraldeformationrequiredfor theformationof a
six-memberedcyclic transitionstate.


Thesmallpositivevalueof theentropyof activationof
thehydroxynitrilesindicatesamorepolartransitionstate.
Apparently,the assumednucleophilicityof the N of the
C�N bonddoesnot seemsto abstractthe H of the OH
groupin amanneranalogousto thebehaviourof theC�C
bond.In orderto describethemostprobablemechanism
for theeliminationprocessof thehydroxynitrile, further
work andadditionaldataarerequired.


EXPERIMENTAL


3-Hydroxypropionitrile. The substrate3-hydroxypropio-
nitrile (Aldrich) was found to be of better than 99.6%
purity (GC: PorapakR, 80–100mesh).The pyrolysis
productsacetonitrile(Aldrich) andacrylonitrile(Aldrich)
werequantitativelyanalyzedusingthesameGCcolumn.


3-Hydroxybutyronitrile. This hydroxynitrile was pre-
pared by treating 2-chloro-1-propanolwith KCN in


ethanol–wateras reported.7 The reaction product was
distilled severaltimesto 96.3%purity asdeterminedby
GC (FFAP 7%–ChromosorbG AW DMCS, 80–100
mesh) (b.p. 133–134°C; lit.7 b.p. 133–134°C). The
elimination productacetonitrile(Aldrich) was analyzed
usinga PorapakQ 80–100meshGC column.


3-Hydroxy-3-methylbutyronitrile. 2-Hydroxy-2-methyl-
1-bromopropanewas addedto a solution of KCN in
ethanol–water.After refluxing,waterwasaddedandthe
mixture was extractedwith CH2Cl2. Distillation of the
extractgaveonly a productwhich wascollectedat 113–
115°C at20Torr (1 Torr = 133.3Pu).Thecorresponding
nitrile was distilled several times to 99.8% purity as
determinedby GC (PorapakR, 80–100mesh).NMR: �
1.3(s,6H), 2.4(s,2H), 3.2(s,H). Thepyrolysisproducts
acetonitrile(Aldrich) andacetone(Merck)wereanalyzed
usingthesamePorapakR column.


The identities and the substratesand productswere
additionallyconfirmedby massandNMR spectrometry.


Kinetic experiments. The kinetic experiments were
carried out in a static system, seasonedwith allyl
bromide,and in the presenceof the free radical chain
inhibitor toluene.The ratecoefficientsweredetermined
by pressureincreaseand/orby quantitativeGC analyses
of the unreactedsubstrateand productsof elimination.
The temperaturewascontrolledby a resistancethermo-
meter controller type OmegaSolid StateRelay SSR2-
40A45andShinkoDIC-PSmaintainedwith �0.2°C and
measuredwith a calibrated platinum– platinum–13%
rhodium thermocouple.No temperaturegradient was
observedalong the reactionvessel.The substrateswere
injecteddirectly into the reactionvesselwith a syringe
througha silicone-rubberseptum.
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ABSTRACT: X-ray diffraction and IR spectroscopic studies on the proton sponge 2,7-dichloro-1,8-bis(dimethyl-
amino)naphthalene and its adduct with HBr were performed. It was shown that the presence of the chlorine atoms in
positions 2 and 7 leads to some change of conformation with respect to the free molecule. The main factor
determining the conformation remains the repulsion of the nitrogen lone electron pairs. However, the repulsion
between the methyl groups and chlorine atoms causes the dimethylamino groups to be slightly less twisted compared
with unsubstituted dimethylaminonaphthalene. The protonation leads to the formation of a symmetrical cation
(symmetry plane passing through the C9—C10 axis) with the N� � �N distance equal to 2.561(3) A˚ . This corresponds
to the situation where the barrier to the proton transfer should be very low. As in other short [NHN]� bridges, one
observes the IR absorption band at about 500 cmÿ1, assigned to the transition between the split O�→ Oÿ vibrational
levels. A very high frequency isotopic ratio (nH/nD = 1.8) is observed for this transition. Copyright 1999 John Wiley
& Sons, Ltd.


KEYWORDS: proton sponge; structure; IR spectra


INTRODUCTION


The proton sponge 1,8-bis(dimethylamino)naphthalene
(proton sponge, DMAN) draws continuous attention
since the first publications of Alderet al.1 Particularly
interesting is the structure of the protonated form of
DMAN (for reviews see Refs 2 and 3) where extremely
short [NHN]� hydrogen bonds are formed. According to
the studies performed so far, this bonding exhibits
varying geometry depending on the kind of counteranion.
The hydrogen bond length varies within a broad range
from 2.522(1) to 2.644(2) A˚ .


Crystallographically symmetric [NHN]� bridges were
found only in a few cases, namely in ionic adducts
containing Brÿ�H2O,4 tetrazolate�H2O,5 (OTeF5)


ÿ,6


SCNÿ,7 4,5-dicyanoimidazolate8 and BF4
ÿ9 anions. It


is of particular interest that the shortest [NHN]� bridges
are characterized by an IR absorption band of narrow
width located at very low frequencies, 500 cmÿ1. This
band has been ascribed10 to the O�→ Oÿ transition


between the split levels in the double minimum potential
with very low energy barrier.


Recently, a number of DMAN derivatives, in parti-
cular substituted in positions 2 and 7, have been
synthesized.11 It seemed justified to choose the dichloro
derivative. Owing to their considerable size, the chlorine
atoms should affect the properties of both DMAN and its
protonated form. The chlorine atoms in anorthoposition
do not change markedly the basicity of the DMAN
molecule (in acetonitrile the pKa of DMAN is 18.50
whereas that of the 2,7-dichloro derivative is 17.83.12


In this paper we report the results of x-ray diffraction
studies on the 2,7-dichloro derivative of DMAN
(DMANCl2) and its protonated form DMANCl2�HBr.
The main IR characteristics are also reported.


EXPERIMENTAL


DMANCl2 was synthesized as described previously11


and crystallized from methanol; m.p. 48–50°C. The HBr
salt of DMANCl2 was crystallized from acetonitrile; m.p.
230–232°C.


JOURNAL OF PHYSICAL ORGANIC CHEMISTRY
J. Phys. Org. Chem.12, 895–900 (1999)


Copyright  1999 John Wiley & Sons, Ltd. CCC 0894–3230/99/120895–06 $17.50


*Correspondence to:L. Sobczyk, Faculty of Chemistry, University of
Wroctaw, Joliot-Curie 14, 50-383 Wroctaw, Poland.







The IR spectrawererecordedfor pelletsin KBr on a
BrukerFT-IR IFS 113vspectrophotometer.


X-ray measurementson DMANCl2 were madeon a
Kuma KM4 k-axis four-circle diffractometer using a
graphitemonochromatedand Cu Ka radiation and for
DMANCl2�HBr crystal on a Kuma KM4CCD k-axis
diffractometerusing graphitemonochromatedand Mo
Ka radiation.TheDMANCl2�HBr crystalwaspositioned
at 65mm from theKM4CCD diffractometer;612frames
weremeasuredat 0.75° intervalswith a countingtime of
30s each. The data were corrected for Lorentz and
polarization effects. No absorption correction was
applied. Data reduction and analysiswere carried out
with the Kuma Diffraction (Wroctaw) programs.The
crystallographic data and the refinement procedure
detailsaregiven in Table1.


The structureswere solved by direct methodswith
SHELXS9713 andrefinedby thefull-matrix least-squares
methodon all F2 datausingthe SHELXL9714 program.
Non-hydrogen atoms were refined with anisotropic


thermalparameters;hydrogenatomswereincludedfrom
the Dr maps and refined with isotropic thermal par-
ameters.Figuresweredrawnby usingtheXP programat
the Technical University of sódz by courtesy of
ProfessorZ. Gatdecki.


RESULTS AND DISCUSSION


The structure of DMANCl2


The atomic coordinatesand equivalent isotropic dis-
placementparametersfor two symmetry-independent
DMANCl2 moleculesexistingin the crystalasymmetric
unit are collected in Table 2. Non-hydrogenatomic
coordinateswith anisotropicdisplacementparameters,
hydrogenatom coordinateswith isotropic displacement
parametersand bond lengths and angles have been


Table 1. Crystal data and structure re®nement for DMANCl2
and DMANCl2 �HBr


Parameter DMANCl2 DMANCl2�HBr


Empirical formula C14H16N2Cl2 C14H17N2Cl2Br
Formulaweight 283.19 364.11
Temperature(K) 293(2) 293(2)
Wavelength(Å) 1.5418 0.71073
Crystalsystem Triclinic Orthorhombic
Spacegroup P1 Cmca
a (Å) 9.679(2) 15.894(3)
b (Å) 12.229(2) 11.489(2)
c (Å) 13.102(3) 16.732(3)
a (°) 76.48(3)
b (°) 82.04(3)
g (°) 68.72(3)
V (Å3) 1402.6(5) 3054.6(10)
Z 4 8
Dc (Mg mÿ3) 1.341 1.583
m(mmÿ1) 4.020 3.029
F(000) 592 1472
Crystalsize/(mm) 0.12� 0.15� 0.25 0.15� 0.15� 0.20
Diffractometer KumaKM4 KumaKM4CCD
2� range(°) 6.6–160.7 6.5–57.5
Ranges:h ÿ12 to 12 ÿ21 to 20
Ranges:k ÿ14 to 15 ÿ15 to 14
Ranges:1 0 to 24 ÿ22 to 21
Reflectionscollected 4958 8926
Reflectionsunique 4958 1983
R (int) 0.0487
Data[I >2�(I)]/


parameters
2582/158 1882/127


Goodness-of-fiton
F2


0.928 1.174


R1, wR2 [I >2�(I)] 0.0428,0.1113 0.0483,0.1205
R1, wR2 indices


(all data)
0.0928,0.1288 0.0514,0.1255


Extinction
coefficient


0.0102(6) 0.0011(2)


D r/e (Åÿ3) 0.236andÿ0.365 0.605andÿ0.626


Table 2. Atomic coordinates and equivalent isotropic
displacement parameters for DMANCl2


x y z U(eq)a


Cl(11) ÿ0.12250(9) ÿ0.07813(8) 0.73041(9) 0.0858(33)
Cl(12) ÿ0.68535(11)ÿ0.27568(10)0.95115(9) 0.0944(4)
Cl(21) ÿ0.19029(9) ÿ0.21118(8) 0.42103(8) 0.0760(3)
Cl(22) ÿ0.34233(9) ÿ0.60003(8) 0.25617(9) 0.0837(3)
N(11) ÿ0.2092(2) ÿ0.1081(2) 0.8909(2) 0.0528(6)
N(12) ÿ0.3960(3) ÿ0.2392(2) 0.95905(19)0.0512(6)
N(21) ÿ0.1483(2) ÿ0.4480(2) 0.3468(2) 0.0504(6)
N(22) ÿ0.0404(2) ÿ0.5780(2) 0.2725(2) 0.0534(6)
C(11) ÿ0.3149(3) ÿ0.0374(2) 0.8167(2) 0.0446(6)
C(12) ÿ0.2925(3) ÿ0.0568(3) 0.7432(3) 0.0532(7)
C(13) ÿ0.3980(3) ÿ0.1364(3) 0.6729(3) 0.0604(8)
C(14) ÿ0.5270(3) ÿ0.1174(3) 0.6713(2) 0.0567(8)
C(15) ÿ0.6887(3) ÿ0.0005(3) 0.7277(2) 0.0555(8)
C(16) ÿ0.7211(3) ÿ0.0923(3) 0.7907(3) 0.0633(9)
C(17) ÿ0.6240(3) ÿ0.1681(3) 0.8666(2) 0.0542(7)
C(18) ÿ0.4894(3) ÿ0.1585(2) 0.8814(2) 0.0437(6)
C(19) ÿ0.4514(2) ÿ0.0609(2) 0.8134(2) 0.0410(6)
C(110) ÿ0.5545(2) ÿ0.0186(3) 0.7386(2) 0.0447(6)
C(111) ÿ0.1017(3) ÿ0.2163(3) 0.8658(3) 0.0674(9)
C(112) ÿ0.1611(4) ÿ0.0521(4) 0.9585(3) 0.0827(11)
C(113) ÿ0.3466(4) ÿ0.3668(3) 0.9624(3) 0.0803(11)
C(114) ÿ0.4100(4) ÿ0.2054(3) 1.0580(3) 0.0722(9)
C(21) ÿ0.0177(2) ÿ0.3499(2) 0.3728(2) 0.0400(6)
C(22) ÿ0.0225(3) ÿ0.2369(3) 0.4138(2) 0.0498(7)
C(23) ÿ0.1000(3) ÿ0.1368(3) 0.4476(2) 0.0582(8)
C(24) ÿ0.2356(3) ÿ0.1474(3) 0.4349(2) 0.0534(7)
C(25) ÿ0.3992(3) ÿ0.2627(3) 0.3734(2) 0.0532(7)
C(26) ÿ0.4229(3) ÿ0.3658(3) 0.3300(3) 0.0584(8)
C(27) ÿ0.3009(3) ÿ0.4693(3) 0.3015(2) 0.0494(7)
C(28) ÿ0.1558(3) ÿ0.4720(2) 0.3098(2) 0.0397(6)
C(29) ÿ0.1280(2) ÿ0.3619(2) 0.3568(2) 0.0369(6)
C(210) ÿ0.2525(2) ÿ0.2589(2) 0.3880(2) 0.0409(6)
C(211) ÿ0.1945(3) ÿ0.4749(3) 0.2422(3) 0.0763(10)
C(212) ÿ0.2651(3) ÿ0.4791(3) 0.4274(3) 0.0772(11)
C(213) ÿ0.0488(4) ÿ0.6394(3) 0.1648(3) 0.0851(12)
C(214) ÿ0.0409(3) ÿ0.6518(3) 0.3460(3) 0.0755(11)


a U(eq) is definedasone third of the traceof the orthogonalizedUij
tensor.
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depositedat theCambridgeCrystallographicDataCentre
(CCDC No. 136574-5).The molecular structurewith
numberingof atoms is shown in Fig. 1. Some bond
lengthsandanglesaregiven in Table3.


Thegeometryof the two freeDMANCl2 moleculesis
similar to thatfoundfor DMAN itself.15 Owing to strong
repulsionbetweenthe lone electronpairs, the dimethy-
lamino groupsare twistedwith respectto eachother in
oppositedirections,with correspondingtorsion angles
given in Table 4. Comparisonwith correspondingdata
for unsubstitutedDMAN showsthatchlorineatomscause
thetwistingto beweakerandthemoleculebecomesmore
rigid.


Thedeviationof thenitrogenatomsfrom thenaphtha-
leneringis0.059(3)and0.048(3)Å.TheN � � �Ndistances,
2.761(4)and2.775(4)Å, areverycloseto thatin DMAN
itself (2.792Å). This meansthat the chlorine atomsin
positions2 and7, i.e. in thedirectneighbourhoodof the
(CH3)N groups, do not affect substantially the main
structuralcharacteristicsof DMAN, and the interaction
betweenthenitrogenatomsis moreimportant.


Table 3. Selected bond lengths (AÊ ) and angles (°) for
DMANCl2


N(11)—N(12) 2.761(4) N(21)—N(22) 2.775(4)
Cl(11)—C(12) 1.735(3) Cl(21)—C(22) 1.747(3)
Cl(12)—C(17) 1.736(3) Cl(22)—C(27) 1.739(3)
N(11)—C(11) 1.406(4) N(21)—C(21) 1.408(3)
N(12)—C(18) 1.402(4) N(22)—C(28) 1.403(3)


C(11)—N(11)—C(111) 117.6(3)
C(11)—N(11)—C(112) 119.9(3)
C(111)—N(11)—C(112) 115.5(3)
C(18)—N(12)—C(114) 117.4(3)
C(18)—N(12)—C(113) 120.5(3)
C(114)—N(12)—C(113) 114.9(3)
C(21)—N(21)—C(211) 118.0(3)
C(21)—N(21)—C(212) 119.0(3)
C(211)—N(21)—C(212) 115.9(3)
C(28)—N(22)—C(214) 118.1(3)
C(28)—N(22)—C(213) 119.6(3)
C(214)—N(22)—C(213) 115.6(3)
C(12)—C(11)—N(11) 121.0(2)
N(11)—C(11)—C(19) 121.8(2)
C(11)—C(12)—Cl(11) 120.1(2)
C(13)—C(12)—Cl(11) 115.9(2)
C(16)—C(17)—Cl(12) 115.2(2)
C(18)—C(17)—Cl(12) 119.9(2)
C(17)—C(18)—N(12) 121.7(3)
N(12)—C(18)—C(19) 121.6(2)
C(22)—C(21)—N(21) 121.1(2)
N(21)—C(21)—C(29) 122.1(2)
C(21)—C(22)—Cl(21) 119.6(2)
C(23)—C(22)—Cl(21) 115.8(2)
C(28)—C(27)—Cl(22) 120.7(2)
C(26)—C(27)—Cl(22) 115.02(19)
C(27)—C(28)—N(22) 120.7(2)
N(22)—C(28)—C(29) 121.6(2)
C(210)—C(29)—C(28) 117.3(2)


Table 4. Selected torsion angles (°) for DMANCl2


C(111)—N(11)—C(11)—C(19) ÿ84.7(4)
C(112)—N(11)—C(11)—C(19) ÿ126.0(4)
C(114)—N(12)—C(18)—C(19) ÿ 85.1(4)
C(113)—N(12)—C(18)—C(19) ÿ125.9(3)
C(211)—N(21)—C(21)—C(29) ÿ 88.4(4)
C(212)—N(21)—C(21)—C(29) ÿ122.2(3)
C(214)—N(22)—C(28)—C(29) ÿ 86.1(4)
C(213)—N(22)—C(28)—C(29) ÿ123.9(4)


Figure 1. Structure of DMANCl2 showing 50% probability displacement ellipsoids and the atom numbering scheme
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The structure of DMANCl2 �HBr


The atomic coordinatesand equivalent isotropic dis-
placementparametersfor this salt arecollectedin Table
5. The molecularstructurewith numberingof atomsis
presentedin Fig. 2 andselectedbondlengthsandangles
aregiven in Table6.


TheDMANCl2�H� cationsin thecrystallinelatticeare
characterizedby thesymmetryplanepassingthroughthe
C5—C6axisof thenaphthalenering. Thenitrogenatoms
are located in the naphthaleneplane with a standard
deviationof 0.004Å. Therefore,we aredealingwith the


seventhexampleof a symmetrical [NHN]� hydrogen
bridgein whichtheprotonis mostprobablydisorderedin
a double minimum potential similarly to the situation
reportedelsewhere.3,16–18


The [NHN]� hydrogen bond length of 2.561Å is
comparableto thosefoundfor othercrystallographically
symmetricalDMAN �H� cations. The NHN bridge is
only slightly bentwith anangleof 164.7(2)°, similarly as
in all othersymmetricalDMAN �H� cationsreportedso
far. Therefore, one can conclude that also in the
DMANCl2�H� cationtheinfluenceof thechlorineatoms
on thebridgegeometryis negligibly small.


The packing of the DMANCl2�HBr adduct in the
crystalline lattice is of some interest. According to
symmetryrequirements,the Brÿ anion is locatedin the
symmetryplane of the cation. It is located in cavities
formedby 10 hydrogenatomsfrom theCH3 groupsand
C—H bondsin positions4 and 4a of the naphthalene
rings asshownin Fig 3. The contactdistancesbetween
the bromineanionandhydrogenatomsare in the range
2.88–3.05Å and are comparableto the sum of van der
Waalsradii. It is interestingthatBrÿ anionsarein contact
with H atomsandnot with carbonatomsor with thep-
electronsystem.The DMAN rings are antiparalleland
tilted by 27.6°.


IR spectra of DMANCl2 �HBr


A characteristicfeatureof theshortest[NHN]� bridgesin
protonatedDMAN is the IR absorptionband of NHN
stretchingvibrationslocatedatextremlylow frequencyin
the regionof 500cmÿ1. We ascribedit to theO� → Oÿ


Table 5. Atomic coordinates and equivalent isotropic
displacement parameters for DMANCl2 �HBr


x y z U(eq)a


Br(1) ÿ0.0000 0.12369(4) 0.34943(3) 0.0538(2)
Cl(1) ÿ0.25260(5) 0.66690(10) 0.37551(7) 0.0682(3)
N(1) ÿ0.08056(15) 0.7972(2) 0.37059(13) 0.0354(5)
C(1) ÿ0.08000(17) 0.6711(2) 0.38010(14) 0.0335(5)
C(2) ÿ0.15285(19) 0.6058(3) 0.38399(18) 0.0441(6)
C(3) ÿ0.1510(2) 0.4845(3) 0.3942(2) 0.0519(8)
C(4) ÿ0.0767(2) 0.4287(3) 0.40019(18) 0.0498(8)
C(5) ÿ0.0000 0.6138(3) 0.3856(2) 0.0322(7)
C(6) ÿ0.0000 0.4902(3) 0.3958(2) 0.0394(8)
C(7) ÿ0.1136(2) 0.8623(3) 0.44079(19) 0.0461(7)
C(8) ÿ0.1149(2) 0.8394(3) 0.29316(18) 0.0466(7)


a U(eq) is definedasone third of the traceof the orthogonalizedUij
tensor.


Figure 2. Structure of DMANCl2 �HBr showing 50% prob-
ability displacement ellipsoids and the atom numbering
scheme


Table 6. Selected bond lengths (AÊ ) and angles (°) for
DMANCl2 �HBr


Cl(1)—C(2) 1.739(3)
N(1)—C(1) 1.458(3)
N(1)—C(8) 1.487(4)
N(1)—C(7) 1.488(3)
N(1)—H(1) 1.292(8)
C(1)—N(1)—C(8) 114.9(2)
C(1)—N(1)—C(7) 114.5(2)
C(8)—N(1)—C(7) 113.3(2)
C(2)—C(1)—N(1) 122.6(3)
C(5)—C(1)—N(1) 117.9(2)
C(1)—C(2)—Cl(1) 122.8(2)
C(3)—C(2)—Cl(1) 115.4(2)
C(1)—N(1)—H(1) 96(3)
C(8)—N(1)—H(1) 112(2)
C(7)—N(1)—H(1) 104(2)
N(1)—C(7)—H(4) 108(2)
N(1)—C(7)—H(5) 109(2)
N(1)—C(7)—H(6) 103(2)
N(1)—C(8)—H(7) 114(3)
N(1)—C(8)—H(8) 105(2)
N(1)—C(8)—H(9) 108(2)
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transition, i.e. betweenthe split levels in the double
minimum potential.10


In Fig. 4, thelow-frequencypartof theIR spectrumof
DMANCl2�HBr is shown.The position of the intense,
relatively narrow band with a maximum at 494cmÿ1


(centreof gravity at 530cmÿ1) is comparableto thoseof
othersymmetricalDMAN �H� cationsandparticularlyin
the symmetrical4,5-dicyanoimidazolate adduct.10 The
only difference is that except for the weakly marked
windowat565cmÿ1 wedonotobservedeepEvansholes


characteristicof other DMAN �H� cations.The forma-
tion of Evans holes was ascribedto the coupling of
protonic with CNC bendingvibrationswhich modulate
thepotentialfor theprotonmotion.19 Thepresenceof the
chlorineatomsin positions2 and7 probablyrendersthe
moleculemore rigid and changesthe dynamicsof the
dimethylaminogroups.Deuterationshifts the �(NHN)
bandto 290cmÿ1 andthefrequencyisotopicratio is 1.8,
in agreementwith the correlationfor very short NHN
hydrogenbondsreportedpreviously.20


Figure 3. Arrangement of DMANCl2 �H� and Brÿ ions in the crystalline lattice


Figure 4. IR spectrum below 1800 cmÿ1 (KBr pellets) for DMANCl2 �HBr
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Thespectrumshowsin additionsomebroadabsorption
of lower intensity in the range 1400–1700cmÿ1. The
explanationof theorigin of this absorptionneedsfurther
studies.No absorptionwas detectedabove1800cmÿ1


apartfrom theC—H bands.
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ABSTRACT: The molecular mechanism of the domino reaction of nitroalkenes with silyl enol ethers to give nitroso
acetal adducts was characterized using computational procedures at the PM3 semiempirical level. The domino
process comprises three consecutive steps: the first and rate-determining step is the nucleophilic attack of the silyl
enol ether on the nitroalkene to give a zwitterionic intermediate; closure of this intermediate leads to a nitronate
intermediate, which then affords the final nitroso acetal adduct through an intramolecular [3� 2] cycloaddition. The
presence of both silicon and oxygen atoms in the silyl enol ether increases the nucleophilic character of the carbon–
carbon double bond and favors the ionic character of the first step. The presence of the Lewis acid promotes the
delocalization of the negative charge transferred in the nucleophilic attack of the silyl enol ether to the nitroalkene and
decreases the activation energy of the rate-determining step. The inclusion of solvent effects predicts a stabilization of
the first zwitterionic intermediate and therefore emphasizes the stepwise mechanism for the first cycloaddition of this
domino reaction. Copyright 1999 John Wiley & Sons, Ltd.


KEYWORDS: nitroalkenes; silyl enol ethers; domino reaction; PM3 semiempirical method


INTRODUCTION


Domino cycloadditions play a key role in organic
syntheses where construction of complex polycyclic
structures with adequate regio- and stereochemical
control is needed.1–3 In this type of process, several
bonds of the target molecule are formed alongside a
continuous sequence of reactions which do not require
isolation of intermediates, changes of reaction conditions
or addition of reagents. The interest in the subject is
shown by numerous recent reviews.2–7


Among domino-type reactions, those involving ni-
troalkenes have been extensively developed for the
stereoselective construction of polycyclic nitrogen-con-
taining compounds.4 Denmark and Thorarensen8 recently
described the domino reaction of the nitroalkeneI with
the silyl enol etherII in the presence of the Lewis acid
MAPh to give the nitrosoacetalIII , an intermediate in the
synthesis of (�)-crotanecine (IV ) (Scheme 1). In their
view, the process consists of two consecutive [4� 2]
intermolecular/[3� 2] intramolecular cycloadditions, the
first one having a stepwise mechanism.8 The stepwise


mechanism was proposed on the basis of previous
experimental work9 on [4� 2] cycloadditions of ni-
troalkenes with simple acyclic and cyclic alkenes in the
presence of SnCl4. The formation of cyclic five-
membered side-products was only accountable through
a Wagner–Meerwein shift in a zwitterionic intermediate.
However, no similar rearrangements products were found
in the domino reactions involving silyl enol ethers.8 This
shows that the mechanism of this type of domino reaction
may be profoundly influenced by variations in the
electronic features of either the alkene and the Lewis
acid.


Despite the obvious potential of the domino process
and its many variations, the reaction pathway has not yet
been studied theoretically. A deep knowledge of the
molecular mechanism is fundamental, however, for a
rationalization of the experimental results. We are
engaged at present in a research program involving the
computational study of domino cycloaddition reac-
tions.10 In this work, we studied the reaction of the
nitroalkene1 with the silyl enol ether2 to yield the
nitroso acetal adduct3 (Scheme 2) at the PM3
semiempirical level. The effect of both Lewis acid and
solvents was included in the study. Our purpose is to
contribute to a better mechanistic understanding of this
type of domino process, especially by characterization of
the stationary points on the reactive potential energy
surface (PES).
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COMPUTATIONAL METHODS AND MODELS


SemiempiricalrestrictedHartree–Fockcalculationswere
carriedout with the MOPAC93packageof programs11


using the PM3 method.12 The PES was calculatedin
detail to ensurethat all relevantstationarypoints were
located and properly characterized.The optimizations
were carried out using the eigenvaluefollowing rou-
tine,13 andtherequestedconvergencefor thegradientsof
energywas 0.5kcalmolÿ1 Å radÿ1 (1 kcal= 4.184 kJ).
The nature of each stationary point was checkedby
diagonalization of the Hessian matrix in order to
determinethe number of imaginary frequencies(zero
for local minima andonefor transitionstructure).


Geometryoptimizationsof the stationarystructures
including the Lewis acid and the solvent effects were
carried out at the PM3 semiempiricallevel using the
conductor-like screening model (COSMO) option,14


included in the MOPAC93 package program. This
COSMOmodel,proposedby Klamt andSchüürmann,14


calculatestheelectrostaticsolvationenergyby represent-
ing thesolutechargedistributionasasetof pointcharges
and dipolesin the neglectdifferential diatomic overlap
formalism.In thisprocedure,thesolventis assimilatedto
a continuous medium characterizedby its dielectric
constant(e), which surroundsa molecular-shapedcavity
in which the solute is placed.The solventusedin the
experimentalwork wastoluene.8 Therefore,we usedthe
dielectricconstantat296.4K, e = 2.38.In spiteof thelow
solvent dielectric constant, it is possible to make
qualitative observationsregarding the stabilization of
ionic specieswhich appear in the different reaction
pathways.


We used the simplified models 1 and 2 insteadof
nitroalkene I and silyl enol ether II , respectively.In
DenmarkandThorarensen’snitroalkeneI the isopropyl


groupwasreplacedby amethylgroup.In silyl enolether
II , the Si-bondedphenyl residue was replacedby a
methyl group.Furthermore,the bulky chiral cyclohexyl
appendagewas replacedby a non-chiralmethyl group.
The role of the acidic catalyst in the molecular
mechanismwas studiedusing AlMe3 as a Lewis acid
model.Sincethe largestericdemandof thebulky Lewis
acid usedin the experimentalwork allows only the exo
modeattack,15 we haveconsideredexclusivelythis exo
modein thepresentstudy.


RESULTS AND DISCUSSION


Gas-phase calculations


The energy profile showing the position of stationary
points along the reactionpathwayis depictedin Fig. 1
andPM3heatsof formationof thesestationarypointsare
presentedin Table1, pathwaya. Oneintermediate,IN2,
andthreeTSs,TS1, TS2 andTS3, were locatedon the
PES in the gas-phasereaction pathway of the non-
catalyzedprocess.


Theanalysisof thegas-phaseenergiesshowsthat this
domino reaction is an exothermic process
(ÿ22.5kcalmolÿ1) and that the first step is rate
determining(the activation energy of the first step is
31.8kcalmolÿ1). The geometries of the transition
structuresare depictedin Fig. 2. TS1 correspondsto a
nucleophilicattackof C-6in thesilyl enoletheronC-5in
the nitroalkene.The lengthof the C-5—C-6bondbeing
formedin TS1 is 1.776Å, while the O-1—C-7distance
(2.771 Å) showsthat theseatomsare not bonded.All
attemptsto find theintermediateIN1 asaminimumwere
unsuccessful,asin thegasphasethePESin this regionis
very flat (for TS2 the imaginaryfrequencyis 50i cmÿ1).


Scheme 1


Scheme 2. Schematic representation of the stepwise mechanism of the domino reaction between the nitroalkene 1 and the silyl
enol ether 2
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Thesefacts indicate that the IN1 and TS2 stationary
points are structurally and energetically related. TS2
correspondsto the closure of IN1 by means of
nucleophilicattackof theO-1 atomon thecarbocationic
C-7center,giving IN2. Thelengthof theO-1—C-7bond
being formed in TS2 is 2.609Å. Finally, TS3 corre-
spondsto asynchronousconcerted[3� 2] cycloaddition.
The lengths of the O-3—C-11 and C-4—C-10 bonds
beingformedin TS3are2.077and2.047Å, respectively.
The nucleophilicattackof C-6 on the C-5 centerin the
first step is responsiblefor the high regioselectivity
observedexperimentally.


TheC-7—O-8bondlengthin TS1 (1.320Å) is smaller
than that in silyl enol ether2 (1.382 Å), and becomes
even shorter in TS2 (1.311 Å), finally increasingin
intermediateIN2 (1.438Å). The C-6—C-7—O-8bond
anglein TS1 andTS2 is ca 118°, in agreementwith sp2


hybridizationfor the C-7 atom,whereasin intermediate
IN2 this angle becomes107°, correspondingto sp3


hybridization. Finally, the C-6—C-7—O-8—C-9dihe-
dral angle in TS1 and TS2 is ca 176°, whereasfor


intermediateIN2 it is 247°. Thesegeometricparameters,
togetherwith theincrementof positivechargeat theC-7
atomongoingfrom 2 (0.0u.a.)to TS1andTS2(0.3u.a.),
indicatetheformationof a carbocationiccenterat C-7 in
TS1, stabilizedby the delocalizationof the lone pair of
the oxygenatom O-8. Moreover,the electron-releasing
characterof thesiliconatomrendersthesilyl enolethera
powerful nucleophile,wherebya largernegativecharge
is developedat C-6. In fact, for a hypotheticalsystem
formally derived from 2 by replacingthe silicon by a
carbontom, PM3 calculationsyield anactivationenergy
of 38.1kcalmolÿ1 for the first step (6.3kcalmolÿ1


higherthanfor TS1).


Study of the role of the Lewis acid


It hasbeenassumedthattheLewis acidis coordinatedto
an oxygen atom of the nitro group.8 We therefore
reoptimizedthestationarypointswith inclusionof AlMe3


asa Lewisacidiccatalyst.Figure1 showsthelocationof


Figure 1. Schematic representation of the energy pro®les for the domino reaction between the nitroalkene 1 and the silyl enol
ether 2. Pro®le A corresponds to the AlMe3-catalyzed process and pro®le S to the catalyzed reaction in toluene solvent


Table 1. PM3 heats of formation, DH°f, (kcal molÿ1), for the stationary points of the domino reaction between the nitroalkene 1
and the silyl enol ether 2


Pathwaya 1 2 TS1 IN1 TS2 IN2 TS3 3 TS4 IN3 TS5 4


a ÿ133.7 ÿ69.9 ÿ171.8 ÿ173.2 ÿ221.0 ÿ187.8 ÿ226.1
b ÿ149.6 ÿ69.9 ÿ191.5 ÿ195.1 ÿ194.6 ÿ236.6 ÿ192.5 ÿ228.0 ÿ216.0 ÿ237.7 ÿ204.5 ÿ258.4
c ÿ162.5 ÿ71.5 ÿ204.7 ÿ214.7 ÿ210.8 ÿ246.0 ÿ200.4 ÿ235.2 ÿ223.4 ÿ248.1 ÿ212.6 ÿ265.9


a a, Non-catalyzedpathway;b, catalyzedpathway(AlMe3, DH°f =ÿ5.72kcalmolÿ1); c, catalyzedpathwayin toluenesolvent.
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Figure 2. PM3 transition stuctures corresponding to the domino reaction between the nitroalkene 1 and the silyl enol ether 2. The values of the bond lengths directly
involved in the processes are given in aÊ ngstroms. The values in parentheses correspond to the catalyzed reaction and the values in square brackets correspond to the
catalyzed reaction in toluene solvent. Relative positions of AlMe3 are depicted
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the stationarypoints along the catalyzedreactionpath-
way, while the selectedgeometricalparametersfor TSs
aregivenin Fig. 2. Scheme3 showsreactants,1A and2,
intermediates,IN1A, IN2A andIN3A , andproduct,4A,
with the catalyzedprocess.The energyresultsaregiven
in Table1, pathwayb.


The presence of the Lewis acid decreasesthe
activationenergyfor the first and rate-determiningstep
owing to delocalizationof the chargetransferredto the
nitroalkenesystem.This stabilizationallows oneto find
the intermediateIN1A as a minimum on the reactive
PES.The C-5—C-6 bond length in IN1A is 1.566Å,
whereasthe distancebetweenthe O-1 andC-7 atomsis
3.101Å. This distance,which is longer than in TS1A
(2.844Å), indicatesthat theseatomsarenot bondedin
this intermediate.In the intramolecular[3� 2] cycload-
dition, thepresenceof theLewis acidcausesanopposite
effect, as it increasesthe activationenergyof the third
step. Thus, TS3A and the adduct 3A are the more
destabilized species, intermediate IN2A being more
stablethanthefinal adduct3A (seeFig. 1).


Coordinationof theLewis acid to O-3 in thenitronate
groupof IN2 makesthethird stepanendothermicprocess
(8.6kcalmolÿ1). However,adetailedexplorationof PES
allowsoneto find analternativechannelassociatedwith
the changeof Lewis acid coordinationfrom the oxygen
atom of the nitronategroup to an oxygenatom of the
carboxyl group on C-11, via the transition structure
TS4A (the activation energyassociatedwith TS4A is
20.6kcalmolÿ1). This processallows an equilibration
betweenintermediatesIN2A andIN3A , with IN3A being
1.1kcalmolÿ1 morestablethanIN2A .


Finally, the intramolecular[3� 2] cycloaddition of
intermediateIN3A , via the transition structureTS5A,
affords the more stablecycloadduct4A. The activation
energyassociatedwith TS5A (33.2kcalmolÿ1) is lower
thatfor TS3A (44.1kcalmolÿ1), thiscycloadditionbeing
an exothermicprocess(ÿ20.7kcalmolÿ1). The transi-


tion structure TS5A correspondsto a synchronous
concertedprocesswherethe lengthsof the O-3—C-11
and C-4—C-10 bonds being formed are 2.084 and
2.033Å, respectively.


The analysisof the molecular orbitals of TS1 and
TS1A indicates a large stabilization of the HOMO
involvedin thisprocessfor TS1A relativeto TS1 (ÿ8.81
andÿ8.30eV, respectively).Thiscanbeunderstoodasa
stronger HOMO delocalization in TS1A due to the
participationof thealuminumatom.


The step connectingthe intermediateIN2 with the
adduct3 is disfavoredby thepresenceof AlMe3, andthe
activation energy associatedwith TS3A increasesby
10.9kcalmolÿ1 with respectto TS3. This can be also
explainedby meansof ananalysisof molecularorbitals.
In thethird step,which correspondsto anintramolecular
[3� 2] cycloadditionwith normalelectrondemand,the
AlMe3 located in the donor dipole fragmentdoesnot
contributeto thenegativechargetransferto theacceptor
dipolarophilefragment.In consequence,an increasein
the energyof the HOMO at TS3A (the incrementsof
energies of the HOMOs for the non-catalyzedand
catalyzedprocessesare 0.43 and 0.69eV, respectively)
is observed.However,whenthe AlMe3 is locatedat the
acceptorfragment(interactionwith thecarboxylgroupat
C-11), the incrementof the HOMO energyat TS5A is
lower that that at TS3 (0.30eV). This showsthat the
Lewis acid stabilizesthis MO slightly. Both TS3 and
TS5A have very similar activation energies(around
33.2kcalmolÿ1).


A comparisonof the geometricparametersof these
stationary points with those of the non-catalyzed
mechanismshowsmarginaldifferencesin thegeometries
of the stationarypoints.For TS1A, the lengthof the C-
5—C-6 bondbeingformedis 1.831Å, which is slightly
longer than that for TS1. For TS2A, the O-1—C-7
distancedecreasesfrom 2.609to 2.541Å on going from
thenon-catalyzedto thecatalyzedreaction.TS3A for the


Scheme 3. Schematic representation of the catalyzed mechanism of the domino reaction between the nitroalkene 1 and the
silyl enol ether 2
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intramolecular [3� 2] cycloaddition is slightly more
asynchronicthan for the non-catalyzedreaction, the
lengthsof the O-3—C-11and C-4—C-10bondsbeing
formed being 2.132 and 1.978Å, respectively.Finally,
the comparisonof thesebondlengthsbetweenTS3 and
TS5A (seeFig. 2) showsvery closevalues,in agreement
with the similar activation energiesfound for these
transitionstructures.


Study of the solvent effect


Solvent effects on [4� 2] cycloaddition are well
known16 and have received considerable attention,
especially in the last few years.17–19 A pictorial
representationof the PES in toluene, including the
positionof thestationarypoints,is depictedin Fig. 1, and
theselectedgeometricparametersof thestationarypoints
with inclusionof the solventeffectsaregiven in Fig. 2.
An analysisof theseresultsindicatesthat thereare not
largemodificationsin the geometryfor thesestationary
points.This agreeswell with the hypothesisof Tomasi
and co-workers20 that, in the case of minima, the
approximation of frozen geometries can often be
consideredadequate.Although this can be more ques-
tionablein the caseof TSs,only small modificationsof
thegeometryof TSsin solutionaredetected.19


Table1, pathwayc, givesthePM3 heatsof formation
of the optimized stationary points with inclusion of
solvent effects. The solvent effects cause a larger
stabilizationfor nitroalkene1S (ÿ12.9kcalmolÿ1) than
for silyl enol ether 2S (ÿ1.6kcalmolÿ1) owing to the
presenceof the Lewis acid coordinatedto the polar
nitroalkenegroup. This stabilization is also presentin
TS1S,IN1S, TS2SandIN2S. The intermediateIN1S is
morestabilized(ÿ19.6kcalmolÿ1) thanTS1SandTS2S
(ÿ13.2andÿ16.1kcalmolÿ1), owing to the largepolar
characterof this zwitterionic intermediate.Hence the
solventappearsto stimulatea stepwisemechanismfor
the first cycloaddition.19 Theseresultsarerelatedto the
larger chargetransferin the electrophilic attack in the
first stepof theintermolecularcycloaddition,asshownby
the large incrementof the dipole momentsalong this
pathway(dipolemomentsfor 1A, 2, TS1A, IN1A, TS2A
andIN2A are7.73,1.55,10.24,14.16,12.99and6.34D,
respectively).


Thesolventeffectscausea minor stabilizationfor the
remaining stationary points of this domino reaction
(between7.2 and 10.4kcalmolÿ1), due to the minor
polar characterof thesespecies.Hencethe main factor
resulting from inclusion of solvent effects is the large
stabilization of the intermediate IN1S, making the
nucleophilic attack of the silyl enol ether to the
nitroalkeneessentiallyirreversible.


CONCLUSIONS


We havecarriedout a theoreticalstudy of the domino
reaction between nitroalkenes and silyl enol ethers.
Reactionpathwaysin thepresenceandabsenceof AlMe3


asamodelLewisacidiccatalystwerestudiedusingPM3
semiempiricalmethodswith inclusionof solventeffects.
Specific details of the overall processmay changeat
higher levels of theory (e.g. ab initio methodswith
inclusionof correlationenergy)but, despitethe approx-
imate natureof the calculationsemployedhere, some
important featureshave been clarified. The following
conclusionscanbedrawnfrom theresultsobtainedin this
study: (1) the overall processcomprisesa three-step
mechanism;(2) the first andrate-determiningstepis the
nucleophilic attack of the silyl enol ether on the
nitroalkene to give a zwitterionic intermediate; the
second step correspondsto a ring closure of this
intermediateto give a cyclic nitronatewhich leads in
the third step, through an intramolecular [3� 2]
cycloaddition, to the nitroso acetal adduct; (3) the
nucleophiliccharacterof the first stepis responsiblefor
thehighregioselectivityobservedin this reaction;(4) the
presenceof both silicon and oxygenatomsin the silyl
enol ether increasesthe nucleophilic characterof the
carbon–carbondouble bond and therefore favors the
ionic characterof thefirst step;(5) thecoordinationof a
Lewis acid to an oxygen atom of the nitro group
decreasestheactivationenergyfor the initial nucleophi-
lic attack,owingto a largerdelocalizationof thenegative
chargetransferredfrom the nucleophilefragmentto the
nitroalkenesystem;and(6) the inclusionof the solvent
effects makesthe electrophilic attack of the silyl enol
etheron thenitroalkeneanirreversibleprocess,owing to
the large stabilization of the zwitterionic intermediate
formed.
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Origins of non-perfect synchronization in the lowest
energy path of the identity proton transfer reaction of allyl
anion� propene: a VBSCF study
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ABSTRACT: Direct computational evidence is presented that the lag in delocalization at the transition state in proton
transfers from carbon acids yielding delocalized anions provides the lowest energy path. It does not, contrary to a
common assumption, deprive the transition structure of all resonance stabilization that could otherwise lower the
barrier. Copyright 1999 John Wiley & Sons, Ltd.
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Kresge1 suggested that the lag in delocalization in the
deprotonation of carbon acids such as nitromethane arose
because only a fraction of the charge transferred from
base to substrate could be delocalized within the
developing conjugate base. This argument has been
extended and quantified by Bernasconi and co-workers2


as the principle of non-perfect synchronization (PNS).
While the PNS provides a plausible analysis of the
phenomenon, it has never been clear why a transition
structure that makes greater use of the supposedly
energy-lowering effect of delocalization is avoided.


Paradigms that provide qualitative reasons have been
proposed. Hine3 used the principle of least nuclear
motion to argue that high barriers result from the
geometric changes on going from the reactant to the
transition structure which increase the energy of a
valence bond (VB) contributor with a reactant-like
electron distribution. This effect could be minimized by
reducing delocalization and thereby geometric change.
Pross and Shaik4 pointed out that an important con-
tributor to the resonance hybrid transition structure in the
deprotonation of nitromethane should be a triple ion
species,1, which would both lower the energy of the
transition structure and favor localization of charge on
the carbon of the developing anion. Both suggestions
have been largely ignored in the subsequent literature.


Recent computational evidence has demonstrated that
the lag in delocalization is an intrinsic property that
persists in the gas phase.5,6One of the systems studied by
molecular orbital-based calculations, the identity reaction
proton transfer from the methyl group of propene to allyl
anion,6b shows the key characteristics of a reaction
following the PNS. This reaction was chosen for further
analysis by the VB method, with the aim of elucidating
quantitatively why proton transfer and charge delocaliza-
tion are non-synchronous, and to provide a general model
of the phenomenon in terms of mixing of resonance
structures into the wavefunction of the transition state.


The valence bond program from the Xiamen group is
based on spin free valence bond theory, and its technical
details can be found in the original literature.7 Here we
use the VBSCF procedure in which the orbitals and
structure coefficients are optimized simultaneously to
provide the lowest energy wavefunction for a given set of
VB structures. The 6–31�G basis set was used.


The trans-anti transition structure2 was altered
slightly to make the C—C� � �H� � �C—C dihedral angle
exactly 180° (we did not study the less symmetrical
gauche transition structure6). This modification facili-
tates the separation of thep orbitals from thes frame-
work, and its energetic effect is negligible [<1 kcal
molÿ1 (1 kcal = 4.184 kJ)]. Six inner-shell s orbitals on


B:ÿ H� ÿ :CH2NO2


1
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carbon plus ten C—H and four C—Cs orbitals were
treated as a frozen core. The remaining four C—Cp
orbitals, including those that form the two carbanion-like
centers and the orbitals associated with the migrating
proton, were utilized in the VBSCF procedure.


After several attempts, we ascertained that the VBSCF
energy converges with respect to the basis set of VB
structures, and is lower than the corresponding HF energy
The weights in Scheme 1 and the energies presented
below are based on calculations in which the eight VB
orbitals are constrained to be localized atomic functions
on the six carbons and the migrating proton. VBSCF
calculations off1–f5 or f1–f8 allowing the VB orbitals
to optimize freely give orbitals which are slightly
delocalized and give a lower energy than HF. Such
orbital optimization results in delocalization tails of the
atomic functions and optimization is equivalent to
inclusion of more VB structures in the set.8 Energies in
the two calculations are the same to within 0.1 mhartree
(0.06 kcal molÿ1), and the weights of the structures using
these unconstrained basis functions are in complete
agreement with the weights in Scheme 1.


We now present the key features of the calculations.
Scheme 1 shows the eight resonance structures that
contribute to the description of the transition structure
along with their weights in parentheses. (The coefficients


for the seven non-orthogonal structuresf1–f7 areÿ0.29,
ÿ0.14,ÿ0.29,ÿ0.14, 0.47, 0.16 and 0.16.)


The members of the three ‘left–right’ resonance pairs
in Scheme 1, (f1, f3), (f2, f4), (f6, f7), are related by
symmetry and possess identical energies (i.e.E1 = E3,
E2 = E4, E6 = E7). Mixing these pairs leads to the hybrid
structuresf1,3, f2,4, f6,7.


It is striking that for each configuration type the
weights are in favor of localization of the negative charge
on the two allylica-carbons and against delocalization of
charge to the twog-carbons. Thus the contributions of
(f1,3) are far more important than those of (f2,4) and that
of f5 is much larger than those of (f6,7).


Clearly, our analysis of weights of contributing struc-
tures shows that the charge is not yet half delocalized,
although the proton is half transferred. Thus, a variational
VB calculation shows that these two different indicators
of reaction progress do not vary synchronously.


Let us consider now the energetic cost of attaining a
transition structure for which the proton transfer and
charge delocalization are fully concerted. VB theory
enables us to calculate such a putative transition structure
by taking appropriately constrained linear combinations
where the coefficients of the VB structures in Scheme 1
maintain the relationsc1 = c2, c3 = c4 andc6 = c7 = 1/2c5.
As shown in Scheme 2, the energy of the fully


CH2=CH—CH2—Hÿ:CH2—CH=CH2 CH2=CH—CH2:
ÿH—CH2—CH=CH2


f1 (0.187) f3 (0.187)


CH2=CH—CH2—H CH2=CH—CH2:
ÿ ÿ:CH2—CH=CH2 H—CH2—CH=CH2


f2 (0.049) f4 (0.0497)


CH2=CH—CH2:
ÿ H� ÿ:CH2—CH=CH2


f5 (0.402)


CH2=CH—CH2:
ÿ H� CH2=CH—CH2:


ÿ ÿ:CH2—CH=CH2 H� ÿ:CH2—CH=CH2


f6 (0.059) f7 (0.059)
ÿCH2—CH=CH2 H� CH2=CH—CH2:


ÿ


f8 (0.006)


Scheme 1


Scheme 2
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delocalized hypothetical wavefunction is 8.2 kcal molÿ1


higher than the optimum (non-synchronous) wavefunc-
tion. This gives a measure of the energy preference in
favor of non-synchronicity. Another putative transition
structure is the one with a fully localized wavefunction
given by a linear combination off1–f3,  local =
(af5� bf1,3


�). As seen in Scheme 2, the fully localized
structure is 26.6 kcal molÿ1 higher than the optimum
structure formed from the full VB structure setf1–f8. It
is apparent that a fully delocalized wavefunction has an
energy in between those of a fully localized wavefunction
and the non-synchronous wavefunction. It follows once
more that non-synchronicity is a feature that optimizes
the energy of the transition structure.


While non-synchronicity is clearly demonstrated in the
foregoing discussion, it is still interesting to elucidate the
underlying rules which determine the non-synchronicity.
Let us analyze the mixing pattern of the different
structures (f1–f8) in the VB wavefunction by appeal to
Fig. 1.


In Fig. 1(a), the resonating pair of structuresf1–f3


mixes to form hybrid symmetrized structuresf1,3
� [and


f1,3
ÿ, not shown in Fig. 1(a)]. The mixing is strong, in


line with the large overlap between the two structures
(S13 = 0.18), and results in a large stabilization of
95.6 kcal molÿ1 [Fig. 1(a)]. On the other hand, the mix-


ing betweenf2 andf4 is weak because of poor overlap
(S24 = 0.003), and gives only a small stabilization of
4.2 kcal molÿ1 for the hybrid. A similar weak mixing
characterizesf6–f7 (S67 = 0.03). Hence the resonating
hybridsf2,4


� andf6,7
� are barely stabilized because of


poor overlap of the constituent structures, whereasf1,3
�


is greatly stabilized for the opposite reason. Qualitatively,
these overlaps are inversely proportional to the distance
over which the electron is shifted to interconvert the
constituent structures of each symmetrized hybrid.9 Thus,
a large overlapS13 is related to the small distance
between the allylica-carbons, while the small overlapS24


is related to the large distance between the allylicg-
carbons, etc.


Let us turn to the mixing patterns of the symmetrized
hybrids with the triple ion structure,f5, in Fig. 1(b). The
strongest interaction shown in Fig. 1(b) is betweenf1,3


�


andf5. Two factors contribute to this. The first is their
matrix element, which is large since their interconversion
involves shifting electrons across the short C1—H
distances of the transition structure. The second factor
is thef1,3


�–f5 energy gap, which is small owing to the
self-stabilization off1,3


� [Fig. 1(a)]. Thus, thef5–f1,3
�


interaction leads to an energy lowering of 44.1 kcal
molÿ1 and is the main interaction which sustains the
delocalized C—H—C bonding of the transition state.


Figure 1. VB interaction diagrams with relative energies in kcal mol.ÿ1 (a) Mixing of the degenerate structures f1 and f3 gives
resonating structure f1,3


�. Similar mixing of f2 and f4 gives hybrid f2,4
�. Strength of mixing is related to the overlaps S13 and


S24. (b) Mixing of stabilized hybrid f1,3
�with triple ion f5 gives localized structure  local. Weak mixing of  local with high-energy


structures f2,4
�, f6,7


� and f8 gives the non-synchronous structure  nonsync
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The resulting wavefunction, local, still has purely
localized allylic moieties. It can achieve partial allylic
delocalization by mixing withf2,4


�, f6,7
� andf8, but


these structures are high lying and possess poor matrix
elements with local. Consequently, their mixings are
rather weak, giving a total stabilization of 26.6 kcal
molÿ1 [Fig. 1(b)] in increments of 13.2, 12.6 and
0.8 kcal molÿ1.


It follows, therefore, that non-perfect synchronicity is
an outcome of a selective mixing of the VB structures
which constitute the electronic structure of the transition
state. This selective VB mixing determines the optimum
balance between maximizing the strength of the C1—
H—C2 bond in the transition structure, and the
conservation of delocalization in the allylic moieties.
The result of this optimization is the non-synchronous
wavefunction, nonsync [Fig. 1(b)], which follows the
rules of variational VB mixing and has the optimum
electronic structure for the transition state.
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ABSTRACT: The kinetics of Ru(VI)-catalyzed oxidation of 2-propanol by hexacyanoferrate(III) was investigated in
alkaline media using a spectrophotometric technique. The reaction shows first order in [Ru(VI)], a Michaelis–
Menten-type dependence on [2-propanol], a fractional order in [Fe(CN)3ÿ


6 ] and a complicated variation on [OHÿ]. A
reaction mechanism which involves two active catalytic species is proposed. Each of these species forms an
intermediate complex with the substrate. These complexes decompose slowly, producing ruthenium(IV) complexes,
which are reoxidized by hexacyanoferrate(III) in subsequent steps. The theoretical rate law obtained is in complete
agreement with all the experimental observations. Copyright 1999 John Wiley & Sons, Ltd.


KEYWORDS: 2-propanol; oxidation; hexacyanoferrate(III); ruthenium(VI) catalysis


INTRODUCTION


The oxidation of alcohols is one of the fundamental
transformations in organic synthesis. Various reactions
using transition metal oxo complexes such as oxidants
are well known. The most frequently used reagents are
permanganate,1 chromic acid,2 pentavalent vanadium,3


ferrate4 and, more recently, high oxidation state ruthe-
nium oxo complexes.5–8 For several reasons (e.g.
economic, environmental), the development of catalytic
processes for alcohol oxidation is an important goal. In
this context, the use of these higher oxides of ruthenium
as catalysts in combination with different co-oxidants has
become increasingly important in the oxidation of
alcohols.9–11 It would be particularly useful if the
catalytic species effected such reactions without attack-
ing sensitive linkages in the R groups of alcohols.
Ruthenate ion, RuO2ÿ4 , is sufficiently selective to be able
to tolerate such linkages; for example, RuO2ÿ


4 does not
appear to oxidize isolated double bonds at room
temperature.12


So far it is recognized that sodium ruthenate-catalyzed
oxidation of primary and secondary alcohols, in aqueous
alkaline media, proceeds via the formation of an Ru(VI)–
substrate complex, which dissociates in the rate-deter-


mining step to give the corresponding products of
reaction and hydrated ruthenium dioxide (Scheme 1).


R2CHOH� RuO2ÿ
4 �


K
complex


complex ÿÿ!k
slow


R2CO� RuO2 � xH2O


RuO2 � xH2O� 2Fe(CN)3ÿ6 � 4OHÿ ÿÿ!fast
RuO2ÿ


4


�2Fe(CN)4ÿ6 � �x� 2�H2O


Scheme 1


The role of the co-oxidant appears to be solely the
regeneration of the catalyst in a fast step. This reaction
mechanism has been suggested in several studies using
hexacyanoferrate(III) as the co-oxidant in a basic
medium.13–16


This paper reports a study of the kinetics of oxidation
of 2-propanol by hexacyanoferrate(III) in an aqueous
alkaline medium, in the presence of catalytic amounts of
Ru(VI), showing original results hitherto unreported. In
particular, we found that the oxidation rate varies with
the initial hexacyanoferrate(III) concentration. Such be-
havior led us to the proposal of a plausible reaction
mechanism which involves oxidation of the substrate by
RuO2ÿ


4 , which is followed by the catalyst reoxidation by
the co-oxidant. In this way, when [Fe(CN)3ÿ


6 ] is high the
catalyst reoxidation is fast relative to substrate oxidation
and the rate does not depend on [Fe(CN)3ÿ


6 ]. At low
[Fe(CN)3ÿ6 ], however, the two consecutive reactions have
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comparableratesand the rate dependson [Fe(CN)3ÿ6 ].
Moreover,this mechanism,which is moredetailedthan
those describedin the literature, involves a hydride
transfer from the a-C—H bond of the alcohol to the
oxoligandof ruthenium.


EXPERIMENTAL


Reactants. Potassiumhexacyanoferrate(III), potassium
hexacyanoferrate(II), 2-propanol, ethanol, sodium
hydroxide and sodium perchlorate,all of analytical-
reagentgrade from Merck, were usedwithout further
purification. Acrylonitrile, 2,4,6-tri-tert-butylphenol,2-
propanol-d8, tert-butanolhydratedrutheniumdioxideand
sodium metaperiodate(analytical-reagentgrade) were
providedby Aldrich Chemical.Waterusedfor solutions
was obtained from an OSMO BL-6 from SETA
PurificationSystems.


Sodium ruthenate solution was obtained by the
oxidation of hydratedruthenium dioxide with sodium
metaperiodateand reducing the ruthenium tetraoxide
producedby the action of sodiumhydroxide,following
the literatureprocedure.10 The orangesolutionobtained
was heated slightly for �24h to ensure complete
reduction of Ru(VIII) to Ru(VI). Stock solutions of
sodium ruthenatewere preparedby adding a small
quantity of the abovesolution to 25cm3 of 1 M NaOH.
The concentrationwascalculatedby photometricdeter-
mination, measuringthe absorbanceat 465nm, with
molar absorptivity 1820l molÿ1 cmÿ1.17 The purity of
thesesolutionswascheckedby measuringtheratioof the
absorbanceat 465 and385nm as2.07correspondingto
pureruthenate.18


General. All experimentswereinitiated by the addition
of 2-propanolto other reagentsand were performedat
30.0� 0.1°C. The ionic strengthwas kept constantat
0.5M by adding sodium perchlorate.An excessof 2-
propanolandhydroxideions over hexacyanoferrate(III)
wasused.


The reactionkinetics werestudiedusinga Shimadzu
UV-160spectrophotometerequippedwith amultiple cell
carrier with temperatureregulatedby circulating water.
The consumptionof hexacyanoferrate(III)wasfollowed
by recordingtheabsorbanceat 420nm.


Absorbance–timedata for all the kinetic runs were
fitted for a small percentageof reaction(about 5% or
less)19 to astraightline, A = a0� a1t, by theleast-squares
method. The slope provides the initial rate, v0 = a1 =
(dA/dt)0, given in absorbanceunits. The initial rate,
v0, expressedin l molÿ1 sÿ1, is given by v0 =ÿ1/�
(dA/dt)0 =ÿ(d[Fe(CN)3ÿ6 ]/dt)0, where � = 1000 l molÿ1


cmÿ1 at 420nm. The methodof initial rateswas used
becauseof the advantagesit offers (e.g. the presenceof
competitive reactions is considerably less important
whenthe initial ratesmethodis employedand the time
necessaryfor carryingout experimentsdecreasesappre-
ciably).19


Product determinations were performed by gas
chromatographyusinga Hewlett-Packard5890SeriesII
gaschromatographequippedwith a BP-21polyethylene
glycol column (50 m� 0.22mm i.d., 25mm film thick-
ness). For the kinetic conditions [NaOH] = 0.2M,
[2-propanol]= 0.5M, [Ru(VI)] = 4� 10ÿ6 M,
[K3Fe(CN)6] = 1.2� 10ÿ3 M and I = 0.5M, it wasfound
that 2-propanonewas the only oxidation productof 2-
propanol.Hexacyanoferrate(II) wasalsoidentifiedspec-
trophotometricallyas the reductionproductof hexacya-
noferrate(III).


The stoichiometryof the net reactionwasdetermined
spectrophotometricallyby measuring,at 420nm, the
hexacyanoferrate(III) remaining after completion of
an experiment performed at [NaOH] = 0.2M, [2-
propanol]= 5� 10ÿ4 M, [Ru(VI)] = 5� 10ÿ5 M,
[K3Fe(CN)6] = 2� 10ÿ3 M, I = 0.5M and T = 30°C,
yielding a ratio of oxidantto substrateof 2:1.Theabove
resultssupportthe following stoichiometricreaction:


�CH3�2CHOH� 2Fe(CN)3ÿ6 � 2OHÿ


! �CH3�2CO� 2Fe(CN)4ÿ6 � 2H2O �1�


RESULTS


In¯uence of [hexacyanoferrate(III)]


Theplot of theinitial rates,v0, versus[Fe(CN)3ÿ6 ] (Fig.1)
shows a first-order dependence with respect to
[Fe(CN)3ÿ6 ] when the latter concentrationis low and a


Figure 1. Dependence of v0 on [K3Fe(CN)6].
[Ru(VI)] = 4� 10ÿ6


M, I = 0.5 M and T = 30°C; (a) [NaOH] =
0.3 M, [2-propanol] = 0.2 M; (b) [NaOH] = 0.2 M, [2-propa-
nol] = 0.4 M; (c) [NaOH] = 0.1 M, [2-propanol] = 0.5 M
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zero-order dependenceat high concentrations.This
variationwasstudiedfor different initial concentrations
of NaOH and 2-propanol. The variation of v0 as a
functionof [Fe(CN)3ÿ6 ] is givenby theequation


v0 � �Ox�
k01� k02�Ox� �2�


where [Ox] is the potassium hexacyanoferrate(III)
concentration.


Dependence on [2-propanol]


We observedthe samedependenceof the initial rateon
[2-propanol] (Fig. 2) as in the case of hexacyano-
ferrate(III). Theplotsof 1/v0 versus1/[2-propanol]gave
straightlines with positiveslopesand intercepts,which


correspondto theequation


1
v0
� a� b


�S� �3�


where[S] is theconcentrationof 2-propanol.


Dependence on both [hexacyanoferrate(III)] and
[2-propanol]


In order to obtain a rate equation that combinesthe
dependenceof v0 on both [Fe(CN)3ÿ6 ] and [2-propanol]
we studied the variation of v0 with [2-propanol] at
differenthexacyanoferrate(III) concentrations,maintain-
ing [OHÿ] and[RuO2ÿ


4 ] constant(Fig.2).Theparameters
a andb wereobtainedfrom theplot of 1/v0 versus1/[S]
(Table1). A straightline with a zeroslopeandpositive
intercept[intercept= (1.85� 0.07)� 105 s] wasobtained
by plotting b versus1/[Fe(CN)3ÿ6 ]. The plot of a versus
1/[Fe(CN)3ÿ6 ] was linear [r = 0.9976; slope=
194.96� 0.08s and intercept= (2.71� 0.02)� 104


l molÿ1 s]. According to this, the experimental rate
equation that collects the dependenceof v0 on
[Fe(CN)3ÿ6 ] and[2-propanol]canbeexpressedas


v0 � �Ox��S�
k03�S� � k04�Ox� � k05�Ox��S� �4�


Figure 2. Dependence of v0 on [2-propanol] at different
[K3Fe(CN)6]. [Ru(VI)] = 4� 10ÿ6


M, [NaOH] = 0.1 M, I = 0.5 M


and T = 30°C; [K3Fe(CN)6] = (a) 0.2� 10ÿ3; (b) 0.4� 10ÿ3;
(c) 0.8� 10ÿ3; (d) 1.2� 10ÿ3; (e) 1.6� 10ÿ3


M


Table 1. Parameters a and b of the plot of 1/v0 versus 1/[S] at
different [K3Fe(CN)6]


[K3Fe(CN)6]
(10ÿ3 M) a (105 l molÿ1 sÿ1) b (105 s) r


0.2 10.08� 0.09 1.85� 0.01 0.9998
0.4 4.91� 0.01 1.95� 0.01 0.9996
0.8 2.88� 0.01 1.98� 0.01 0.9998
1.2 2.21� 0.01 1.82� 0.01 0.9999
1.6 1.17� 0.03 1.76� 0.01 0.9983


[Ru(VI)] = 4� 10ÿ6
M; [NaOH] = 0.1M; I = 0.5M; T = 30°C.


Figure 3. Variation of v0 with respect to [NaOH].
[Ru(VI)] = 4� 10ÿ6


M, I = 0.5 M and T = 30°C [K3Fe(CN)6] =
0.4� 10ÿ3


M: (a) [2-propanol] = 0.2 M; (b) [2-propanol] =
0.6 M. [K3Fe(CN)6] = 1.2� 10ÿ3


M: (c) [2-propanol] = 0.2 M;
(d) [2-propanol] = 0.6 M
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In¯uence of the alkaline medium


It wasobserved(Fig.3) thattheinitial ratepassesthrough
amaximumas[OHÿ] is varied.Moreover,theinitial rate
doesnot tendto zeroatvery low [OHÿ]. Thismaybedue
to the possible existence of other oxo species of
rutheniumin neutralor acidmedium(pH 5–8)20 because
the ruthenatespeciesis only stablein alkalinemedia.10


No simplemathematicalrelationshipthatmight justify
thedependenceof v0 on[OHÿ] wasfound.This indicates
thatthevariationof theinitial ratewith thebasicityof the
mediumis complicated,andobeysthegeneralequation


v0 � A0� A1�OHÿ� � A2�OHÿ�2 � . . .


1� B1�OHÿ� � B2�OHÿ�2� . . .
�5�


The experimentalvalueswere fitted to Eqn. (5) by
meansof a non-linearregressionprogram,obtainingthe
bestaverageerror (1.7%)for theexpression


v0 � A0� A1�OHÿ�
1� B1�OHÿ� � B2�OHÿ�2 �6�


Effect of Ru(VI) concentration


By plotting v0 versus[Ru(VI)]T (Fig. 4), straight lines
with zerointerceptswereobtained.Hencetheinitial rate
showsfirst-orderkinetics with respectto [Ru(VI)], and
theuncatalyzedreactionis negligiblein comparisonwith
thecatalyzedreaction.


In¯uence of product concentration


Severalexperimentswerecarriedout in orderto find out
whether the addition of different initial amounts of
hexacyanoferrate(II)ions to the reactionmixture mod-
ified the valuesof v0. The resultsshowedthat the initial
rateof the reactionwastotally unaffectedby Fe(CN)4ÿ6
concentration.Also, the initial rate of a typical experi-
ment at low [Fe(CN)3ÿ6 ] did not vary in presenceof
1� 10ÿ4 M (CH3)2CO.


Substituent effects


A tertiary alcohol (0.2M tert-butanol) was unreactive
under kinetic conditions, implying the necessarypre-
senceof ahydrogenonthea-carbonof thealcoholfor the
reactionto occur.


Isotopic effect


The oxidation initial rates of (CH3)2CHOH
[v0 = (1.19� 0.03)� 10ÿ6 l molÿ1 sÿ1] and
(CD3)2CDOD [v0 = (2.02� 0.02)� 10ÿ7 l molÿ1 sÿ1]
wereobtainedin H2O, in orderto determinethepossible
existence of an isotopic effect. The experimental
conditions used were [2-propanol]= 0.5M,
[NaOH] = 0.2M, [K3Fe(CN)6] = 1.2� 10ÿ3 M,
[Ru(VI)] = 4� 10ÿ6 M, I = 0.5M and T = 30°C. A sub-
stantial primary kinetic isotope effect was observed
[v0(H)/v0(D) = 5.89], which implies the breakingof the
C—H bondin a slow step.


Detection of free radicals


Becausethe Fe(CN)3ÿ6 speciesact as a one-electron
transferoxidant,thepossibleformationof freeradicalsas
intermediatesin the oxidationof organiccompoundsby
hexacyanoferrate(III) should be tested. The results
showedthat neither the addition of acrylonitrile nor of
2,4,6-tri-tert-butylphenol(a strongerradicalcapturer)to
the reactionmixture hadanyeffect on the reactionrate.


Oxidation of cyclobutanol


Wecarriedout theoxidationof cyclobutanolbecausethe
natureof theoxidationproductsfor this alcoholdepends
on the mechanism. One-electron oxidation would
produceacyclic four-carboncompoundswhich appear
to be derived from the primary free radical
.CH2CH2CH2CHO, whereas two-electron oxidation
would producecyclobutanonedirectly.21,22


The reaction products were determinedunder the
following kinetic conditions: [cyclobutanol]= 0.07M,


Figure 4. Plot of v0 versus [Ru(VI)]. I = 0.5 M and T = 30°C; (a)
[K3Fe(CN)6] = 1.2� 10ÿ3


M, [2-propanol] = 0.2 M, [NaOH] =
0.3 M; (b) [K3Fe(CN)6] = 0.8� 10ÿ3


M, [2-propanol] = 0.4 M,
[NaOH] = 0.2 M; (c) [K3Fe(CN)6] = 0.8� 10ÿ3


M, [2-propa-
nol] = 0.5 M, [NaOH] = 0.1 M
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[hexacyanoferrate(III)] = 1.0� 10ÿ3 M, [Ru(VI)] = 4.6�
10ÿ6 M, [NaOH= 0.2M, I = 0.5M and T = 30°C. After
completereductionof hexacyanoferrate(III),theorganic
productswere separatedfrom the reactionmixture by
extraction with diethyl ether. The ether solution was
analyzedby gaschromatography,cyclobutanonebeing
found as the soleproduct.This result indicatesthat the
oxidation of 2-propanolby RuO2ÿ


4 occurs by a two-
electrontransfermechanism.


Oxidation of 2-propanol by Ru(VI) and catalyst
regeneration by Fe(CN)6


3ÿ


We also carried out some kinetic experimentsto test
whether the oxidation of 2-propanol by catalytic
quantitiesof RuO2ÿ


4 proceedsat a similar rateto that of
the reoxidationof catalystby Fe(CN)3ÿ6 .


The oxidationof 2-propanolby RuO2ÿ
4 wasfollowed


spectrophotometrically. The initial rate was determined
by monitoringthe increasein absorbanceat 320nm. At
this wavelength the product of the reaction [which
appearsto bea solubleform of ruthenium(IV)similar to
the speciesformedduring the electrochemicalreduction
of ruthenate(VI)]conformsto Beer’slaw with � = 33708


l molÿ1 cmÿ1. Under the conditions [2-propanol]=
1� 10ÿ3 M, [NaOH] = 0.5M, T = 30°C and [RuO2ÿ


4 ] =
2� 10ÿ4 M, the initial rate obtained was
v0 = (4.5� 0.02)� 10ÿ8 l molÿ1 sÿ1. Assuminga first-
orderdependencewith respectto 2-propanolandRuO2ÿ


4 ,
theinitial rate(underthekinetic experimentalconditions
[RuO2ÿ


4 ] = 4� 10ÿ6 M, [2-propanol]= 0.4M and
[NaOH] = 0.5M) is v0 = (3.6� 0.01)� 10ÿ7 l molÿ1 sÿ1.


We also determined the initial rate of catalyst
reoxidation in the following way. Ruthenate(VI)
(12.5� 10ÿ3 mmol) was allowed to reactat 30°C with
2-propanol(12.5� 10ÿ3 mmol), both in 25ml of 0.5M


NaOH. When the reactionhad gone to completion(as
indicatedby the completedisappearanceof any orange
color),0.08ml of thereactionmixturewasmixedwith an
appropriatevolume of a 0.01M solution Fe(CN)3ÿ6 in
0.5M NaOH, so that the final concentrationsof Ru(IV)
andFe(CN)3ÿ6 were4� 10ÿ6 and1.0� 10ÿ3 M respec-
tively. Under theseconditions,the initial rate obtained
wasv0 = (1.3� 0.01)� 10ÿ7 l molÿ1 sÿ1. Theinitial rate
was determinedby monitoring the decreasein absor-
banceat 420nm.


Activation parameters


Under the conditions [2-propanol]= 0.5M,
[K3Fe(CN)6] = 0.4� 10ÿ3 M, [NaOH] = 0.1M,
[Ru(VI)] = 4� 10ÿ6 M, I = 0.5M and temperaturerange
26–34°C, the experimentalactivationparametersdeter-
mined were DH* = 19.02� 0.13kJmolÿ1 and
DS* =ÿ261.91� 0.45Jmolÿ1 Kÿ1.


DISCUSSION


It is known that the MOxÿ
4 speciesof the 3d transition


metalsdo not expandtheir coordinationshells in basic
media.23 However,suchexpansionscanoccurto a very
small extentin 4d and5d transitionmetaloxyanions.24


During a study of the reactionbetweenperruthenate
andmanganateionsin aqueousalkalinemedium,Luoma
andBrubaker25 suggestedthatoneor moreanionscould
possiblyhavehydroxideionsassociatedwith them.This
associationwith OHÿ ions could be representedby the
equilibrium


MOxÿ
4 �OHÿ � �MO4OH��x�1�ÿ �7�


whereM is Ru or Mn andx = 1 or 2, dependingon the
stateof oxidation.


Othertransitionmetaloxyionshavebeenpostulatedto
form hydroxy–oxycomplexes:the OsO4(OH)2ÿ2 species
has been isolated26 and mesoperrhenatesReO4(OH)3ÿ2
canbe isolated,althoughtheir concentrationin alkaline
solutionsof perrhenatemustbesmall.27,28


Similarly, during the kinetic studyof the decomposi-
tion of perruthenateionsin alkalinemedium,Carrington
and Symons24 suggestedthat the coordinationof OHÿ


ions with RuOÿ4 occurred to a lower extent, because
ruthenium representsan intermediate case between
osmiumandrhenium.Therefore,ruthenateions,Ru(VI),
maycoordinatewith hydroxideions to a lower extent.


On the basisof literaturedata,we proposeasthe first
stepof the reactionthe coordinationof ruthenateion to
hydroxideions,accordingto theequilibria:


RuO2ÿ
4 �OHÿ �K1


RuO4�OH�3ÿ �8�
RuO4�OH�3ÿ �OHÿ �K2


RuO4�OH�4ÿ2 �9�


Moreover, in order to explain the v0 dependenceon
[OHÿ], it is assumedthattheactivespeciesof catalystare
RuO2ÿ


4 , asthe major speciespresent,andRuO4(OH)3ÿ,
to a muchlower extent.


The dependenceof the initial rate on [2-propanol]
suggeststheformationof an intermediatecomplex,C2ÿ


1 ,
between the catalyst active speciesand the organic
substrate.Thus,we canwrite for RuO2ÿ


4 species:


�CH3�2CHOH� RuO2ÿ
4 �


k1


kÿ1


C2ÿ
1 �10�


The resultsreportedby Cundaryand Drago29 for an
MO analysis of the interaction between cis-
[Ru(HN=CH—HC=NH)2 (NH3)(O)]2� and methanol
showthat the largersizeof second-rowtransitionmetal
atoms increasesthe possibility of coordinationof the
substrateto the metal via the hydroxylic oxygen.This
coordinationimpliesa largenegativeDS*, indicatingthat
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a strongly associatedcomplex exists in the rate-
determiningstep.Furthermore,this complexundergoes
further stabilizationfrom the increasein the interaction
betweenthe C—H bond and the Ru—O p system.A
similar intermediatehas been proposedin the CrO2�


reactionwith methanol.30 Other authors31 also suggest
the formation of cyclic structuresas transitionstatesin
othertypesof reactions,basingthis on their observations
of large isotopeeffects and high negativeentropiesof
activation.


Therefore,C2ÿ
1 couldbea cyclic complexin which 2-


propanol is coordinatedto the metal via hydroxylic
oxygen and a hydrogen bond between the Ru(VI)
oxoligandandthehydrogenof a-C is formed:


Thiscoordinationmayexplainwhy stericallyhindered
alcohols react more slowly.30 Thus, under the same
experimental conditions {[substrate]= 0.2M,
[K3Fe(CN)6] = 1.2� 10ÿ3 M, [NaOH] = 0.2 M,
[Ru(VI)] = 4� 10ÿ6 M, I = 0.5M andT = 30°C}, ethanol
reactsmore quickly [v0 = (7.25� 0.05)� 10ÿ7 l molÿ1


sÿ1] than2-propanol[v0 = (5.62� 0.02)� 10ÿ7 l molÿ1


sÿ1].
The intermediatecomplex,C2ÿ


1 , thus formed under-
goesslow decompositionproducinga reducedform of
rutheniumasRuO3(OH)3ÿ andcarboniumion:


C2ÿ
1 !


k2 �CH3�2C
�


OH� RuO3�OH�3ÿ �11�


This decompositioninvolvesa hydridetransferfrom the
a-C—H bondto theoxoligandof ruthenium


The moderateisotope effect observedsupportsthe
direct involvement of the carbon–hydrogenbond in a
slow step. A hydride-transfermechanismwould be
supportedby the following esperimentalresults:a) the
absenceof free radicalsin the reactionmedium[it has
beenreported32,33for theRu(III)-catalyzedoxidationsof
alcohols and diols by hexacyanoferrate(III)that the
presenceof freeradicalsin thereactionmixtureinvolves
ahydrogen-atomtransfer]andb) theobservationthatthe
oxidationof cyclobutanolproducescyclobutanoneasthe
soleproduct.


The next fast step will be the formation of 2-
propanone:


�CH3�2 C
�


OH�OHÿ ! �CH3�2CO� H2O �12�


We havepreviouslydescribedthat theoxidationof 2-
propanol by RuO2ÿ


4 , using the catalytic concentration
[RuO2ÿ


4 ] = 4� 10ÿ6 M, proceedswith a similar rate to


that of the reoxidation of Ru(IV), at that same
concentration,by 1� 10ÿ3 M Fe(CN)3ÿ6 . Hence,in order
to explain the dependenceof v0 on [Fe(CN)3ÿ6 ], we
proposethat the oxidationof the substrateby RuO2ÿ


4 is
followed by thecatalystreoxidationby theco-oxidant:


RuO3�OH�3ÿ � Fe(CN)3ÿ6 !
k3 RuO3�OH�2ÿ


+ Fe(CN)4ÿ6 �13�
RuO3�OH�2ÿ � Fe(CN)3ÿ6 ! RuO3�OH�ÿ


+ Fe(CN)4ÿ6 �14�
RuO3�OH�ÿ �OHÿ ! RuO2ÿ


4 � H2O �15�


In this way, when the [Fe(CN)3ÿ6 ] is high, the catalyst
reoxidationis fast relativeto substrateoxidationandthe
ratedoesnot dependon [Fe(CN)3ÿ6 ]. At low [Fe(CN)3ÿ6 ],
however, the two consecutivereactions(11) and (13)
have comparable rates and the rate depends on
[Fe(CN)3ÿ6 ].


We can write a similar reactionmechanismfor the
otheractivespeciesof catalyst:


�CH3�2CHOH� RuO4�OH�3ÿ�k4


kÿ4


C3ÿ
2 �16�


C3ÿ
2 !


k5 �CH3�2C
�


OH� RuO3�OH�4ÿ2 �17�
RuO3�OH�4ÿ2 � Fe(CN)3ÿ6 !


k6 RuO3�OH�3ÿ2
�Fe(CN)4ÿ6 �18�


The next stepswould be similar asthoseof reactions
(12), (14) and(15).


Hence,accordingto theabovereactionmechanism,the
rate equation that accountsfor the disappearanceof
hexacyanoferrate(III)is


ÿd[Ox]
dt
� 2k3�RuO3�OH�3ÿ�[Ox]


� 2k6�RuO3�OH�4ÿ2 �[Ox] �19�


As the amounts of RuO3(OH)ÿ and RuO3(OH)2ÿ


presentarenegligibleat any time (by forming a part of
fast steps),the total ruthenium(VI)concentrationcanbe
expressedas


�Ru(VI)�T � �RuO2ÿ
4 � � �RuO4�OH�3ÿ�


� �RuO4�OH�4ÿ2 � � �C2ÿ
1 � � �C3ÿ


2 �
� �RuO3�OH�3ÿ� � �RuO3�OH�4ÿ2 � �20�


To approacha rate equation compatible with the
experimentalone,it is necessaryto assumethefollowing
relations:


k2


kÿ1
� k5


kÿ4
;


k3


k2
� k6


k5
�21�
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that is,


kÿ1� k2 � ��kÿ4� k5� ; k5 � k6[Ox]
� �k2� k3[Ox]� �22�


where b and g are constants independent of the
experimentalconditions.


In accordancewith Hammond’spostulate,34 we can
considerthat the relations(21) for the parallel reaction
sets(10), (11) and (16), (17), and (11), (13) and (17),
(18) are not extremelyaffected,althoughthe real rate
constantsmaydiffer significantlyfrom eachset.


Onapplyingthesteady-stateconditionswith respectto
C2ÿ


1 , C3ÿ
2 , RuO3(OH)3ÿ and RuO3(OH)4ÿ2 , we obtained


for the rate of disappearanceof hexacyanoferrate(III)
[Eqn. (19)], the following expression:


v0 �
2k2k6�k1k3� �k4k6K1�OHÿ��


[S][Ru(VI)] T[Ox]
Zk3k6�kÿ1� k2�[Ox] � [S]


�k2� k3[Ox]��k3k4K1�OHÿ� � k1k6�
�23�


whereZ = 1� K1[OHÿ] � K1K2[OHÿ]2. Equation(23) is
in completeagreementwith all the experimentalresults
obtained,that is, the fractionaldependenceof v0 on [2-
propanol]and[Fe(CN)3ÿ6 ], thefirst orderin [Ru(VI)] and
thecomplicatedvariationon[OHÿ]. Thisequationcanbe
expressedas


v0 � �P1� P2�OHÿ��[S][Ox][Ru(VI)] T


�1� P3�OHÿ� � P4�OHÿ�2�[Ox] � [S]
�P5� P6�OHÿ� � P7[Ox][OHÿ� � P8[Ox]�


�24�


The kinetic datawerefitted to Eqn. (24) usinga non-
linear regression program based on the Marquardt
algorithm.35 The valuesobtainedfor the parametersof


Eqn. (24) were P1 = 4.63, P2 = 1.01� 102, P3 =
2.09� 101, P4 = 6.63� 102, P5 = 1.02� 10ÿ2, P6 =
1.09� 10ÿ2, P7 = 4.27� 101 andP8 = 1.00� 10ÿ3. The
agreementbetweenv0(calc)andv0(exp)is satisfactory,as
observedin Fig. 5. The averageerror of Eqn. (24) was
5.42%.


CONCLUSION


We havestudiedthe ruthenium(VI)-catalyzedoxidation
of 2-propanol by alkaline hexacyanoferrate(III). We
observeda changeof order from one to zero for both
Fe(CN)3ÿ6 and (CH3)2 CHOH speciesto increasetheir
concentrations.Thereactionshowsfirst orderin [Ru(VI)]
anda complicatedvariationon [OHÿ].


We testedexperimentallythatthesubstrateis oxidized
by catalyticquantitiesof Ru(VI) ataratesimilar to thatof
the reoxidation of intermediatesRu(IV) species by
Fe(CN)3ÿ6 . Hence we proposea mechanismbasedon
the catalytic cycle describedin Scheme2. The decom-
positionof intermediatecomplexC2ÿ


1 involvesa hydride
transfer from the a-C—H bond to the oxoligand of
ruthenium.


A similar cycle can be written for the other active
speciesof Ru(VI), RuO4(OH)3ÿ.
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Role of micellar inclusion in the photochemistry of 2-pyridyl
phenyl ketone. A steady-state and laser ¯ash photolytic
study
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ABSTRACT: The photochemical behavior of the 2-pyridyl phenyl ketone was studied by stationary techniques in
sodium dodecyl sulfate submicellar and micellar solutions. Nanosecond laser flash photolysis was employed to
identify the primarily produced transients. The photochemistry is mainly due to fast intramolecular photocyclization,
followed by photoaddition of water, with no competition by hydrogen abstraction from the surfactants by the triplet
ketone. The intramicellar water molecules are more reactive in photoaddition than bulk water molecules. Transient
absorption spectra and lifetimes were determined. By using quenchers which are solubilized in the micelle (biphenyl)
or in the bulk water (CuCl2), intra- and extra-micellar processes were characterized. Copyright 1999 John Wiley &
Sons, Ltd.


KEYWORDS: 2-pyridyl phenyl ketone; photochemistry; micellar inclusion; steady state; laser flash photolysis


INTRODUCTION


2-Pyridyl phenyl ketone (2-PPK) has been the subject of
previous investigations in homogeneous solutions be-
cause of its peculiar photochemical behavior1,2compared
with the 3- and 4-PPK isomers.3,4 By studying the
photochemistry of this molecule in water, ethanol and
other organic solvents of different polarity and hydrogen-
bonding ability,2 different photoreaction paths, leading to
cyclization and reduction products, have been recog-
nized. The relative contribution of the different pathways
to the overall reactivity was found to be governed by the
hydrogen-bonding ability of the solvent.


Like the other PPK isomers, 2-PPK can be solubilized
in micelles; the partitioning constant between aqueous
and micellar phase has been determined spectrophoto-
metrically in sodium dodecyl sulfate (SLS) and Triton X-
100 (TX-100) micelles. The values obtained (SLS
1.5� 104 and TX-100 7.6� 103 dm3 molÿ1) were very
close to those determined for the other isomers.5


In this paper, the photochemistry of 2-PPK in micelles
was investigated in order to obtain information about the
role of inclusion in micelles on the intra- and inter-
molecular photoprocesses of this molecule and to gain
further support for the reaction path proposed previously.


EXPERIMENTAL


Materials. 2-PPK was purchased from Aldrich and
purified by recrystallization from light petroleum. CuCl2�
2H2O (BDH) and biphenyl (J. T. Baker) were used
without further purification. Trifluoroethanol (TFE) was
a Fluka product. The surfactants sodium dodecyl sulfate
(SLS) (BDH, specially pure) and Triton X-100 (TX-100)
(Fluka) were used as supplied. Values of the critical
micellar concentration, cmc (8.0� 10ÿ3 and 2.6� 10ÿ4


mol dmÿ3 for SLS and TX-100, respectively), and
aggregation numbers,N (62 and 143), were taken from
the literature.6 Doubly distilled water was used.


Equipment and measurement conditions. Absorption
spectra were measured on a Perkin-Elmer Lambda 16
spectrophotometer or on a Beckmann DU-7500 diode-
array spectrophotometer.


For laser flash photolysis measurements, 347 nm
radiation from a ruby laser (J. K. Lasers) was used. The
laser energy was less than 10 mJ per pulse; the time
resolution was about 20 ns. The expected accuracy in
lifetime was within 10%. Spectral and kinetic measure-
ments were carried out using a flow-through the cell
system with a ketone concentration of the order of
1.5� 10ÿ3 mol dmÿ3. Typically, measurements in
micellar solutions were carried out with an occupancy
number n< 1, in order to ensure preferential mono-
occupancy, based on a Poisson distribution. However,
some measurements were also carried out at submicellar
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surfactantconcentrationand in micellar solutionswith
n> 1.


Steady-stateirradiations of SLS submicellar and
micellar solutionsof 2-PPK were carriedout using the
254nm light from a low-pressuremercuryarc (Mineral
Light). The 2-PPK concentrationwas of the order of
6� 10ÿ5 mol dmÿ3.


All experimentswereperformedat room temperature
(20� 2°C) using freshly preparedsolutions; macro-
scopic homogeneity of the micellar solutions was
obtainedby sonication.


RESULTS


Steady-state photolysis


Steady-statephotolysisof 2-PPK(6� 10ÿ5 mol dmÿ3)
was carried out in air-equilibratedaqueoussolutions
containing different amounts of surfactant,
[SLS] = 5� 10ÿ3, 2.5� 10ÿ2, 0.1 and0.628mol dmÿ3,
correspondingto a submicellarconcentrationsolution
and micellar solutions with n = 0.22, 0.04 and 0.006,
respectively (n representsthe averageof solutes per
micelle).Themeasurementconditionsaresummarizedin
Table1 alongwith themain-peakwavelengthsat theend


of irradiation.Thespectralvariationsof 2-PPKsolutions
under continuous irradiation with 254nm light were
strongly dependenton the surfactant content of the
solution. Examplesare given in Fig. 1 where the time
courses of the spectral changesof 2-PPK at three
different SLS concentrationsare reported(total irradia-
tion time 45 min).


As can be seenfrom Figure 1(a) (submicellarSLS
concentration),the intensity of the p,p* band(269 nm)
increased,changing into two double-peakedmaxima
(259–266and287–298nm); two newbandsappearedat
216 and 340nm (broad). Clear isosbesticpoints were
detectedat 210,271and285nm.


In a micellarsolution[n = 0.22,Fig. 1(b)], thespectral
evolutionfirst observedwasin thesamedirectionasthat
describedabove,but, after a short irradiation time, the
isosbesticpointswerelost andthetypical double-peaked
bandsdisappeared.Therefore,in the 260nm region,an
initial increasein absorbancewasfollowedby adecrease
[seeinset,Fig.1(b)].Newbandsgrewat228and288nm.
Moreover, a broad absorption in the visible region
(�max= 450 nm), hardly detectablein the submicellar
solution,increasedin intensity.


At highermicellarconcentration[n = 0.006,Fig. 1(c)],
thespectrumshowedthemainincreasein the300–400nm
region (maxima at 298, 328 and 390 nm). A broad
absorptionin thevisible regionwascenteredat 595nm.


Figure 1. Irradiation time courses (full lines) of air-
equilibrated 2-PPK solutions ([2-PPK] = 6.0� 10ÿ5 mol
dmÿ3, cell path 1 cm). (a) [SLS] = 5� 10ÿ3 mol dmÿ3


(submicellar concentration); (b) [SLS] = 2.5� 10ÿ2 mol
dmÿ3 (n = 0.22); inset, absorbance changes at 265 nm
under continuous irradiation; (c) [SLS] = 0.63 mol dmÿ3


(n = 0.006). Total irradiation time, 45 min. Dashed lines
represent the spectrum before irradiation


Figure 2. End-of-irradiation spectra (full lines) of air-
equilibrated 2-PPK solutions ([2-PPK] = 6.0� 10ÿ5 mol
dmÿ3, cell path 1 cm). (a) [SLS] = 5� 10ÿ3 mol dmÿ3


(submicellar concentration); (b) [SLS] = 2.5� 10ÿ2 mol
dmÿ3 (n = 0.22); (c) [SLS] = 0.63 mol dmÿ3 (n = 0.006). Total
irradiation time, 4 h. Dashed lines represent the spectra
before irradiation
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If the irradiationwascarriedout for a longer time (4 h,
Fig. 2), the concentratedmicellar solution remained
almostunchanged[Fig. 2(c)], while the submicellarand
dilute micellar solutions tended to similar end-of-
irradiationspectracharacterizedby a prominentpeakat
288nm. The rate of increaseof this peakmatchedthe
absorbancedecreasein the 260nm region.Evolution in
this direction was faster in the dilute micellar solution
[Figs1(b)and2(b)] thanin thesubmicellarsolution[Figs
1(a)and2(a)].


An absorptionspectrumverysimilar to thatin Fig.2(c)
wasobtainedwhena concentratedmicellar solutionwas
addedto the irradiatedsampleof Fig. 2(b). Upon 1:3
dilution with waterof the irradiatedsampleof Fig. 2(c),
the spectrumbecamethat in Fig. 2(b). However,it was
impossibleto changethe two-peakedspectrumin Fig.
1(a) or (b) into the spectrumof the irradiatedmicelle-
concentratedsolutionby addingsurfactant.


The photochemistryof 2-PPKin purewaterwasvery
similar to that at submicellarSLSconcentration.


The photochemistryof 2-PPKin pureTFE resembled
that in submicellar solution up to the transformation
illustratedin Fig. 1(a); furtherirradiationleft thedouble-
peakedspectralpatternunchanged.Only whenwaterwas
added did the spectrum change toward the end-of-
irradiationspectrumwith themaximumat 288nm.


Summarizing,from the steady-statephotolysis,three
typesof absorptionspectrawereobtainedby irradiating
2-PPKin thepresenceof SLS:


(i) a two-peakedspectrum(A) which appearedin
submicellarand dilute micellar solutionsafter a short
irradiationperiod(alsoin waterandin TFE);2


(ii) a spectrumcharacterizedby the 288nm peak(B),
alsoshowingabsorptionsat higher (228 nm) and lower
(450nm)energies(alsoin waterbutnot in TFE),derived
from thepreviousone;


(iii) a spectrum which appearedin concentrated
micellar solution (C), extendingin the UV and visible
regions(characteristicpeaks:328and595nm).


The molecularspeciescorrespondingto spectraA, B
andC arerelatedasshownin Scheme1.


Scheme 1


Figure 3. Effect of base and acid addition to a solution containing both A
and B. (1) Starting irradiated solution; (2) after addition of concentrated
NaOH; (3) after addition of concentrated HCl


Table 1. Steady-state irradiation: experimental conditions and end-of-irradiation characteristic peaks observed in aqueous
solutions of 2-PPK (6� 10ÿ5 mol dmÿ3) containing various amounts of SLS


[SLS] (mol dmÿ3) n % mic [2-PPK]w [2-PPK]M/[2-PPK]w �max (nm)


5� 10ÿ3 0 6� 10ÿ5 288
2.5� 10ÿ2 0.22 78 1.3� 10ÿ5 3.6 288,450
0.1 0.04 95 0.3� 10ÿ5 19 288,450
0.63 0.006 99.3 0.04� 10ÿ5 149 328,590
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Theadditionof NaOHto B producedanewabsorption
(D), characterizedby aprincipalmaximumat393nmand
a weakerbandat 605nm, which reversiblyconvertedto
B when HClO4 was added.As shown in Fig. 3 the
addition of acid to the alkalinized solution completely
suppressedthe residual amount of A, presentbefore
alkalinization.


Experimentsin TFE showedthatwaterwasnecessary
for the processA → B. ReversibleconversionB ↔ C
indicatedthat spectraB andC originatedfrom the same
chemicalspeciesin adifferentenvironment:B wasin the
bulk water, whereasC was enclosedin micelle. The
unconvertibilityof A to C (or vice versa)indicatedthat
thespeciescorrespondingto A wasprobablyapolarone,
which,onceit hadescapedfrom themicelle,couldnotre-
enter to give spectrumC, but proceededto B. The
reversibleconversionB ↔ D, when NaOH/HCl was
added,indicatedanacid–baseequilibration.


Nanosecond laser ¯ash photolysis measurements


2-PPK was investigated by nanosecondlaser flash
photolysis (�exc= 347 nm) in SLS anionic micelles.
Someexperimentswerealsocarriedout in TX-100 non-
ionic micelles, where the moleculesexperiencea less
polarenvironment.5


Measurements in SLS. Spectra and kinetics of the
transientsobtainedupon flashing2-PPK aqueoussolu-
tions ([2-PPK]= 1.5� 10ÿ3 mol dmÿ3) in the presence
of SLS were takenat submicellarsurfactantconcentra-
tion and in micelle solutionat variousmicellar concen-
trations.Oxygen-freeandair-equilibratedsolutionswere
investigated.The spectraland kinetic dataobtainedare
reported in Table 2. Time-resolved spectra of the
transientsobtained from an air-equilibrated micellar
SLS solution ([SLS] = 0.03 mol dmÿ3, n = 4.2) of 2-
PPK([2-PPK]= 1.5� 10ÿ3 mol dmÿ3) aregiven in Fig.
4.


Thespectralandkineticbehavioruponlaserexcitation
of submicellarsolutions([SLS] = 5� 10ÿ3 mol dmÿ3) of
2-PPKis similar to thatpreviouslyfoundin purewater.2


Two transientswereobserved(first-orderdecay),ashort-
lived one, T1 (t1 = 420ns at 330nm in an oxygen-free
solution, quenching by oxygen, kox = 2.8� 109 dm3


molÿ1 sÿ1) anda longer-livedone,T2 (rise-time= 380ns
at 520 nm), mainly absorbing in the visible region
(�max= 400 and 490nm, t2 = 800ms), which was in-
sensitiveto oxygen.


The behaviorupon laserexcitationof 2-PPK in SLS
micellar solution([SLS] = 0.63mol dmÿ3, n = 0.15)was
similar to that describedin submicellarmedium,but the
lifetime of the longer-livedtransient,T2, wasshortened
(t2 ca100ms).Thedecaykineticswerealsoinvestigated
in the presenceof quencherswhich were prevalently


Table 2. Spectral and kinetic characteristics of the transients obtained by ¯ashing 2-PPK aerated solutions containing different
SLS concentrations.


T1 (� = 320–330nm) T2 (� = 390–490nm) T3 (� = 340nm)


[SLS] n t(ms) kox(dm3 molÿ1 sÿ1) t(ms) k(CuCl2)/(dm3 molÿ1 sÿ1) t(ms)a


0.63 0.15 0.27 3.3� 109 93 1.3� 107


0.1 1.0 0.26 23 24
0.03 4.2 0.26 9.5 11
0.005 Submic. 0.35 2.8� 109 800
Waterb 0.45 3.2� 109 �600


a Risetime.
b In oxygen-freesolution;from Ref. 2.


Figure 4. Time-resolved spectra of the transients obtained
upon laser excitation (347 nm) of 2-PPK ([2-
PPK] = 1.5� 10ÿ3 mol dmÿ3) in an air-equilibrated SLS
micellar solution ([SLS] = 0.03 mol dmÿ3, n = 4.2). (a) &,
0.02 ms; *, 0.32 ms; *, 1.6 ms. (b) &, 2.0 ms; *, 32 ms; *,
160 ms
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solubilizedin themicelle (biphenyl)or in thebulk water
(CuCl2) andwereessentiallytransparentat theexcitation
wavelength(347nm).Biphenyl,anefficientquencherof
triplets,7 residespredominantlyin the micellar pseudo-
phase8 (>99%with [biphenyl]= 10ÿ3–10ÿ2 mol dmÿ3 in
a 0.6 mol dmÿ3 SLS solution).9 The Cu2� ion is an
efficient quencherof radicalsanddissolvesin the water
phase and the micellar surface.10 The addition of
biphenyl (3� 10ÿ3 to 10ÿ2 mol dmÿ3) to SLS micellar
solutions([SLS] = 0.63mol dmÿ3) of 2-PPKleft the T1


and T2 lifetimes unchanged.However,sensitizationof
triplet biphenylwasindicatedby theabsorbanceincrease
(DA) at370nm.ThesensitizationStern–Volmerconstant
(Ksv = 88 dm3 molÿ1), obtained from the relationship
DAÿ1 = DAmax


ÿ1 (1� 1/Ksv[biphenyl]),4 indicates a
short-livedtriplet sensitizer(t� 10 ns).The additionof
CuCl2 resultedin a decreasedT2 lifetime (but not DA)
measuredin the visible region (kq = 1.3� 107 dm3


molÿ1sÿ1).
By decreasingthe surfactant concentrationin the


micellar range,which implies an increasedoccupation
number, a peculiar behavior was observed.The T2


lifetime decreasedfurther; this decreasewas accompa-
niedby anincreasedabsorbanceat340–350nm(T3, rise-
timematchest2), whichwasstableat leastfor 1 ms(long-
lived transientor photoproduct).


Measurements in TX-100. The first transient, T1,
detected upon laser excitation in a TX-100 ([TX-
100]= 0.41 mol dmÿ3) micellar solution of 2-PPK ([2-
PPK]= 1.5� 10ÿ3 mol dmÿ3, n = 0.52) exhibited an
absorptionpeakat340nm,anextendedabsorptionwithin
360 and 510nm and a low-intensity band at 610nm.
After a few hundrednanoseconds,the 340 and 610nm
bands decreased(t1 = 0.32ms), while the absorption
slightly increasedat 390 and 520–540nm (rise-timeca
0.4ms). The spectralevolution within 1.6ms after the
laser shot is illustrated in Fig. 5(a). The subsequent
spectralchanges[Fig. 5(b)] and kinetics indicated the
presenceof two other transients:a long-lived one (T2,
t2 = 120ms,�max= 390nm) anda shorter-livedtransient
(T3, t3 = 25ms), which absorbed in both the UV
(�max= 340 nm) and visible (�max= 490 nm) regions.
In thevisibleregionthedecayprofilefits abi-exponential
law because the T2 absorption overlapped the T3


absorption. Even though it was barely measurable
experimentally,the rise time of T2 (390 nm) wasof the
sameorderof magnitude(ca 0.2ms) as that of T3 (530
nm) and very closeto the T1 lifetime. This meansthat
both T2 and T3 originated from T1. Owing to the
shortnessof t1, thespectrain Fig.5(b)containedonly the
absorptioncontributionsfrom T2 andT3; after160ms,the
spectrumrepresentedsubstantiallytheneatabsorptionof
T2. By subtractingthis spectrumfrom thatrecordedafter
2ms (no contributionfrom T1), theneatabsorptionof T3


was obtained (Fig. 6). The T3 spectrumshowedtwo
maxima at 340 and 500nm. Both T1 and T3 were
sensitive to oxygen (kox = 2.9� 109 and 4� 108 dm3


molÿ1 sÿ1, respectively).Both the T2 and T3 lifetimes
werequenchedby CuCl2 with rateconstantsof 7.3� 106


and 2.5� 107 dm3 molÿ1 sÿ1, respectively. Adding
biphenyldid not affectt or DA of the transients;a slight
absorptionincreasewasobservedonly at 370nm with a
decaytime of ca 2ms, presumablydue to the biphenyl
triplet.11 Thecharacteristicsof thetransientsobtainedare
reportedin Table3.


Figure 5. Time-resolved spectra of the transients obtained
upon laser excitation (347 nm) of 2-PPK ([2-
PPK] = 1.5� 10ÿ3 mol dmÿ3) in an air-equilibrated TX-100
micellar solution ([TX-100] = 0.41 mol dmÿ3, n = 0.54). (a)
&, 0.06 ms; *, 0.3 ms; 6+, 1.6 ms. (b) &, 2.0 ms; *, 21 ms; 6+,
160 ms


Figure 6. Absorption spectrum of T3 obtained by subtraction
of spectra in Fig. 5(b) (see text)
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DISCUSSION


Micellar solutionsusedin the steady-stateexperiments
were so diluted in 2-PPK (Table 1) as to exclude
intramicellar bimolecular interactions. In the flash
photolysisexperiments,owing to irradiatingon theweak
n,p* transition,higher2-PPKconcentrationswereused,
andthereforethe occurrenceof bimolecularinteractions
within the micelle could not be ruled out. The photo-
reactivity, and therefore the spectral changes,were
mainly determinedby the distribution of the molecules
between the aqueous and micellar phases and the
dynamics of entry and exit from the micelle of the
speciesproduced.


An assignmentof photoproducts is proposed in
Scheme2; specieswhich were not spectrallydetected
areenclosedin squarebrackets.As shownin Scheme2
the most importantprocesswas the fast intramolecular
reactionof 2-PPK.In this scheme,spectrumA (typical
two-peakedband),observeduponashortirradiationof an
air-equilibratedsubmicellarSLS solution or even of a
low micelle-concentration solutionof 2-PPK,similar to
thatalsofoundin purewater,waspreviouslyassignedto
a cyclic ketone.2 This species is probably in the
protonatedform whenin bulk water,but is deprotonated
in thelesspolarenvironmentof themicelle.Fluorenone-
like heterocyclic ketoneshave in fact been found to
exhibit absorptionsspreading in the visible region,
strongly dependenton pH and solvent.12 Hydrogen
abstractionfrom thesurfactantby then,p* triplet ketone,
which was found very efficient for the 3- and 4-PPK
isomers,4 was not detected here. This indicates an
efficient competitionof the intramolecularfast reaction
with the bimolecular interaction of the short-lived
(picosecondtime-scalein water)2 triplet of 2-PPK.


The subsequentspectralevolution observedin both
submicellar and low micelle concentrationsolutions
(spectrumB, 288nm peak)was also observedin water
after a longer irradiation time, but not in neat TFE,
indicatingthatwateris involvedin thephotoreaction.We
suggestthat B derives from the photoadditionof one
water molecule to the carbonyl (Scheme 2). The
difference between submicellar and dilute micellar
solutionsis a fasterrate(aboutfivefold) of B formation


in themicellar solutionthanin thesubmicellarone(and
muchmore than in water). In a moreconcentratedSLS
solution ([SLS] = 0.63 mol dmÿ3, n = 0.006),wherethe
micellizationis 99%andthe2-PPKconcentrationin the
bulk water is of the orderof 10ÿ7 mol dmÿ3 (ascalcu-
latedfrom thepartitioningconstant, 1.5� 104 dm3molÿ1),5


the evolution to spectrumC of the irradiated2-PPK is
apparentlydifferent.However,the conversionof C to B
by dilution with waterandof B to C by addingsurfactant
indicatesthat thesamespeciesis photoproducedin both
micellesandwaterandthespectraldifferencesaredueto
thedifferentenvironments.Photoadditionof waterto the
photoproducedcyclic ketonein micelles,whichprobably
occurs on the unprotonatedform, is so fast that the
speciesspectrally detectableis directly the addition
productC. While it may be surprisingthat water adds
more easily in the micelle than in the bulk, we believe
that watermolecules,penetratinginto the micelle,13 are
morereactivethanbulk watermoleculesbecauseof the
hydrogen-bondedstructurein the bulk. This meansthat
theketoneis locatedin theaqueousSternregion,nearthe
water–micelleinterface.In fact,nearthemicellarsurface,
a certain‘porosity’ existswherewatermoleculespene-
tratevery deeply,13 up to a distanceof four to six carbon
atoms.14Thus,‘free’ watermoleculescaneasilyaddto the
carbonylin the micelle cage.Similarly, the fasterrate in
submicellarsolutionthanin purewatercanbe attributed
to the ‘structure-breaker’role playedby the surfactant.


The reversible effect of acid/baseaddition to the
irradiatedsolutionsandthenewspectrumD observedin
very alkaline solution support the hypothesisof the
photoproductstructurebearingtwo basicfunctions.It can
alsobe observedthat in the aqueous(pH� 5) irradiated
systems(spectrum1 in Fig. 3), A (259–266nm) andB
(288 nm) are both presentwith a shoulderat 328nm;
after alkalinization (pH> 10) and re-acidification
(pH< 3), the 328nm absorptiondisappears.This beha-
vior supportsthe assignmentof the 328nm peak to a
speciesof intermediatebasicitybetweenB andD. This is
probably the adduct C which dominatesthe spectral
patternin SLSconcentratedsolution[Fig. 2(c)].


Laser flash photolysis experimentsare not easily
relatedto steady-stateirradiation experiments,for two
reasons.First,owingto experimentalrequirements,the2-


Table 3. Spectral and kinetic characteristics of the transients obtained by
¯ashing an aerated TX-100 micellar solution ([TX-100] = 0.41 mol dmÿ3,
n = 0.52) of 2-PPK


Transient �max (nm) t (ms) Effect of quenchers


T1 340 0.32 kox = 2.9� 109 dm3 molÿ1 sÿ1


T2 390 120 k(CuCl2) = 7.3� 106 dm3 molÿ1 sÿ1


T3 340 26 kox = 4.6� 108 dm3 molÿ1 sÿ1


k(CuCl2) = 2.9� 107 dm3 molÿ1 sÿ1


490 23 kox = 3.8� 108 dm3 molÿ1 sÿ1


k(CuCl2) = 2.0� 107 dm3 molÿ1 sÿ1
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PPK concentrationdiffers by more than two ordersof
magnitude.Second,the transientsdetectedupon laser
excitation, which are the precursorsof the species
(intermediatesand/orfinal photoproducts)observed under
continuousirradiation, may exhibit different affinities
towardsmicellesandmay relocateduring their lifetime.


The closesimilarity of the photobehaviorof a water
solution and a dilute micellar solution at the earliest
irradiationtimes(spectrumA) allowsoneto hypothesize
a reaction mechanismanalogousto that proposedin
water.2 The photochemistryoriginatesfrom the short-
lived triplet n,p* state,which is hererevealedindirectly
by biphenyl sensitization occurring in the micelle.
Sensitizationof biphenyloccurssincethetriplet energies
of 2-PPK15 andbiphenyl16 match(ET� 65.5kcalmolÿ1)


but the exciting light is only absorbedby 2-PPK.Of the
directly detectedtransients,only T1 (Table 2) in its
kinetics and spectralbehaviorcorrespondswell to the
transientfound in water,which hasbeenassignedto the
triplet dihydro derivative (Scheme 3). This species,
becauseof its insensitivity to CuCl2 addition,residesin
micelle. By crossingto the singlet state, it yields the
dipolar speciesT2. However,as shownin Table 2, the
lifetime of this transientis muchshorterin the micellar
solution than in water (which, in turn, is close to a
submicellar solution). Since such a dipolar structure
would exist almostexclusively in the aqueouspseudo-
phase,shorteningof its lifetime could be due to some
quenchingprocessoccurring on (or before) exit from
micelle.As shownin Table2, thequenchingis operative


Scheme 2
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in the micellar solutions and becomesmore efficient
when the micelle concentrationdecreases(occupation
number increases). The increased quenching with
decreasedmicelle concentrationcan be explained by
assuming a quenching process of T2 by unreacted
ground-stateketonein the micelle cage.As the occupa-
tion numberincreases,this processbecomesmore and
moreprobable,thusreducingthe T2 lifetime. T3, which
clearly derivesfrom T2, is the quenching(unidentified)
byproduct,which is undetectablein concentratedmicelle
solutionsbecauseit is producedin smallamounts,butit is
indirectly revealedby the DA (330 nm) decreasewhen
CuCl2 is added.In the submicellarmedium,wherethe
cageeffectdoesnot occur,theT2 lifetime is of thesame
orderof magnitudeasin theabsenceof surfactant.


Scheme 3


Thebehaviorin TX-100showssomeanalogies,evenif
not supportedby results under continuousirradiation,
since steady-stateirradiation experiments were not
performedowing to the appreciableabsorptionof the
254nmlight by thesurfactant.Thefirst transientT1 is the
sameas in previouscases,that is, a triplet species,as
provenby oxygenquenching.Subsequently,theproduc-
tion of T3 (typical absorptionwith two maximaat 340
and 490nm, t� 25ms), which has previously been
assignedto a radical derived from TX-100,4 indicates
an interactionof the surfactantwith T1. Since T1 is a
triplet, hydrogenabstractionfrom the surfactantis the
processmostlikely to occur.We recall thatTX-100 is a
more efficient hydrogendonor than SLS,4 where this
processwasnot detected.


CONCLUSIONS


The peculiarbehaviorof 2-PPK,comparedwith the 3-
and4-PPKisomers,is demonstratedby theresultsof this
work. The surfactant concentration in submicellar
medium, which was high enoughto causeinteraction
with the 3- and 4-PPK triplets yielding hydrogen
abstraction,4 hasno effect on either the photochemistry
or the dynamicsof the transientsinvolved in the 2-PPK
photolysis, apart from a slight reduction in the time
requiredfor the water photoadditionreaction.Even in
micellar solution, where the interaction of the triplet
ketonewith thesurfactantshouldincreasebecauseof the
vicinity effect, the monomolecularprocessis by far
preferred.


The photochemistryof 2-PPK in the presenceof
surfactantdoesnot substantiallydiffer from the photo-
chemistry in water. This is due to the very strong
reactivity of its n,p* triplet state in hydrogen-bonding
mediawhich competesefficiently with otherphotophy-
sicalprocessesor bimolecularinteractions.Thus,thefirst
reactionstepis thesamein micellarmediumasin water,
becausetheketoneis enclosedin amicellarsitewherethe
carbonylis exposedto interactionwith water.Theeffect
of the microheterogeneoussystemis mainly reflectedin
the decaydynamicsof the transientswhich are photo-
producedandthe rateof waterphotoaddition.The cage
effect is responsiblefor the quenchingprocessobserved
in micelles and is particularly evident under the high
occupationnumberconditionsof the laserexperiments.
The interstitial water affectsthe rate of photochemistry
by rapidadditionto thefirst observedmetastablespecies.


Acknowledgments


Supportby the Italian Ministero per l’Università e la
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The inductive effect: theory and quantitative assessment
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ABSTRACT: The concept of the inductive effect is defined in terms of thermodynamics and its quantitative
estimation is reviewed. The electrostatic (through-space) and sigma-inductive (through-bond) theories are confronted
and experimental proofs evaluated, with the result that both theories are very approximate and neither is in principle
correct. The inductive effect in isolated molecules (acids, bases, anions, cations) is estimated separately by means of
isodesmic reactions. Copyright 1999 John Wiley & Sons, Ltd.
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INTRODUCTION


The inductive effect was one of the fundamental concepts
of the classical English school.1 Together with the other
substituent effects, it should approach to the complex
question of how the individual parts of a molecule
influence each other. Further development of this concept
proceeded mainly along two lines.2,3 On the one hand,
inductive effects of individual substituents were quanti-
tatively estimated4–6 and expressed in terms of constants
of various types (s*, sI, sF). On the other hand, the mode
of transmission was discussed7–10 in terms of two
alternative theoretical concepts, usually called ‘transmis-
sion through bonds’ and ‘transmission through space’.
Although in the opinion of some workers the dilemma
has been resolved, the view was also offered8 that the
problem is poorly formulated and neither of the two
theories is correct. Further contributions to this problem
appeared recently11–19so that a new review may appear
appropriate. Parallel reviews in this issue deal mainly
with the above question of transmission20 or with the
quantitative prediction.21 In the present paper, we shall
attempt to treat the problem from a more general point of
view. The reasoning presented previously8 should not be
repeated, merely attention should be focused on the most
general problems and on new results.


DEFINITION


Ingold1 originally defined the inductive effect in terms of
electron density which is merely descriptive and not
acceptable from the point of view of rigorous quantum
chemistry. The classical example is chloroacetic acid (pK
2.86), which is stronger than acetic acid (pK 4.76),
supposedly owing to the inductive effect of chlorine. This
example can be used for a kind of operational definition:2


the inductive effect is defined as a difference of a
measurable quantity between a substituted and an
unsubstituted molecule. In a more detailed description,
one has to divide a molecule into three parts:2,5


substituent which is changed, functional group on which
an observable quantity is localized and a skeleton
connecting both. This definition has an exact physical
meaning but is fairly general and can describe a
substituent effect of any kind. We can define further that
the substituent effect is called ‘inductive’ when the
connecting skeleton has a particular structure: it must not
contain any double bonds (or at least not a conjugated
system) and should be sufficiently large to eliminate any
direct steric effect (van der Waals interaction). Particu-
larly convenient is the skeleton of bicyclo[2.2.2]octane22


but it has been proved5 that in almost all cases even a
single methylene group is sufficient, as in the mentioned
case of chloroacetic acid. While we can be satisfied with
the definition, the term ‘inductive’ is not satisfactory in
connection with the mentioned discussion8,9 about the
two possible mechanisms. Although it was suggested that
both through-bond and through-space transmission might
be designated as inductive,23 in common sense the word
inductive would be connected with the former. At present
we have no better term; also, replacement of such a
common term would hardly be feasible. Therefore, we
shall retain here the term ‘inductive effect’ in a general
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sense, without connecting it with any assumed mechan-
ism.


Also, the term ‘measurable quantity’ may be defined
with more precision. The original content of the theory
was reactivities, which means either equilibrium or rate
constants in various reactions, mostly proceeding in
solution. Recently, great attention has been given to
NMR shifts,15,24–26mainly of 19F and13C nuclei. How-
ever, these quantities are governed at least in some
molecules by different laws, and doubts were offered27 as
to whether they can be explained in terms of the inductive
effect (or by a combination of inductive and mesomeric
effects). In this review, attention is focused on reactiv-
ities, i.e. on the values ofDG° andDG≠, or sayDH° and
DH≠. Particularly important are equilibrium quantities in
water28 and in the gas phase29,30 since in this case the
substituent effect has a direct physical meaning. Thus in
the mentioned case of chloroacetic acid, the inductive
effect of chlorine is given by the value ofDG° of the
reaction


ClCH2COOH(aq)� CH3COOÿ(aq)


� CH3COOH(aq)� ClCH2COOÿ(aq)


�G�1 � ÿ10:78 kJ molÿ1


According to this definition, the inductive effect has an
exact meaning from the thermodynamic point of view but
nothing is said about its nature or mode of propagation.


QUANTITATIVE ESTIMATION


The inductive effect of individual substituents can be
quantitatively evaluated and expressed in terms of
substituent constants. It is sufficient to select a model
system in which the necessary compounds are syntheti-
cally available and the observable quantity can be
measured with acceptable accuracy. For these reasons,
ionization constants appear particularly suitable. Of
several models,4,5,22,31–34 4-substituted bicyclo[2.2.2]-
octane-1-carboxylic acids22 (1) or 4-substituted quinu-
clidines31,32(2) are best suited from the theoretical point
of view, since any direct steric interaction is excluded.


The pK values can be measured in 50% ethanol or in
water; the substituent inductive effect is expressed by the


substituent constantsI and defined by Eqns5 (2) and (3),
respectively:


�logK ÿ logK��BCO;50A � 1:56�I �2�


�logK ÿ logK��QUIN;w � 5:28�I �3�


However, it was proved in a convincing manner5 that
simple substituted acetic acids furnish the same scale of
sI while pK can be measured in water with better
accuracy. Steric effects or hydrogen bonds could come
into play only for large substituents and even then
seem to be negligible in water solution. In the definition
of Eqn. (4) the large proportionality constant is of
advantage:


�logK ÿ logK��ACET;w � 4:05�I �4�


Of course, the most important question is whether the
constantssI defined according to Eqns (4)–(6) are
identical within the assumed accuracy, or even valid
also for other compounds. Comparison of several model
systems6,35 and systematic statistical analysis of practi-
cally all available data of many model systems5


confirmed this. Direct statistical comparison35 of the
model systems2 and 3 with 20 substituents gave a
correlation coefficientR = 0.989 and standard deviation
(SD) 0.033s units; these values can give a measure of
accuracy of the whole approach. Even some physical
quantities gave the same sequence of substituent
inductive effects provided that the structural require-
ments are met. The19F substituent-induced NMR shifts
in meta-substituted fluorobenzenes36 served to determine
sI on empirical grounds, although a conjugated system is
present. However, the accuracy is lower35 (R = 0.941,
SD= 0.068s units) and the deviation of the point for
hydrogen is significant.37 In a recent principal component
analysis38 which included also physical quantities, 98%
of variance was explained by the first component. The
last approach is to calculatesI by quantum chemical
procedures.35,39,40 These procedures are related to the
assumption that the inductive effect changes the charge
on a given place in the molecule but they should be
viewed merely as empirical and justified only by their
correlation with experimental quantities.


In conclusion, there is good evidence that many
observable quantitiesy, including all available values
of log K or log k, are with good precision linearly related
to each other and hence also to the inductive constantsI


according to Eqn. (5). The only precondition is a structure
as was defined above.


yÿ y� � �I�I �5�


This general applicability is characteristic only for the
inductive effect.2 Any reasonable explanation of this fact
must refer to the principle of similarity.41 When the


(1)
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observable quantities are so different, and the structures
of molecules are also different, there must be an essential
similarity in the very principle.37


Note that some authors6,29,39have replaced the symbol
sI by sF for the reasons discussed in the next section,
which are in our opinion not convincing. The change is
purely formal and without consequences for the validity
of Eqn. (5).


TRANSMISSION THROUGH BONDS OR
THROUGH SPACE


Theoretical concepts


According to Eqn. (5), unknown values of the observable
quantity can be predicted provided that bothsI andrI are
known. This means that the respective substituent has
already been investigated in a standard reaction (to obtain
sI) and the respective reaction under the specified
conditions has been investigated using some standard
substituents (to obtainrI). When this evidence is not
available, two approximate theories can be helpful. Their
recent detailed analysis8 can be recapitulated as follows.


In the theory called here ‘electrostatic,’ the inductive
effect is calculated as the interaction energy between the
charge in the anion (cation) and the substituent.42,43In the
case of a dipolar substituent, the energy is given by the
relationship


log�K=K�� � Z1e� cos�
2:303k T r2 �4�"o"ef� �6�


This calculation concerns the substituted ion on the right-
hand side of Eqn. (1). On its left-hand side, a similar
interaction is possible between the substituent dipole and
the dipole of the functional group (say COOH). This is
usually omitted as negligible.


When the substituent bears a charge, a pole–pole
interaction takes place and the equation has the form


log�K=K�� � Z1Z2e2


2:303k T r �4�"o"ef� �7�


In Eqns (6) and (7),Z1 and Z2 are the charges on the
reaction center and on the substituent, respectively: they
have usually the value� 1. The vectorm is the substituent
dipole (considered as a point vector on a proper place)
and the vectorr is the distance from the substituent
(charge or point dipole) to the reaction center; usually it is
measured up to the ionizable hydrogen atom.42–44 The
angle � is the angle between these two vectors. The
geometrical parameters are illustrated in Fig. 1 and some
examples of their values are given in formulas1–5. They
were calculated with the standard geometry for X = Cl;
the negative charge was placed between the two


carboxylate oxygen atoms42–44and the substituent dipole
into the middle of the C—Cl bond. All these assumptions
may seem rather arbitrary but they do not affect the result
very much and do not represent the main problem. The
main problem lies in the quantity43–45 eef, representing
any ‘effective’ relative permittivity. This has no other
physical meaning than of an artificial constant which
meets the experimental results according to Eqn. (6) or
(7). This means that the electrostatic approach cannot
work in practice without an auxiliary theory yielding a
value of eef for a given molecule. This value must lie
between the bulk permittivity of solvent (e.g."ext = 78 for
water) and the internal permittivity of the solute molecule
(usually the value of"int = 2 is taken44–46; this interval is
very large and the result of calculation is sensitive to the
parameters used and to computational details. The
popular cavity model of Kirkwood and Westheimer
places the molecule into a spherical44 or ellipsoidal45


cavity: this surface separates the spaces witheext andeint


(Fig. 1). The proper choice of parameters (radius of the


sphereR, or semiaxes of the ellipsoid) was discussed in
detail,8 and also the extended and more sophisticated
cavity models. The most important modification46


requires a constant value ofd, the difference between


Figure 1. Representation of an acid molecule within the
framework of the electrostatic theory. Shown are the
conventional position (Ref. 44) of the hydrogen atom *,
the dipole m, geometrical parameters r and �, a spherical
cavity with the radius R and the distance d of the charge from
the cavity surface
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the radius of the sphereR and the distancer (Fig. 1). In
conclusion, the whole treatment is rather flexible and can
be accommodated to various experimental results.


The alternative theory,47–49 called most properly
sigma-inductive, does not allow the inductive effect to
be calculated explicitly. It only describes its dependence
on structure for a given substituent and a given reaction
center; in terms of Eqn. (5) it can help to estimate the
reaction constantrI. For this purpose, it assumes that the
effect is weakened by every bond in the same ratio, called
the attenuation factor,e. This can be expressed by the
following dependence on the number of bondsn:


log�K=K�� � �I
��I�"


n �8�


wheresI is the normalized substituent effect as in Eqn.
(5) andrI° is the extrapolated reaction constant forn = 0
(usually compounds withn = 0 cannot be included into
the model). In further discussion,sI and rI° may be
simply viewed as adjustable parameters characterizing
the substituent and reaction, respectively: any solvent
effect is included intorI°. The summation in Eqn. (8)
extends over all possible paths (when there are more such
paths in the molecule, for instance in1 or 2 there are
three). This treatment22 is in fact an extension of the
original theory and is not quite consequent. In the
molecules such as4 or 5 the number of paths and their
length are not evident and this is a serious drawback since
similar somewhat exotic molecules played a relatively
great role in attempted experimental decisions between
the two theories. Therefore, an improvement of the
sigma-inductive theory was suggested50 in which the
molecule is compared to an electric network.8 If each
bond had a resistance of 1
 and an electromotive force
of 1 V was applied to the two terminals (substituent and
ionizable group), the resistance of the whole network
could be calculated by applying the Kirchhoff laws. In
the case of a straight-chain compound, this resistance
equals the number of bonds. For any other compound, it
can be called the effective number of bonds,nef, and
introduced into Eqn. (8) instead ofn to give Eqn. (9). The
improvement is considerable (Fig. 2 in Ref. 8). Of course,
the model lacks any actual physical meaning. It was
created50with the intention of comparing the two theories
at similar levels of sophistication.


log�K=K�� � �I
��I"


nef �9�
Note also that the sigma-inductive theory [Eqn. (8) or


(9)] is compatible with thers approach [Eqn. (5)]
whereas the electrostatic theory [Eqn. (6)] is not33 since
the geometrical parameters,r and �, are variable for
different substituents and cannot be included in the
constant r valid for all substituents. However, as
approximate relationships, all the named equations may
be valid simultaneously. In a recent approach,17,21


constantssI of composite substituents were calculated


on the principle of Eqn. (6) but the constantr remains as
an empirical parameter, in principle incompatible with
this equation.


Experimental decision


Both theories are evidently far from a true picture. When
a quantum chemical description is replaced by the
electrostatic approach, it is viewed in theoretical
chemistry as the zero-order approximation. Reduction
to the electrostatic energy is also incompatible with the
principle of bond energies:8 Eqn. (6) assumes that the
O—H bond energies on the two sides of Eqn. (1) are
equal. Even when this approximation is accepted, it is
certain that the electrostatic field is very inhomogeneous.
The question is whether this field can be approximated as
homogeneous with a uniform ‘effective’ permittivity as
in Eqn. (6), or described better in topological terms as in
Eqn. (8) or (9). Regardless of any theory, one can view
these equations as two relationships within the frame-
work of correlation analysis. Then the meaningful
question is which of them works better in practice. A
statistically significant answer would require the selec-
tion of a large sample of ‘typical’ compounds, calculation
of the DpK values according to either theory and com-
parison with experiments; from the result, no conclusions
can be drawn about the ‘nature’ of the inductive effect or
its ‘transmission’. There are two principal difficulties in
this procedure. First, the two theories are of different
predictive power. Equation (6) or (7) predicts an actual
value ofDpK provided thateef is calculated according to a
complementary theory but Eqn. (8) has two empirical
constantsrI andsI and is only able to predict relative pK
values for compounds with the same substituent and the
same functional group. In this way, the number of
possible model systems will be very restricted. The
second problem is still more general:51 how to imagine
the population of ‘typical’ compounds from which the
statistical sample should be withdrawn. No such defini-
tion is satisfactory and is not even realizable, e.g. acidic
compounds of all possible structures, all compounds with
acidity in the given limits, all compounds the acidity of
which has been reported or has been reported with a
given precision, etc. Consequently, correct statistical
investigations of this kind do not seem feasible.


Actually, the decision between the two theories has
been attempted many times in another way: specially
tailored molecules were synthesized which would yield
sufficiently different results according to Eqns (6) and
(8). Usually it was necessary to compare two molecules
or two systems. Attention was focused particularly on the
two following features. First, in Eqn. (6) the angle� is
involved whereas in Eqn. (8) it is not. According to Eqn.
(8), substituent effects in stereoisomers should be equal,
which is evidently not the case. Stereoisomers such as
fumaric and maleic acid are not completely convincing
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since they contain conjugated double bonds and do not
belong into the model of the pure inductive effect.
However, series of sophisticated molecules have been
synthesized with different values of this angle; they have
been listed in reviews8–10 and new examples added.19 A
particularly convincing example are the compounds52 6
and7, whose pK values differ dramatically, or compound
8, in which the bromine substituent has an acid
weakening effect,53 in agreement with� > 90°.


These facts were commonly interpreted9,10as meaning
that the electrostatic theory is ‘correct’ and the sigma-
inductive theory is ‘wrong’. There is certainly no doubt
that the substituent effect depends on the angle� but there
are also good proofs8 that its effect is overestimated by
Eqn. (6). In compounds9 and10, the values calculated
according to Eqn. (6) overestimate badly54 the influence
of the angle�. Note that also calculation ofeef is very
uncertain. Curiously, Eqn. (9) with"ef = 0.36 predicts the
ratio of pK values with reasonable accuracy.8 It has
happened several times that for very sophisticated
compounds no theory is satisfactory; examples have
been discussed.8–10


In the second approach, attention was given to
molecules of similar shape but differing in the number
of paths. The most important example8,10 is compounds
11, 1 and12. The observed relativeD pK values are fairly
close in spite of the difference in the number of paths, but
introducingeef according to Eqn. (9) brings a significant
improvement. When the relative effects are compared,


we cannot agree with the conclusion10 that the electro-
static model is good and the inductive model bad. Note


also some arbitrariness in the electrostatic calculations
(eef) and still more in the experimental values obtained in
different solvents; the values given here are ratios of
carefully calculatedrI in the same solvent.5


Statistical tests


Our conclusion from these examples and from some
others is that the problem cannot be solved by the
synthesis of special model compounds, and less so by
calculation of systems of atoms which are not mol-
ecules;8 every particular case can be explained with a
certain effort and every disagreement with experiment
can be considered as more or less acceptable. More
decisive could be statistical tests based on larger sets of
compounds. As mentioned above, a random selection
from all organic compounds is not feasible. However,
even a test summarizing the results on special model
compounds is much more efficient than the result from a
single compound. A very important test can be obtained
from recently measured29,55,56ionization equilibria in the
gas phase. Under these conditions, any cavity theory is of
little importance sinceeef in Eqn. (6) is near to unity:57 as
the highest possible the value of 1.5 was considered.58All


Figure 2. Test of the electrostatic theory on the ionization
equilibria in the gas phase, a plot of �DG° vs mcos�/r2


according to Eqn. 6, Tanford spherical cavity (Ref. 46). !,
Substituted carboxylic acids (3, 1, 4, bicyclooctenecarboxylic,
propionic, 3- and 4-methylbenzoic, adamantanecarboxylic,
cubanecarboxylic acids); *, substituted ammonium ions (2,
trimethylammonium, methylammonium, bicyclooctylammo-
nium); *, protonated substituted nitriles. (bicyclooctanecar-
bonitriles, acetonitriles, 3- and 4-methylbenzonitriles);
substituents CI, CN, F, CF3, CO2Me, OMe, Br, exceptionally
CCl3, OH, NO2 and SMe. The straight line has the theoretical
slope eef = 1. Experimental data from Refs 11, 12, 18, 29, 55
and 56
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experiments with various substituents and various
skeletons can be presented in one test. On the other
hand, polarizability effects appear in the gas phase in
which any substitution contributes to the stability of both
anions and cations.29,30 These effects can be accounted
for by choosing the reference compound (to whichK°
relates) with the substituent CH3 instead of H. In Fig. 2
we have collected available data on molecules with a
rigid skeleton or at least with an estimatable conforma-
tion. Particularly in the case of benzenemetaderivatives
e.g. 3-chloromethylbenzoic acid), the two possible
positions were taken with the same probability. Attention
was focused on the substituents with an appreciable
inductive effect. Figure 2 reveals that compounds with
different functional groups behave differently. While
ammonium ions are predicted with reasonable precision,
carboxylic acids and protonated nitriles exhibit increased
effects which cannot be accounted for within the
framework of the electrostatic theory since it would
require"ef< 1. We must conclude that in the case of ions
with delocalized charge the preconditions of Eqn. (6) are
not fulfilled. Since most of the experimental evidence
was based on carboxylic acids, all of these results are
somewhat in doubt. When the test is restricted to
ammonium ions (Fig. 3), the agreement with theory is
improved when the distancer is measured only to the
nitrogen atom, not to the hydrogen as usual42,44Even so,
there is a considerable scatter which cannot be explained
by imprecise geometry or uncertain conformation. Even a
correction for finite dipole length59 has a small effect. An
efficient comparison with the alternative theory, Eqn. (8)
or (9), is not possible since it would require more
experimental results with the same substituent and the
same reaction center. For instance, with X = Cl we have
at our disposal only three data on substituted amines and


three further can be obtained indirectly from other
substituents using Eqn. (1); plots of these data according
to Eqn. (6), (9) or (10) are equally scattered (not shown).


From the solution data, large sets are available in terms
of the constantrI. In this way even conjugated molecules
such as benzene derivatives can be included sincerI is
believed to measure only the inductive effect. In a
statistical test, Eqn. (6) was simplified by neglecting both
eef and cos� (for � <45°); as a measure of the distancer


Figure 3. Test of the electrostatic theory in the gas phase
restricted to ammonium ions with the distance r0 taken only
to the nitrogen atom. *, Quinuclidines and bicyclooctyl-
amines; *, methylamines and trimethylamines. The straight
line has the theoretical slope "ef = 1. Experimental data from
Refs 11, 29 and 55


Figure 4. Plot of the inductive reaction constants rI (�L, Ref.
14) in terms of different theories: (A) electrostatic theory,
Eqn. 6, Tanford's (Ref. 46) spherical cavity; (B) re®ned
inductive model, Eqn. 9; (C) simpli®ed ®eld model, Ref. 14,
Eqn. 10. The full line is theoretical from Eqn. 6 with eef = 1;
broken lines are regression lines
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the number of bondsn was substituted.14 The resulting
equation takes the form


log�K=K�� �or �1� � C=nm �10�


The best value ofm was 2 as expected. In our opinion,
this model could be designated as ‘modified electro-
static’. It is in a certain sense intermediate between the
Eqns (6) and (8); nevertheless, it was taken as a proof for
transmission through space. The fit achieved is shown
here in Fig. 4 concerning the fundamental reaction series,
carboxylic acids in water. Equations (6), (9) and (10)
appear to be of comparable accuracy and a statistically
significant decision is not possible. Although Eqn. (6)


would give the best fit in a regression, the slope of the
regression line differs from the theoretical slope, showing
the insufficiency of calculatingeef; at besteef can be
accepted as an adjustable parameter.


In Figure 4 both the slopes and fits are too strongly
affected by the remote points for substituted acetic acids
and acrylic (on the right). This defect is removed in
logarithmic plots (Fig. 5). The fit has been worsened in all
cases: any decision in favour of one theory was not
achieved.


Previously, we carried out similar tests based mainly
on pK values in 50% ethanol8 but the significance of the
data obtained is mixed solvents has been generally
challenged.60 Nevertheless, the result (Figs 5 and 6 in
Ref. 8) was partly similar to Fig. 2: while carboxylic
acids gave a reasonable trend, ammonium ions deviated
badly. One has to assume that in the calculation ofeef


there is an arbitrariness suitable just for carboxylic acids.
A Further important plot was for the pK of 2 in water
against the substituent dipolem (Fig. 4 in Ref 8); a rough
dependence was obtained for simple substituents but for
more complex groups the influence of� was over-
estimated. The dependence on solvent is in our opinion
particularly important since only in the dependence on
solvent is Eqn. 6 apparently superior to Eqn. 8. However,
the plot of calculated vs experimental pK for one
compound (Fig. 7 in Ref. 8) represents a complete failure
of the theory, for both mixed and pure solvents.


A different approach assumes the electrostatic and
sigma-inductive effects to be two independent phenom-
ena which could be expressed by different substituents
constants,sI and �, respectively.61 The reactivity data
correlated better withsI but this is in our opinion self-
evident since the constantssI were derived just from the
reactivities.


Conclusions drawn from the NMR shifts will not be
discussed here since the structural dependence of these
shifts is insufficiently known; conclusions have been
claimed in favor of both through-space transmission24,25


and through-bond transmission.15 Note that the terms
through-bond and through-space transmission as dis-
cussed here have little in common with the same terms
used for the interaction of separated orbitals, e.g. in 1,4-
diazabicyclo[2.2.2]octane. The latter problem was re-
viewed62 and extended to further atoms with lone-pair
orbitals.63 In this case, through-bond transmission was
considered to be deciding.


INDUCTIVE EFFECT IN ISOLATED MOLECULES


In the above examples the inductive effect was always
observed as a difference between two molecules: an acid
and its anion, a base and the conjugated cation or a
ground state and a transition state. Another complication
is due to measurement in water or other aqueous solvents


Figure 5. The same plots as in Fig. 4 on a logarithmic scale
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which involves unknown solvent effects. As mentioned
in the preceding section, the second problem may be
solved by measuring acid–base equilibria in the gas
phase. General methods are available,18,29,30 although
not all compounds can be investigated in this way64


(low volatility, rapid decomposition of ions, unknown
site of protonation). In the gas phase, instead of Eqn. 1
we have


ClCH2COOH(g)� CH3CH2COOÿ(g)


� CH3CH2COOH(g)� ClCH2COOÿ(g)


�G�11 � ÿ46:1 kJ molÿ1


Relative valuesDG°11 or DH°11 (mostly equal) can be
determined with reasonable accuracy, although the
absolute values ofDG°acid and DG°base are very large
and rather uncertain. More essential is the separation of
the effects in neutral molecules and in ions. A possible
way was suggested37 based on isodesmic reactions.65–68


For the example of chloroacetic acid, the isodesmic
reaction reads


CH3CH2COOH(g)� ClCH3(g)


� ClCH2COOH(g)� C2H6(g)


�H�12 � �16:2 kJ molÿ1


Its reaction enthalpy can be considered as a measure of
interaction of the two functional groups Cl and COOH, or
say the inductive effect of Cl on the COOH group orvice
versa. As mentioned in the previous section, an inductive
effect in the gas phase is accompanied by an effect of
polarizability, usually less intense;29,35for this reason, we
used in Eqns (11) and (12) as reference propionic acid
and not acetic acid. In this particular case the difference is
minute; in larger molecules it can be neglected. As a sum
of Eqns (11) and (12) we obtain Eqn. (13) expressing the
inductive effect in the anion:


CH3CH2COOÿ(g)� ClCH3(g)


� ClCH2COOÿ(g)� C2H6(g)�13�
�H�13 � ÿ29:9 kJ molÿ1


Evaluation of DH°12 was based on the known
enthalpies of formationDfH°; the primary experimental
quantities were the enthalpies of combustion. Determina-
tion of the latter quantity is cumbersome and only a
limited number of data are available.69,70 Therefore, we
attempted to calculate these data by quantum chemical
methods at a reasonably high level (HF/6–31G** and
MP2/6–31G** with a complete geometry optimization).
(O. Exner, P. Nausˇ and P. Čársky, unpublished work).
The model compounds were, in addition to chloroacetic
acid, particularly derivatives of bicyclooctane (1, X = F;
4-cyanobicyclo[2.2.2]octyl-l-amine) and2 (X = CN),


2,2,2-trifluoroethanol, 1,4-dicyanobicyclo[2.2.2]octane
and 2-cyanoethyldimethylamine, and comparison was
made also with some unsaturated compounds in which
the effect is predominantly inductive, such as 3-
nitrophenol, 3-nitroaniline and 3-cyanopyridine. The
result was that the values ofDH°12 are appreciable and
positive for smaller molecules as in Eqn. 12; for larger
molecules they are mostly less than 5 kJ molÿ1. Their
dependence on structure has nothing in common with the
known inductive effect. Non-additive effects of two
functional groups onDfH° in the simple molecules were
observed and interpreted in a complex way by two
independent modes of interaction of which only one was
inductive in character.71 The resulting equation has not
been tested further and no explanation is known. In any
case, the conclusion is safe that the inductive effect is at
least in some classical examples only partly due to
enhanced stability of the anion but partly also to the
lowered stability of the acid. From this point of view, it is
hopeless to calculate the effect only from the structure of
the ion as in Eqn. (6).


INDUCTIVE EFFECT IN CONFORMATIONAL
EQUILIBRIA


In most of the preceding reactions, charged particles were
involved, which caused a larger inductive effect and
allowed it to be calculated in terms of Eqn. (6). In
conformational equilibria the effects between uncharged
particles are smaller similarly as in Eqn. (12): electro-
static calculations may proceed either in terms of point
dipoles or each dipole may be represented by two point
charges. The calculations and results obtained have been
reviewed in detail.8 The dilemma of through-space or
through-bond effects has never appeared since suitable
model compounds for the sigma-inductive model are
hardly possible. Results for the electrostatic model
sometimes seemed not too bad.8 Note, however, that this
model would predict for all compounds the conformer
with the lowest dipole as the most stable. This is not valid
in many cases.72,73


INDUCTIVE EFFECT IN UNSATURATED SYS-
TEMS


In a skeleton containing isolated double bonds, the
inductive effect is transmitted over this bond with just a
slightly enhanced intensity than if this bond were single.
An example is substituted bicyclo[2.2.2]octene-1-car-
boxylic acids12 with rI in the gas phase of 14.3 compared
with rI = 13.4 for the saturated acids1; also in solution
the difference is very small.74 In terms of sigma-
inductive theory, a special value ofe can be given for
transmission through any kind of bond. In terms of the


(11)


(12)


(13)


Copyright  1999 John Wiley & Sons, Ltd. J. Phys. Org. Chem.12, 265–274 (1999)


272 O. EXNER







electrostatic theory, the difference must by accounted for
by slight changes in geometry.


In molecules with a conjugated system of multiple
bonds, an influence of resonance (mesomerism) cannot
be doubted but there is also no reason why the inductive
effect should be absent. Commonly accepted theory75


assumes that inductive effect and mesomerism (reso-
nance) can be expressed as a sum; in terms of constantss
this is written as


yÿ y� � �I�I � �R�R �14�


A well known example ismetaandpara derivatives of
benzene; variable blends of inductive and resonance
components are expressed by variable values ofrI and
rR. This interpretation was accepted generally for donor
substituents whereas for acceptors it was observed76 that
effects in themetaandparapositions are proportional for
a large series of substituent groups (NO2, CN, CF3,
CH2X, SO2X, SF5) according to the equation


logKpÿ logK� � ��logKm ÿ logK�� �15�


Our simple conclusion was that the named substituents
(viz. all substituents without a lone electron pair in thea-
position) act by one mechanism.76,77It is only a question
of terminology whether this mechanism is called simply
the inductive effect. This conclusion was much op-
posed,5,75,78–82a resonance effect was considered to be
present in principle and assumed to be simply propor-
tional to the inductive effect, and an explanation was also
sought in solvent effects and still more complex models
were suggested.83 On the other hand, the same propor-
tionality was observed recently even for protonation
equilibria in the gas phase.18 Arguments from other
sources are also available18,84 that the resonance is
negligible in substituted benzenes with the named
acceptor substituents. In the particular case of the nitro
group, all pros and cons were summarized in a review.84


The correct question is not whether there is conjuga-
tion but whether the conjugation is strong enough to be
seen in a given observable quantity. We consider as
proven at least that there is a fundamental difference
between the behavior of common donors and acceptors in
simple aromatic derivatives.85 While donors are con-
jugated differently, some of them very strongly, with the
benzene ring, common acceptor groups are conjugated
very little and with respect to certain observable
quantities we may say not at all. ‘Nature has endowed
us with a variety of donors whereas the common
acceptors form a group with less discriminating abili-
ties.’86 These conclusions would be strongly supported if
an actually strongly conjugated acceptor were found.
Attention was focused on the group BBr2 with a sextet on
boron, but owing to its instability experimental proofs are
only available from dipole moments.87


CONCLUSIONS


The inductive effect is an important concept in the
approach to the general problem of how the individual
parts of a molecule influence each other. It deserves more
attention than is given in standard textbooks.88–90


Concerning the dilemma of transmission through bonds
or through space, the question is not well formulated,
even for the reason that bonds are also parts of the space.
A direct translation of the problem into quantum
chemical terms seems impossible3 since quantum
chemistry starts from different fundamental principles.


For the time being, we do not see a good reason for
changing the well tried term inductive effect and its
symbolsI. When the task is to predict the inductive effect
on the ionization equilibria, quantum chemical calcula-
tions gave incomparably better results (O. Exner, P. Nausˇ
and P. Čársky, unpublished work)91 than Eqn. (6) for the
gas-phase values. For solution values, Eqn. (6) is also of
little value (see Fig. 7 in Ref 8). For the first orientation or
for text-book purposes, the statement is sufficient that a
more remote substituent has a smaller effect; even the
simple rule47–49 that it is reduced to one third by any
further bond is still valid.
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