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IONIZATION KINETICS OF RHODAMINE B LEUCOCYANIDE IN 
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POLY(VINYLBENZYLTRIMETHYLAMMON1UM CHLORIDE) 


0. E. ZIMERMAN, J. J. COSA* AND H. E. GSPONER* 
Departamento de Quimica y Fisica Universidad Nacional de Rio Cuarto, 5800 Rio Cuarto, Argentina 


The participation of the carboxylate group in the ionization of Rhodamine B leucocyanide was studied in an aqueous 
solution of poly(vinylbenzyltrimethylammonium chloride) (PVBTA) or cetyltrimethylammonium bromide (CTAB) at 
constant temperature and pH 8. The experimental rate constant (kexp) decreases with increasing PVBTA 
concentration. The results are interpreted in terms of the binding of the ionized form of Rhodamine B leucocyanide 
(RBCN-) to a single class of completely independent binding sites on the PVBTA. From this model, a value of 
1-09 x lo6 I mol-' was obtained for the binding constant. The effect of CTAB is different from that obtained with 
PVBTA. After a region in which there are large changes in kelp with the CTAB concentration, this constant reaches 
a zone where its value is independent of the surfactant concentration. The decrease in kex,, in the first zone was 
explrrined in terms of an ionic association between RBCN- and the cationic heads. In the second zone, it was 
assumed that a micellar effect operates on the ionization kinetics. In a similar form, the esterification of the 
carboxylate group leads to a slower ionization rate. 


INTRODUCTION 


The triphenylmethane leucocyanide dyes are readily 
prepared from an aqueous solution of potassium 
cyanide and the basic dye at room temperature. They 
are stable and revert to the parent dye only by photo- 
chemical reactions. ' On the other hand, Rhodamine B 
leucocyanide has been found to  have a remarkably reac- 
tive nitrile group, in strong contrast to  the behaviour 
of the familiar triphenylmethane dye cyanides.* In 
aqueous solutions it rapidly reverts to the parent dye 
and potassium cyanide. 


In previous work,3 we studied the effect of tempera- 
ture and pH on the ionization kinetics of Rhodamine B 
leucocyanide to Rhodamine B and cyanide in aqueous 
solution. This reaction follows a first-order rate law and 
the experimental rate constant (kexp) was affected by the 
hydrogen ion concentration. At constant temperature, 
kexp increases with increasing p H  and its value reaches 
a plateau at pH 7.  


The effect of pH on the experimental rate constant 
could be explained if protonation of the carboxylic 
group changes the reactivity of the leucocyanide dye. 
Taking into account this model, the acid dissociation 
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constant of the carboxylic group of Rhodamine B 
leucocyanide was obtained as 2 x M .  Therefore, at 
pH > 7 the ionized form of Rhodamine B leucocyanide 
(RBCN-) is preponderant, so k,,, is independent of pH 
and the ionization reaction can be represented by the 
chemical equation shown in Figure 1. 


These results suggested the possibility that the car- 
boxylate group is assisting the elimination of the 
cyanide ion from RBCN- . The intramolecular partici- 
pation of the carboxylate group can be seen either as 
a nucleophilic assistance (the neighbouring group 
mechanism or anchimeric assistance4*') or an electro- 
static stabilization of a developing carbonium ion in the 
transition state. 


RBCN- RB 


Figure 1. Ionization reaction of Rhodamine B leucocyanide 
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In this paper we present evidence of this intramol- 
ecular participation from experiments involving the 
addition of polyelectrolytes and surfactants to  the 
reaction system and by the esterification of the carbox- 
ylate group. These experiments lead to  a slower 
decomposition rate of RBCN- , supporting the partici- 
pation of the carboxylate group in the elimination of 
the cyanide ion from RBCN-. 


EXPERIMENTAL 


RBCN- was prepared from Rhodamine B hydrochlo- 
ride (Merck) and potassium cyanide (Carlo Erba). The 
method was similar to that employed by Chalkley.2 
Rhodamine 6G leucocyanide was prepared from 
Rhodamine 6G hydrochloride (Merck) in a similar way. 


A stock solution of Rhodamine B leucocyanide was 
prepared in dimethyl sulphoxide (Merck) because in this 
solvent the decomposition rate is very slow at room 
temperature. An aliquot, to give a final concentration 
of RBCN about 1 x M was added to a Tris 
(Sigma Chemical) buffer solution of M (pH 8). 
This solution contained a selected concentration of 
cetyltrimethylammonium bromide (CTAB) (BDH) 
or poly(vinlybenzyltrimethylammonium chloride) 
(PVBTA) (molecular weight 300 000; Dow Chemical). 
The reaction rates were followed with a Hewlett- 
Packard Model 8452A diode-array spectrophotometer 
in double-walled, thermostated UV absorption cells, 
measuring the production of RB at 554 nm.’ The exper- 
imental first-order rate constants (kexp)  were obtained 
from plots of log(& - A t )  vs time. In all the exper- 
iments, A, y a s  obtained by heating the reaction sol- 
ution at 90 C for several hours, then cooling to  the 
working temperature and reading the absorbance. 


Sodium chloride (Merck) and urea (BDH) were used 
as received. Water was triply distilled. 


RESULTS AND DISCUSSION 


In aqueous solution, PVBTA is a strong polyelectrolyte 
that dissociates to a polycation and chloride ions. Its 
ionization is not affected by pH. In order to study the 
ionization of Rhodamine B leucocyanide in the pres- 
ence of PVBTA, we worked at pH 8. At this pH,  the 
ionized form of Rhodamine B cyanide prevails and the 
experimental rate constant is therefore independent of 
pH. The ionization reaction is shown in Figure 1. 


The visible absorption band and the molar absorp- 
tivity of Rhodamine B were unaffected by the presence 
of PVBTA. Therefore, the effect of PVBTA on the 
ionization kinetics was followed by measuring the 
absorbance of the RB vs time. In the presence of 
PVBTA this reaction also follows a first-order rate law. 


The presence of PVBTA in aqueous solution of 
RBCN- at constant pH and temperature produced a 
strong decrease in kexp.  A plot of kerp in the presence of 


PVBTA as a function of polyelectrolyte concentration 
in equivalents per litre is given in Figure 2. It shows, 
within the PVBTA concentration range tested, two 
zones with very different dependences on the polymer 
concentration, one with a steep slope at low PVBTA 
concentrations and the other with a small slope at 
higher concentrations. 


The behaviour of the experimental rate constant for 
the decomposition of RBCN- in the presence of 
PVBTA is very similar to the spectrophotometric 
behaviour of cationic dyes in the presence of anionic 
polyelectrolytes found in other studies. 8,9 In these 
papers a spectrophotometric method of  determining 
anionic sites on polymers by titration with basic dyes 
was proposed, assuming that the maximum aggregation 
(corresponding to minimum absorbance of the dye 
monomer) occurs a t  a 1 : 1 ratio between anionic sites 
and dye molecules. 


In order to  explore whether the observed changes in 
the ionization rates of Rhodamine B leucocyanide with 
the addition of PVBTA is a true polyelectrolyte effect 
or a solvent effect, we investigated the influence of the 
solvent on the reaction rate. We carried out experiments 
in water-dioxane, water-ethanol and water-for- 
rnamide mixtures. In the first solvent mixture, as in 
dimethyl sulphoxide, the reaction rate is too slow to be 
observed. With the other mixtures, kexp increases 
slightly with increase in solvent p ~ l a r i t y . ~  The results 
are presented as relative rates in Table 1. 


The observed effect of solvent polarity on the ioniza- 
tion reaction is smaller than the polyelectrolyte effect 


16 


1 


/I 


10 20 30 40 0 
[PVBTAI /MN 


Figure 2. Plot of k,,, in the presence of PVBTA at pH 8 and 
60’C.  [RBCN-1 = 7 p ~ .  Point S denotes the stoichiornetric 
relationship between PVBTA and RBCN . Inset: plot of the 


data according to equation ( 5 ) .  
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Table 1. Solvent effect on the experimental rat: constant in 
mixtures of an organic solvent and water at 41 C ,  presented 
as values relative to the rate constant in water (8 .8  x s- ') 


Organic solvent Concentration (070, v/v) kcel 


Ethanol 10 0.918 
20 0.667 


Formamide 10 1.16 
20 1.25 


mentioned above. Therefore, the large decrease in keXp 
in the presence of PVBTA cannot be explained only by 
the effect of polarity on the ionization reaction. Hence 
we should consider how the specific interaction between 
PVBTA and the RBCN- affects the reaction rate. 


The point at which the ratio of cationic sites on the 
polyelectrolyte to  RBCN- is approximately unity con- 
stitutes a characteristic point of the system. At this 
point the amounts of RBCN- (moles) and PVBTA 
(equivalents) correspond approximately to  the stoichio- 
metric relationship (see point S in Figure 2). 


From all these indications we considered the 
PVBTA-RBCN- interaction in terms of the binding to  
a single class of completely independent binding sites. l o  


The development of this model can be expressed by the 
following equations: 


P i  RBCNt  e RBCNb (1) 


where [RBCN;], ( [PI0 - [RBCNb]) and [PI0 are the 
concentrations of occupied binding sites, unoccupied 
binding sites and total PVBTA, respectively, [RBCN;] 
is the concentration of free Rhodamine B leucocyanide 
in water and Kb is the binding constant. Further, it was 
assumed that the number of binding sites on the 
polyelectrolyte is equal to the number of ionized 
groups. 


If it is assumed that only the free Rhodamine B 
leucocyanide is able to decompose, the experimental 
rate constant of ionization of the RBCN- could be 
expressed by 


d [RB]/dt = kexp [RBCN-] o = k[RBCNf] (3) 
where [RBCN-Io is the total concentration of RBCN- 
and k corresponds to  the rate constant of free RBCN- 
in water (1 .37  x s - '  at 60'C). 


From equations (2) and (3) we obtain 


k/kexp = [RBCN-]o/[RBCNt] =f' 
(4) 


= 1 + Kb( [PI0 - [RBCNb]) 


where f is the fraction of free RBCN- or unbound to  
PVBTA. 


The representation of the data according to equation 
(5) gives a linear plot from which Kb can be evaluated 
(see Figure 2, inset). A value of 
(1 *09 5 0.02) x lo6 1 mol-' was obtained, which is 
comparable to  the binding constants found for the 
interaction of dyes with polyelectrolytes. " , I 2  Kb was 
also measured by a spectrophotometric method at 
30 O C ,  the highest temperature compatible with RBCN- 
stability. An equilibrium constant of 
(0-8 2 0-1) x lo6  Imol-'  between RBCN- and the 
polyelectrolyte was obtained from difference spectra 
employing the Rose-Drago procedure, l 3  followed by a 
non-linear regression data analysis program. This result 
was in close agreement with that obtained by the kinetic 
method. 


The addition of sodium chloride to  a solution of 
RBCN- containing PVBTA increases the value of kexp. 
The results are presented as values relative to kex, in 
water in Figure 3 .  This effect can be explained if the 
RBCN- becomes excluded from the polymer domains 
when the concentration of sodium chloride is 
increased. I4*l5 This happens because the shielding of 
the potential field of the polyion domains by the C1- 
ions reduces the electrostatic attraction for the RBCN-. 
The sodium chloride effect tends to reverse the polyelec- 
trolyte effect on k,,, but the observed reversion is par- 
tial, and turns out to be only about 60%. This suggests 
that the interaction of RBCN- with the site binding on 
PVBTA must be explained in terms of electrostatic and 
hydrophobic forces. 
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Figure 3.  Effect of ( ) sodium chloride and ( 0 )  urea on ke,, 
in a 10 f i ~  aqueous solution of PVBTA at pH 8 and 60 OC. 
[RBCN-] = 7 p ~ .  The results are presented relative to the 


rate constant in water 
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Similarly, ke,, in an aqueous PVBTA solution also 
increases in the presence of urea (see Figure 3). This 
may be because of the decrease in the hydrophobic 
interactions caused by the addition of urea. l 6  The 
reversion of the polyelectrolyte effect on kexp by 1 M 
urea is about 40%. 


Finally, both sets of experimental results suggest that 
the decrease in the rate of ionization of RBCN- by 
PVBTA is the result of electrostatic and hydrophobic 
binding of Rhodamine B leucocyanide to the polyelec- 
trolyte. A similar interpretation was given for the 
binding of eosin Y to  synthetic polymers. " 


On the other hand, the presence of CTAB (a cationic 
surfactant) in aqueous solutions of Rhodamine B leuco- 
cyanide also produces a decrease in kexp (Figure 4). The 
results are presented as the logarithm of the values rela- 
tive to  the rate constant in water (2.8 x s-  ' at 
50°C). Figure 4 shows two zones, as with PVBTA. 
However, there are important differences. In the region 
of large slopes, the amount of surfactant necessary to  
obtain a similar decrease in the rate constant is a t  least 
five times larger than the amount of PVBTA. In the 
other zone, the experimental rate constant is indepen- 
dent of the surfactant concentration. This region starts 
at a CTAB concentration smaller than the critical 
micellar concentration (cmc) in water (0.9 mM). l8  It is 
known that the addition of dyes" and other ionic 
solutes of opposite charge t o  the detergent2' induces the 
formation of micelles or premicelles. This effect can be 
observed in Figure 4, where an operational cmc of 
about 0 . 2  mM can be estimated. 


The results in the presence of CTAB can be explained 
by the assumption that an ionic association between the 
RBCN- and the cationic heads of the surfactant is 
present in the first zone. The existence of true ion- 
association complexes formed at below the cmc 
between ionic surfactants and dyes with opposite charge 
is supported by most of the published data. These com- 
plexes are electrically neutral, and often are poorly 
soluble in water but readily extracted by low-polarity 
solvents. They have stoichiometric surfactant/dye 
ratios. At surfactant concentrations at  the cmc value 
and above, the solubilizing effect of the micelles begins 
to  be important and the ion-association complexes are 
incorporated into the micelles. I9 


The second region is that where aggregates of 
surfactant molecules are present in the form of micelles 
or premicelles and the ion pairs are solubilized there. 
In this region it can be considered that all the 
Rhodamine B leucocyanide is associated with the sur- 
factant and is reacting as dissolved in a solvent of lower 
polarity. 


In another experiment we studied the effect of  the 
esterification of the carboxylate group on k e x p .  The 
reactivity of Rhodamine 6G leucocyanide (where the 
carboxylate group is esterified) was compared with 
Rhodamine B leucocyanide. The comparison was made 


0 1 2 3 
ICTABl / mM 


Figure4. Effect of CTAB on kexp at pH 8 and 50°C.  
[RBCN-j = 7 PM. The results are presented as the logarithm 
of the values relative to the rate constant in water 


(2.8 x s - l )  


in 10% (v/v) ethanol-water containing M Tris 
because Rhodamine 6G leucocyanide is not an ionic 
compound and does not bind electrostatically to 
PVBTA. The rate constant for the ionization of 
Rhodamine 6G leucocyanide is lower than that of 
Rhodamine B leucocyanide by a factor of 2 .5 .  This 
result suggests that the ester group also assists the elim- 
ination of cyanide ion but to a lesser extent than the 
carboxylate group. It is known4 that the ester group is 
one of the more important neighbouring groups with 
unshared electrons. 


From the above results, the large decrease in kexp in 
the presence of CTAB or PVBTA cannot be explained 
simply by the formation of ion pairs between RBCN- 
and the trimethylammonium cationic heads of 
CTAB and PBVTA. For example, in the system 
RBCN---PVBTA we showed that the decrease in the 
ionization rate is the result of electrostatic and hydro- 
phobic binding of RBCN- to the polyelectrolyte. More- 
over, that binding cannot only change the properties of 
RBCN- but also affects the macromolecular character- 
istics of the PVBTA, producing conformational 
changes and altering the microenvironment where the 
reaction is carried out. 
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DEGRADATION OF ATRAZINE BY HYDROLYSIS AND BY 
HYDROXYL RADICALS 


GABRIEL Y. S. CHAN, MICHAEL J. HUDSON AND NEIL S .  ISAACS* 
Department of Chemistry, University of Reading, P.O. Box 224, Reading RG6 2AD, UK 


Rates of degradation of the triazine herbicide atrazine are reported, together with an analysis of the sequence of stages 
involved, using hydroxyl radicals generated by hydrogen peroxide in the presence of UV light and by the pure photo- 
chemical reaction. These conditions bring about the displacement of chlorine by hydroxyl, dealkylation of the 
alkylamino groups and finally deamination of the triazine ring. The significance of these results to water purification 
is discussed. 


INTRODUCTION 


The herbicide atrazine, 2-chloro-4-ethylamino-6- 
isopropylamino-l,3,5-triazine (l), together with other 
related triazines used in agriculture, has become a 
priority pollutant in many natural waters of Europe. 1 - 3  


The natural degradation of these compounds is slow 
and their removal is a major problem for suppliers of 
potable water. Acid and alkaline hydrolysis will dis- 
place the chlorine4.' slowly, but a rapid, safe and inex- 
pensive route to the removal of the triazine nucleus is 
an important goal for water-purification research. 
Oxidative degradation by powerful oxidants such as 


and the hydroxyl radical8s9 seem to be the 
most promising techniques and the aim of this work 
was to elucidate the pathways by which these herbicides 
are degraded. This paper reports the rates of hydrolysis 
of atrazine as a function of pH and the sequence of 
intermediates which is obtained when it is subjected to 
attack by hydroxyl radicals generated by the ultraviolet 
irradiation of hydrogen peroxide over a range of pH 
and by the effect of the radiation alone. 


EXPERIMENTAL 


Commercial atrazine (Ciba-Geigy) was purified by 
recrystallization from ethanol, m.p. 175-177 "C. 
Aqueous solutions of atrazine, up to a maximum con- 
centration of 100 mg I - ' ,  were prepared and their con- 
centrations were determined by high-performance 
liquid chromatography (HPLC). 


N ,  N-Diethyl- 1,4-phenylenediamine (DPD) solution 
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was made by dissolving DPD (0.1 g) in 0.05 M sul- 
phuric acid (I0 ml). The solution was freshly prepared 
each week and stored in the dark. 


Peroxidase (POD) solution was prepared by dis- 
solving the solid enzyme (0.017 g) in water (10 ml) and 
the solution was freshly prepared weekly. 


Hydrogen peroxide was assayed as follows: lo to 
25.0ml of a sample of water containing hydrogen 
peroxide (between 0.085 and 0.85 mg I- ' )  were added 
5 .0ml  of phosphate buffer (pH 6) ,  50pl of DPD 
reagent and 50111 POD solution, After allowing the 
mixture to stand for 2 min, the absorbance at 550 nm 
( A )  was measured in a 1 cm cell against a blank of pure 
water containing the reagents. Then the relationship 
[H202] (mg I - ' )  = 1-944 A was used. 


Kinetic procedure 


Atrazine solution was added to an equal volume of 
buffer solution to give final pH values between 1.4 and 
10 at 65 "C. Aliquots were withdrawn at intervals and 
the residual atrazine concentration was determined. 
First-order kinetics were observed. Rates of degrada- 
tion at g H  1 -4  over a range of temperature between 48 
and 65 C were measured and the Arrhenius parameters 
were determined (Table 2). 


Reaction of atrazine with hydrogen peroxide under 
ultraviolet irradiation 


To water containing atrazine at various concentrations 
was added hydrogen peroxide [0-06 g 1-' of 30% (w/v) 
H2021. The solution was placed in a water-cooled pho- 
toreactor (Applied Photophysics, Model RQI 25), a 
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quartz vessel fitted with a centrally located medium- 
pressure mercury lamp, and was irradiated for various 
time intervals. Periodically, samples were withdrawn 
for analysis by HPLC. The UV intensity was deter- 
mined by ferrioxalate actinometry" and was found to 
be 0.70 W I - '  at 254 nm. 


Photochemical degradation 


Atrazine and its deisopropyl degradation product, (4) 
were separately dissolved in water (concentrations 
50-80 ppm) and irradiated as described above, ana- 
lysing the product by HPLC. 


Separation and identification of products 


Atrazine and its degradation products were separated 
and determined by HPLC using the following isocratic 
(i.e. constant solvent) method; column, LiChrosorb 
RP-18, 10 pm 25 cm X 5 mm i.d.; mobile phase, 65% 
(w/w) methanol-water; pressure, 1900 psi; flow-rate, 
1.0 ml min-I; UV detection at 220 nm; temperature, 
ambient; injection volume, 0.1 ml. 


Products were identified by comparison of their 
retention times with those of authentic samples which 
were either purchased or synthesized. 
2-Ethylamino-4-hydroxy-6-isopropylamino-I ,3,5- 


triazine (2) was prepared by the alkaline hydrolysis of 
atrazine. 
2-Amino-4-chloro-6-isopropylamino-1,3,5-triazine 


(3) cyanuric chloride (5 g, 27 mmol) was dissolved in 
hot yetone (200ml) and the solution cooled to 
- 30 C. Anhydrous ammonia was rapidly passed into 
the solution, whereupon the temperature initially rose 
but was maintained below - 10 "C. When the tempera- 
ture began to fall, the contents of the vessel were 
poured on to ice and the solid product, 2-amino-4,6- 
dichloro-I ,3,5-triazine, was immediately treated with 
isopropylamine (10 g, an excess), stirring the ice slurry. 
A white precipitate of 3 formed and the mixture was 
heated in order to melt the ice. The solid was filtered, 
washed, dried and recrystallized from hexane; m.p. 
98 "C (lit. I 2  m.p. 98 "C) 
2-Amino-4-chloro-6-ethylamino-l,3,5-triazine (4) 


was prepared analogously to 3, replacing isopro- 
pylamine with ethylamine, and had m.p. 174-176 "C 
(lit. '* m.p. 177 OC). 
2-Amino-4-ethylamino-6-hydroxy-1,3,5-triazine ( 5 )  


and 2-amino-4-hydroxy-6-isopropylamino- 1,3,5- 
triazine (6) were prepared by the irradiation at 254 nm 
for 1 h of aqueous solutions of 4 and 3, respectively. l 3  


They were identified by the appearance of new chroma- 
tographic peaks and by their mass spectra obtained 
using combined HPLC and mass spectrometry 
(MPLC-MS). M+ for 5 had m/z  169 and 6 155. 
2-Chloro-4,6-diamino-1,3,5-triazine (7) was obtained 


from Aldrich. 


Table 1. HPLC retention times of products 


Compound t R  (min) Compound t R  (min) 


1 9.00 8 - 


2 5.30 9 2.85 
3 4.50 10 2.60 
4 3.90 11 3.50 
5 3.00 12 6.10 
6 3.20 13 2.80 
7 3.10 14 15-10 


2,4-Diamino-6-hydroxy-l,3,5-triazine (9) was pre- 
pared by the alkaline hydrolysis of 7 (2 g, 13-7 mmol) 
by 2 M sodium hydroxide (20 ml). The mixture was 
heated under reflux until the solid dissolved, then was 
cooled and neutralized with HCl. Compound 9 separ- 
ated out and was filtered and recrystallized from 2 M 
potassium carbonate solution; yield, 1.2 g (70%). 
2-Amino-4,6-dihydroxy-l-3-5-triazine (10) was sup- 


plied by WRC (Medmenham). 2,4,6-Trihydroxy-l,3,5- 
triazine (cyanuric acid) (13) was obtained from Aldrich. 
2,4-Bis(tert-butylamino)-6-chloro-1,3,5-triazine (14) 


was prepared by the treatment of cyanuric chloride (5 g, 
27 mmol) with tert-butylamine (7.3 g, 100 mmol) in 
acetone (200 ml). The solution was heated under reflux 
for 3 h and was then cooled and poured on to ice. The 
solid product of crude 13 was filtered and recrystallized 
from hexane, m.p. 165 "C. Found, C 51.26, H 7-82, N 
27.16; C I I H ~ ~ N ~ C I  requires C 50.46, H 7.72, N 
26.59%. M.W. = 201.73. 


triazine (ll), (M+,  m/z 229/231), 2-amino-4-chloro-6- 
hydroxy-1,3,5-triazine (8) (M+, m/z  146/148) and 
2-acetylamino-4-hydroxy-6-isopropylamino- 1,3,5- 
triazine (12) (M', m/z  21 1) were inferred to be formed 
by the appearance of novel product peaks in the chro- 
matogram whose molecular masses matched these 
structures (HPLC-MS using chemical ionization) and 
whose retention times agreed with literature values. 
They were very minor products. 


HPLC retention times of compounds 1-14 are given 
in Table 1. 


2-Acetylamino-4-chloro-6-isopropylamino- 1,3,5- 


Methods for degradation of atrazine 


Hydrolytic methods 


A solution of atrazine (100 mg I- ' )  was prepared in an 
appropriate aqueous buffer solution and was m$n- 
tained at a fixed temperature between 60 and 90 C. 
Samples were withdrawn at intervals and analysed by 
HPLC. On standing, the sole product of the hydrolysis 
crystallized out and was identified as 2. The buffers 
used were prepared by mixing 0.1 M potassium di- 
hydrogenphosphate solution (50 ml) with the requisite 
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Table2. Rate data for acid and 
alkaline hydrolysis of atrazine” 


~ 


T (‘C) PH 10-% ( s - ~ ) ~  


48.0 1.4 1.8 
58.0 1.4 4.27 
65.0 1.4 6.07 
65.0 1-9 2.00 
65.0 2-12 1.55 
65.0 12.38 4.87 
65.0 12.92 9.02 


’At pH 1.4, E, = 61.1 kJ mol-’, 
log A = 9.60. 


Relative standard deviation 5%, n = 5 


amount of 0.1 M sodium hydroxide solution to give the 
desired pH. 


Rate constants were calculated using the Guggenheim 
procedure and linear plots were established by a least- 
squares methods (Table 2 ) .  


Hydrogen peroxide and UV irradiation 


To a solution of atrazine (500  ml at a concentration 
50 mg I-’)  in water was added ‘100 volume’ hydrogen 
peroxide (1 ml). A portion of the solution was retained 


IProductl/[lnternal standard1 


for analysis as detailed above and the remainder was 
placed in the immersion cell and irradiated. Samples 
were removed periodically for analysis of atrazine and 
its degradation products. Plots of progress of the 
reaction for the products were constituted from which 
the sequence of events could be inferred (Figure 2).  


RESULTS AND DISCUSSION 


Rates of hydrolysis of atrazine to the corresponding 
hydroxy compound, 2, and Arrhenius parameters are 
given in Table 2.  The hydrolysis rates show a first-order 
dependence on both [H30+] and [OH-] and were 
found to be too slow to measure near neutral pH, The 
mechanism of alkaline hydrolysis is presumed to be a 
two-step nucleophilic displacement of chlorine (SNAT) 
(Scheme 1) by OH- but the acidic hydrolysis must be 
assumed to proceed via protonated triazine. Protona- 
tion at one or other of the side-chain nitrogens, which 
are the more basic centres, would then activate the ring 
to attack by HzO. 


Ultraviolet irradiation of atrazine and of its de- 
isopropyl derivative, 4, led to a relatively slow conver- 
sion to the corresponding hydroxylated products, 2 and 
5, respectively. This is presumed to occur by attack of 
water on the excited species and contributes a minor 
pathway to the degradation. By comparison, these con- 
versions were considerably faster in the presence of 


X 


/-. -+----------- I+--.., _ _  -2, I J 
0 6 1 0  


l l r n t ’ r n l n  
15 20 


Figure 1. Degradation of atrazine by hydrogen peroxide and UV radiation at pH 4.7 4 (1); + (13)+ (10) + (9); +t+ (7) + ( 5 ) ;  -D- (6); 
-x- (12); -+ (4); &- (3); -H- (2); -9- (11) 







HO \ 


QZ 0 
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7 


13 14 


Scheme 2 
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IProducll/ l lnternal atandardl 
3 


0 6 1 0  
T line i ni I n 


15 20 


Figure 3. Degradation of atrazine by hydrogen peroxide and UV radiation at pH 9.0 -P- (1); t (13)+ (10) + (9); +++ (7) + ( 5 ) ;  8 (6); 
-x- (12); + (4); -e, (3); 4- (2); -0- (1 1) 


formed 5,  6 and 9 (Scheme 2, Figures 1-3). Hydrolysis 
of 1 to form 2 under these conditions is mainly photo- 
chemical and presumably occurs by attack of water on 
excited atrazine, although there is also a contribution to 
this reaction of ca 10% by the added hydrogen 
peroxide, which may be by a radical displacement of 
chlorine (Scheme 3). 


The fission of the N-alkyl groups is believed to occur 
by one-electron oxidation followed by loss of an a- 
proton to yield an iminium ion, which undergoes 
hydrolysis releasing the alkyl group as a carbonyl com- 


Scheme 3 


pounds (Scheme 4) and leaving an aminotriazine, l4 
although a-hydrogen abstraction and subsequent for- 
mation of an 0.N-acetal is an alternative route to the 
same products. As support for this scheme we note 
that, at low pH at least, the isopropyl group is removed 
faster than is ethyl, as would be expected for a group 
that can form a tertiary radical. Further, N-tert-butyl 
groups do not degrade at all under these conditions; 14 
was synthesized and subjected to the degradation pro- 
cedure but survived intact the conditions which com- 
pletely destroyed atrazine. The microbial degradation 
of atrazine by Pseudomonas ~pec ie s '~  shows a similar 
sequence of products; removal of the isopropyl group is 
faster than removal of ethyl while displacement of 
chlorine is very slow. 


Additional evidence for the involvement of the 
hydroxyl radical comes from the observation that an 
identical sequence of degradation products, (1 + 3, 
4 + 7 )  formed in the same order and proportions, is 
obtained when atrazine is treated with Fenton's reagent 
(hydrogen peroxide in the presence of Fez+), which is 
known to generate OH..  l6 The corresponding series of 
hydroxylated products (2 ,5 ,6 ,9 )  are not obtained 
under these conditions since the hydroxyl radicals are 
available for only a short duration as compared with 
the photolytic method, and chlorine displacement is 
unable to compete with amine attack. 
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Scheme 4 


A further pathway for oxidation of an N-ethyl group 
results in conversion to the N-acetyltriazine. Both 2- 
acetyl-4-chloro-6-isopropylaminotriazine (11) and the 
4-hydroxy analogue (12), were detected during the 
course of the reaction as minor intermediates. It is pro- 
posed that these arise from 1 and 2, respectively, by 
hydroxylation and further hydrogen abstraction at the 
a-carbon (Scheme 5 ) .  There are marked differences in 
the rate and product profiles for the reactions carried 
out at different pH values, analogously to  the anodic 
oxidation of p-aminodiphenylamine. ” At p H  4.7, the 
loss of the N-isopropyl group is faster than that of the 
N-ethyl group and the products are 3 and 4. The rates 
of formation of these two become more equal at p H  7, 
whereas at pH 9 oxidation of the ethyl side-chain to  the 
amide, 11, is fastest. Further, the overall rates of 
degradation of atrazine increase with increasing acidity 


of the medium (Figure 4). These observations suggest 
that rates and products are affected by protonation and 
that protonated atrazine is a more reactive species 
towards the hydroxyl radical than is the neutral species. 
They further suggest that protonation occurs preferen- 
tially on one nitrogen, presumably the N-isopropyl 
group rather than the N-ethyl group, and that this 
renders the a-hydrogen more susceptible to  radical 
attack. At higher p H  an increasing proportion of attack 
at  the N-ethyl group can be attributed to  a combination 
of steric and statistical factors and results also in the 
further oxidation of the intermediate to  the amide, 11. 
The situation with regard to  the degradation of 
hydroxyatrazine (2) is less clear, but here a small peak 
tentatively identified as 12 is seen under alkaline but not 
acidic conditions. 


We conclude that atrazine and analogous triazine 


Scheme 5 
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-6' I I I 


0 5 10 '5 20 
Time/min 


Figure 4. Integrated first-order rate plots for the hydrolysis of atrazine at pH 4.7 (+), 6.9 ( * )  and 9 .4  (0) by H202 under UV 
irradiation 


herbicides can be destroyed by hydrogen peroxide in the 
presence of UV radiation, although the end product 
seems to be cyanuric acid. Assessment of the published 
toxicological data indicate that cyanuric acid is less 
toxic than atrazine and that compounds intermediate 
between the two are likely to have intermediate 
toxicities. '' Further, initial studies l9 have shown that, 
if required, cyanuric acid can be removed from water 
by charcoal treatment. It therefore seems possible that 
this could be a process adaptable to large-scale treat- 
ment of waters whereas hydrolysis under nearly neutral 
conditions is too slow to be effective. 
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INTERACTION OF FORMAMIDE WITH STILBAZOLIUM 
BETAINES: STERIC EFFECTS IN AMIDES 
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Departamento de Quimica Fisica, Facultad de Ciencias, Universidad Autdnoma de Madrid, Cantobhco, 28049 Madrid, Spain 


AND 


JOSE ELGUERO 
Instituto de Quimica Medica, CSIC, Juan de la Cierva, 3, 28006 Madrid, Spain 


The visible spectrum of di-fert-butylstilbazolium betaine (DTBSB) was recorded in eight simple amides. The 
appearance of a ‘coarse’ structure in the main absorption band is due to the shielding effect of the fert-butyl groups, 
which hinder the approach of the solvent. Since this structure disappears in formnmide, it is concluded that this solvent 
associates through its NH to the carbonyl group of DTBSB. For the other amides, there is a clear relationship between 
the steric effect, for both the N- and C-substituents, of the solvent-solute hydrogen bond association and the structure 
of the visible band. 


INTRODUCTION 


The amide group is an important structural feature in 
organic and biological chemistry and has been studied 
extensively both computationally and experimentally 
(for recent references, see Refs 1-3). In a recent paper,4 
we established that the visible band of stilbazolium 
betaine dyes shows structure only when the solvent does 
not interact with its carbonyl group. That this was so 
was proved by studying di-tert-butylstilbazolium 
betaine (DTBSB) in a set of 28 solvents including 
protic, aprotic and amphiprotic types.4 


In this dye, in which the carbonyl group is shielded 
by the two tert-butyl groups, the visible band presents 
a ‘coarse’ structure in most solvents. However, in for- 
mamide, the chromophore yields a structureless band. 
Only in water is the spectrum similar; in this case, the 
explanation4 lies in the small dimensions of the water 
molecule, which allow it to approach the carbonyl 
group in spite of the tert-butyl groups. 


CH3- N l=-y(=+L 
DTBSB 


* Author for correspondence. 


In order to study the nature of the interaction 
between formamide and DTBSB, the UV-visible 
spectra of this dye in a series of liquid amides related to 
formamide were studied at various temperatures above 
room temperature. The amides were formamide itself 
(F), N-methylformamide (NMF), N-methylacetamide 
(NMA), N-ethylformamide (NEF), N-ethylacetamide 
(NEA), N-lerf-butylformamide (NTBF), N,N- 


dimethylacetamide (DMA); acetamide (A) and 
N-tert-butylacetamide (NTBA) are solids (m.p. ca 


dimethylformamide (DMF) and N, N- 


100 “C). 


EXPERIMENTAL 
The preparation of DTBSB has been described pre- 
viously. The absorption spectra were measured by 
using a Shimadzu UV-2100 spectrophotometer and a 
matched pair of quartz cells of 1 cm thickness. When 


But 


CH3- N y q o  + 
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possible, the sample temperature was maintained at 
25-0, 35.0, 45.0 and 55.0 If: 0.1 "C by means of a 
Heto thermostat. Since DTBSB is extremely sensitive t o  
acids, a very small amount of sodium methoxide (less 
than M) was added when necessary. 


RESULTS AND DISCUSSION 


The spectra of DTBSB in the eight amides at 35 OC are 
shown in Figure 1. From the simple examination of 
these spectra it follows that the interaction between the 
amide NH and DTBSB is as in the case of water, a 
hydrogen-bond donor (HBD)-hydrogen-bond acceptor 
(HBA) interaction, since the 'coarse' structure is better 
observed in DMF and DMA. 


However, the disappearance of the structure is grad- 
ual; in the case of amides with at  least one NH, this 
order is (1) NTBF, (2) NEA, (3) NMA, (4) NEF, ( 5 )  
NMF and (6) F. Hence the acetamides always have 
more structure than the corresponding formamides. In 
consequence, the modification of the visible band does 
not reflect the autoassociation of amides since the ace- 
tamides are less autoassociated than the formamides, 
i.e. there are more monomers in the former than in the 
latter. 


To explore whether the difference in behaviour is due 
to  steric effects in the DTBSB=O-H(R)N-COR ' 
association, the steric effects of amides should be 
assessed. According to  Jones' and Graham and 
Chang, the autoassociation of amides is essentially 
governed by steric effects, these effects being due in 
approximately the same amounts to the N- and C- 
substituents. Consider, for instance, the concentration 
ratio, p = (Cassociated/Cmonomeric), as defined by Jones' 
for carbon tetrachloride solutions: NMA, 0.57; N- 
methylpropionarnide, 0-36; N-methylpivalamide, O. 18; 
NEA, 0.43; N-ethylpropionamide, 0.32; N- 
ethylpivalamide, O.  14; N-tert-butylacetamide, 0.23; N- 
ethylpivalamide, O. 14; N-tert-butylpivalamide, almost 
0. Assuming the hypothesis that these values result 
additively from the contributions of the N- and the C- 
substituents, then it is possible to calculate, by multi- 
regression (rZ = 0.97), the contributions of these 
substituents with respect to NMA: constant: 0.525; N- 
and C-methyl, 0.00; C-ethyl, - O .  137; C-tert-butyl, 
- 0-328; N-ethyl, - 0.073, N-tert-butyl, - 0.272. 
These contributions, in turn, are approximately linear 
with steric effects, both Taft's E, and Chartons's v : ~  
p(C-R) = -0*062+ 0.175Es, r z  = 0.85, for C-H, 
p=0.156; p(C-R)=0-136-0.379~, r Z = 0 . 8 6 ,  for 
C-H, p = 0.136 [averaged value, p(C-H) = 0.1461 ; 
p(N-R) = -0.029 + O*158Es, r2 = 0-96, for N-H, 
p = 0.167, p(N-R) = 0-  149 - 0*339v, r2 = 0.96, for 
N-H, p = 0-  149 [averaged value, p(N-H) = 0.1581. 
We can now predict the value of p for the sixteen cases 
in Table 1; some of  them can be compared with Jones's 


values' and six of them (in italics) correspond to  the 
solvents we actually studied. 


Since the spectra in Figure 1 can only be ordered, 
comparison with the p values in Table 1 has to be essen- 
tially qualitative. Nevertheless, the order, from 1 to 6, 
and the p values are clearly related. Thus, the data in 
Table 1 for the six solvents used are in good agreement 
with the sequential loss of structure of the bands repre- 
sented in Figure 1. For instance, the bands associated 
with acetamides show more structure than those of the 
corresponding formamides (a 0.15 increase in p is 
observed in Table 1); when the alkyl size increases either 
on the carbonyl group or on the nitrogen, the band is 
more structured; finally, if acetamide ( p  = 0.69) were a 
liquid at  the temperatures used in these experiments, a 
spectrum similar to  that of NMF ( p  = 0.68) would be 
expected. 


The effect of the temperature in the range 25-45 "C 
is shown in Figure 2(a) (formamide) and 2(b) (N-tert- 
butylforrnamide). In the first compound, when the 
temperature increases, there is only a very small 
bathochromic shift. For NTBF, owing to steric effects, 
a n  increase in temperature results in a more structured 
band, i.e. a dissociation of the solute-solvent 
hydrogen-bonded complex. 


The steric effects on the autoassociation of amides 
(the NH and the C = O  being essentially tran~l-~~*-II 
are due to the fact that monomers are aligned in the 
dimer in such a way as t o  bring the substituent on the 
carbonyl group of one molecule and the NR substituent 
of the second molecule into close proximity. This 
explains why both substituents have similar steric 
requirements. 


Assuming that amides of trans configuration bind to  
DTBSB carbonyl group by the NH, the similarity of the 
solvent effects in Figure 1 and the autoassociation 
effects in Table 1 indicates that the steric effects are also 
similar. An examination of the molecular models for 
the association R'CON(R)H-O=C-DTBSB, shows 
that both R and R '  are close to one of the tert-butyl 
groups when the amide is free to rotate about the 
hydrogen bond. 


Table 1. Autoassociation of amides ( p  scale) 
~~ 


C-substituents 


N substituents H Me Et t-Bu 


H 0.84 0.69 0.55 0.36 


Me 0.68 0.53 0.39 0.20 


Et 0.60 0.45 0.31 0.12 


t-Bu 0.40 0.25 0.12 0.00 


F (A) 


NMF NMA 


NEF NEA 


NTBF 







\ 


01 I I ,\ 
500 (nm) 600 700 
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Figure 1 .  Maln absorption band (A,,,, nm) of DTBSB in F (579), NMF (599, NEF (607), NTBF (616), DMF (619), NMA (612), 
NEA (616) and DMA (620) 
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In conclusion, formamide, like water, is able to  reach possibility for the hydrogen adjacent to the C=O group 
the carbonyl group of DTBSB through the tert-butyl in formamides to  form hydrogen bonds,” and, in 
groups. This possibility diminishes as the CH and NH general, the differences between formamides and 
are substituted by alkyl groups of increasing size. The acetamides are worthy of future investigation. l 3  


500 550 (nm)  600 6 50 700 


Figure 2. Effects of temperature on the main absorption band of DTBSB: (a) formamide; (b) N-tert-butylformamide 
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SHORT COMMUNICATIONS 


COMPARISON OF MNDO, AM1 AND PM3 ROTATIONAL BARRIERS IN 
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AND 


G .  R .  FAMINI* 
US Army Chemical Research, Development and Engineering Center, Aberdeen Proving Ground, Maryland 21010-5423, U.S.A. 


The MNDO, AM1 and PM3 semi-empirical methods were used to calculate the equilibrium points and transition-state 
structures of the rotational barriers of ethane and all methyl-substituted propanes and butanes. Force constant 
methods were used lo ensure proper geometries. In general, AM1 barriers tend to be lower than MNDO calculated 
ones, which are themselves generally lower than experiment. The PM3 values are closest to experiment, ranging from 
slightly above to slightly below the experimental values. The complexity of various possible rotational minima makes 
the development of empirical rules to predict barrier heights difficult. 


The physical properties of polymers such as defor- 
mation, flexibility and internal rotational barriers are 
becoming subjects of theoretical computational tech- 
niques. Empirical force field methods such as molecular 
mechanics can handle computations of oligomers and 
even polymers of considerable length. These remain 
empirical techniques modeled after the potentials in 
smaller molecules. Quantum mechanical techniques 
range from the semi-empirical to  the so called ab initio 
molecular orbital techniques. The latter can require 
enormous amounts of computer time to  calculate accu- 
rately the rotational barriers of even small molecules 
such as butane. ' J  Other physical properties such as 
adsorption or diffusion of atoms or molecules through 
polymers will need to be treated on  a quantum mech- 
anical level, or at the least a combination of quantum 
mechanical level at the site of interaction and a less rig- 
orous level for the bulk. At present, semi-empirical 
quantum mechanical methods seem to be most tractable 
for the studies of rotation barriers in oligomers. The 
original papers of Dewar and co-workers 3 - 5  intro- 
ducing the MNDO and AM1 methods describe a limited 


number of rotational barriers. Of the compounds con- 
sidered in this study, only butane (for AM1 only)4 has 
been previously reported. Although the limitations of 
both the AM1 and MNDO methods for determining 
rotational barriers are outlined in these papers, there 
has been n o  systematic reporting of rotational barriers 
for simple alkanes for either method. Because of the 
controversy surrounding PM3 and AMl,  we have also 
included a consideration of PM3. Stewart6 reported 
several literature rotational barrier values, and these are 
reported here for completeness. 


A series of seven alkanes were studied in order to 
locate the equilibrium and transition-state structures as 
calculated by MNDO and AM1 methods found in the 
MOPAC version 5 - 0  series of The pro- 
cedure used here for computing conformational bar- 
riers followed two steps. First, torsional angles to  be 
studied were kept at constant values between 0 and 360" 
in 10" and all other lengths and angles were optimized. 
Subsequently, transitions states and equilibrium struc- 
tures indicated by maxima and minima in the first step 
were obtained by a full, precise optimization involving 
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all geometric parameters. The proper number of nega- 
tive eigenvalues were verified in each case from the 
force constant matrices. 


The molecules considered here are ethane (ET), 2- 
methylpropane (MP), dimethylpropane (DMP), butane 
(BU), methylbutane (MB) 2,2-dimethylbutane 
(22DMB), 2,3-dimethylbutane (23DMB), trimethyl- 
butane (TRB) and tetramethylbutane (TTB). These 
were chosen for their representative gauche and 
eclipsing interactions between hydrogen-hydrogen, 
hydrogen-methyl and methyl-methyl groups. 


There are two unique equilibria positions in BU, the 
anti and the gauche staggered positions, in addition to 
two transition states, that between the anti and gauche 
confirmers, which is designated by its CZ symmetry, and 
the so-called syn structure, where the carbon atoms are 
eclipsed. 


In 23DMB there are also two unique equilibrium 
structures designated by C 2 h  and C2. The MNDO 
method calculates the C 2 h  structure to be 1.30 kcal 
mol-I (1 kcal = 4-  184 kJ) higher in energy than the CZ 
structure, which is in conflict with the experimental 
value of 0.05 kcalmol-I favouring the CZh structure." 
The AM1 calculations give the C2h structure to be lower 
by 0.06 kcalmol-', which is close to the 6-31G* ab 
initio results of Wiberg and Murko.' Similarly, the 
PM3 method gives a value of 0-53 kcal mol-'. This is 
the only case where MNDO did not give the expected 
global minimum for branched alkanes. This is consis- 
tent with the notion that AM1 parameterization gives a 


H 
I 


H 
I 


I n 
2h  C l  


Figure 1. Newman projection for minima of 2,3- 
dimethylbutane 


better accounting of the equilibrium structure heats of 
formation. Figure 1 shows the relative positions of the 
methyl groups in the C Z ~  and C2 minima. 


There are also two unique transition-state structures 
in 23DMB; the Ci structure lies between the C 2 h  and the 
C2 equilibrium conformers and the C2, structure lies 
between the two C2 conformers. Figure 2 shows these 
two transition states. 


In MB there are also two equilibrium conformers, 
designated as C1 and C, and two unique transition 
states designated as CI and Ci. The C: structure rep- 
resents the barrier between the two CI equilibrium 
structures, and the Ci transition state represents a 
barrier between a C1 conformer and the C, conformer. 
All other molecules studied here have one unique stag- 
gered equilibrium structure and one unique eclipsed 
transition state structure. In Table 1 the barriers 
between equilibrium structures for all molecules studies 
are reported for the MNDO, AM1 and PM3 theoretical 
methods and for experiment. Also included are the 
types and numbers of interactions between the groups 
on two central carbon atoms involved in the rotation; 
these have been identified as H-H, H-Me and Me-Me. 


In general, the AM1 barriers tend to be lower than 
the MNDO value and further away from experiment. 
Increasing substitution on propane and butane gives 
higher barriers, as expected. The only cases observed 
where the AM1 barriers are higher than the MNDO 
involve barriers between ganche and anti-like con- 
formers in BU, MB and 23DMB. In every case 
examined here, the PM3 method produces rotational 
barriers higher than the MNDO method. Except for 
23DMB, where PM3 drastically overemphasizes the 
barrier, this method yields better agreement with exper- 
iment than either MNDO or AMI. On further examin- 
ation of Table 1 for trends in barrier heights that could 
be applicable for the extension to polymer systems, 
there appears to be an additivity factor which could be 
derived. In the case of branched alkanes, the presence 
of multiple maxima and minima makes the task of 
finding a simple empirical relationship impossible. 
Deformation energies in polymers need to be fitted to 
model alkanes which are very nearly equal in structure. 


Figure 2. Newman projection for transition states of 2,3-dimethylbutane 
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Table 1. Number of gauche (eclipsing) interactions and torsional barriers (kcal mol-l) between conformers 
~~ ~ ~ 


Interactions Barriers 
Equilibrium Transition-state 


Molecule conformation structure H-H H-Me Me-Me MNDO AM1 PM3 Experimental 


ET 
MP 
DMP 
BU 


MB 


22DMB 
23DMB 


TRB 
TTB 


~~ 


S 
S 
E 
a 
g 
a 


CI 
C1 
C3 


S 


CZ 
CZh 


c2 
S 
S 


c2 h 


E 
E 
E 
c2 


Cr,, 
c2,. 


C: 
Ci 
Ci 
E 
C i  
CZ" 
CZ,. 
Ci 
E 
E 


1.01 1.25 1.46 3.08 
1.56 1.42 1.66 3.99 
2.20 1.60 1.74 4.79 
1.42 1.53 1.71 
2.65 2.55 3.57 
3.23 3.28 4.14 4.5" 
0.72 0.95 1.20 
3.01 2.85 3.92 
2.64 1.99 3.11 
2.95 2.23 3.34 4.9" 
0.90 1.76 3.37 
5-90 4.10 5-08 


2.20 1.70 2.85 
4-14 3.08 5.32 
6.75 4.14 7.39 8-8" 


4-60 4.16 5.61 4.31' 


The AM1 and PM3 parameterization were designed 
to give better heats of formation and give a better 
accounting for hydrogen bonding, which is a major 
weakness in the MNDO method. l 3  Further, the AM1 
parameterization was found to give a better agreement 
with a6 inito calculations in predicting cyclization 
reaction transition states where long-range interactions 
between carbon atoms are important. Dewar et al.'s 
explanation for this was the tendency to overestimate 
repulsive interactions between atoms of a distance 
1.5-2 times the length of a covalent bond in the 
MNDO method. I4 If the AM1 parameterization further 
reduces these long-range interactions, this might well be 
the case of the lower barrier heights in most cases. 
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DYNAMIC BEHAVIOUR OF [2] METACYCLO [2] (3,4)THIOPHENOPHANE 
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Department of Molecular Science and Technology, Graduate School of Engineering Sciences, and Institute of Advanced 


Material Study, Kyushu University 86, Kasugakoh-en 6-1, Kasuga-shi, Fukuoka 816, Japan 


The conformational analysis of dimethyl [2] metacyclo [2] (3,4)thiophenophane (l), which is the thiophene analogue of 
[2.2] orthometacyclophane, is described. The comparison between the dynamic NMR spectra of 1 and the computer- 
simulated spectra led to the energy barrier between syn and unti conformers of 1. This is the first conformational 
analysis of a [2,2] orthometa-type cyclophane. 


We recently reported ' the synthesis and conformation 
of four possible isomers of [2] metacyclo [2] (m,n)thio- 
phenophanes [(rn,n)MTPs] . Here we report a study on 
the dynamics of (3,4)MTP(l), which is thiophene 
analogue of [2.2] orthometacylophane. 


The dynamic 'H NMR spectra* (100 MHz, in 
nitrobenzene-d5) of 11- and 13-methyl protons of 1 
(6H) and the computer-simulated spectra (DNMR23 
was used)? are shown in Figure 1. At 27"C, compound 
1 was composed of a 2 :  1 mixture of syn and anti 
conformers on the 100MHz NMR time scale. As the 
temperature increased these sjgnals became broadened 
and finally coalesced at 115 C. The rate constant at 
each temperature was obtained by simulation. The 
Eyring plot of 1/T vis In(k/T) afforded AS: 
(3 .8  k 0 . 3  and 2.4 t 0 - 3  cal mol-' K - ' )  and A H  
(21.1 * 0-1  kcal mol-') (1 cal=4.184 J). Therefore, 
the energy barrier (AG:) of the conformational change 
from anti to syn at 300 K is 20.0 f 0 . 2  kcal mot-' and 
that from syn and anti at 300 K is 20-4 t 0.1 kcal 
mol-'. 


The results are summarized in Figure 2. Hopf and 
co-workers* predicted that the energy barrier of 
[2.2] orthornetacylophane (2) would be between 20 and 
24 kcal mol-'. The A G :  value obtained in this work 


*The authors are indebted to Dr Shizuo Fujisaki and Dr 
Akiko Nishida, Yamaguchi University, for helpful advice. 
t Authors are indebted to Professor Yoshimasa Fukazawa 
Hiroshima University, and Dr Nobuo Kato, Kyushu 
University, for technical suggestions for the simulation. 
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Figure 1. Dynamic NMR spectra of 1 (in nitrobenzene-ds, 
100 MHz) and the simulated spectra 
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CU. CH. those of 1. This energy barrier could probably be 
caused by the loss of the-flexibility of the biidge motion 
when the C=C double bond is substituted by a 


@I.I~ thiophene moiety. This is the first dynamic analysis of 
the strained [2.2] orthometacyclophane system. 


Anti 1 SYn 


REFERENCES Figure 2. Conformational change of 1 


lies within this range. The reported energy barrier for 
the flipping of [6] metacylophane-3-ene (3)4 at 343 K is 


1. M. Takeshita and M. Tashiro, J.  Org. Chem. 56, 2837 
(1991); 57, 746 (1992). 


Agnew. Chem., Int.  Ed. Engi. 28, 455 (1989); G. J .  
Bodwell, L. Ernst, H. Hopf, P. G. Jones, J. P. McNally 
and D. Schomburg, Chem. Ber. 123, 2381 (1990). 


3.  G. Binsch and D. A. Kleier, DNMRZ, QCPE No. 140 
( 1969). 


4. J.  L. Goodman and J .  A. Berson, J.  Am. Chem. SOC. 107, 
5424 (1985). 


16.5 kcal mol-l, which is 3-4 cal mol-l  smaller than 2. G. J .  Bodwell, L. Emst, M. w. Haenel and H. HWf, a@-J 
2 3 












JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 5, 619-627 (1992) 


REVIEW COMMENTARY 


SUPRAMOLECULAR METALLOCATALYSTS FOR THE CLEAVAGE OF 
AMINO ACID ESTERS 


PAOLO SCRIMIN*, PAOLO TECILLA AND UMBERTO TONELLATO* 
Department of Organic Chemistry and Centro CNR Meccanismi di Reazione Organiche, Universitb di Padova, Via Marzolo I ,  


35131 Padova, Italy 


Transition metal ions are effective catalysts of the hydrolytic cleavage of amino acid esters and their effects can be 
enhanced and properly directed when they are chelated to functionalued Iigands. The resulting metallocatalysts are 
attracting increasing attention and the systems so far investigated are briefly reviewed. Particular emphasis is given 
to supramolecular systems which may add to the metallocatalysts the benefits of the cooperativity, set upon convergent 
non-covalent interactions of their components, needed for substrate recognition. The results obtained with 
metallomicellar aggregates and molecular metalloreceptors, with particular reference to those studied in the authors’ 
laboratory, are reported in more detail. In the case of loosely structured metallomicelles, remarkable accelerations 
and, generally, modest selectivities have been observed; less spectacular kihdtic effects, but promising substrate 
selectivity, have been obtained with structurally well defined metalloreceptors. 


INTRODUCTION 


The hydrolytic cleavage of amino acid esters, to say 
nothing of peptides, has been extensively investigated 
owing to the relevance of this class of compounds in 
biological systems. Metal ions may be effective catalysts 
of the hydrolytic process and many studies have been 
devoted to the understanding of their role and of the 
mode of action of hydrolytic enzymes (metalloenzymes) 
which chelate metal ions, notably Zn(II), at their active 
site. 


This paper addresses the issue of metal ion catalysis 
of the hydrolysis of amino acid esters, with particular 
reference to supramolecular metallocatalysts in which 
the cooperation of several molecules is involved in the 
process. 


The examples discussed are largely taken from our 
research work in Padova. An exhaustive coverage of 
the matter is beyond the scope of this paper; the reader 
interested in a broader knowledge of selected topics is 
referred to the original literature, of which key 
references are given. 


* Authors for correspondence. 
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TRANSITION ION CATALYSIS IN THE 
CLEAVAGE OF AMINO ACID ESTERS 


Following early evidence of metal ion effects in hydro- 
lysis reactions of amino acid esters published by Kroll’ 
in 1952, many investigations, mainly focused on the 
mechanism of catalysis, have been reported. * 
Remarkable rate enhancements for the cleavage of 
complexed esters over that of uncomplexed species were 
observed. For instance, in the hydrolysis of glycine 
methyl ester, the accelerations are as large as lo5 with 
CU(II )~  and lo7 with CO(III)~. Most of the rate benefits 
were shown to result from positive entropic contribu- 
tions. More recently, owing also to a better definition of 
the structure of some metalloenzymes such as carboxy- 
peptidase A5= (CPA), simple models have been 
designed and i n ~ e s t i g a t e d ~ ~  to mimic at least some 
features of the much more complex biological systems. 


Key issues concerning the catalytic role of metal ions 
in hydrolytic systems include (see Scheme 1) (i) the 
direct coordination of the ester (or amide) carbonyl 
group to the metal ion (Lewis acid-type catalysis), (ii) 
the activation of the nucleophile due to possible co- 
ordination and (iii) the geometry of the complex (for 
instance, or-amino acid esters are more sensitive to 
metal ion catalysis than those of @-amino acids). 
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B C A 
Scheme 1 


Convincing evidence for the coordination of the car- 
bony1 in the case of a-amino acid esters6-8 and not in 
that of @amino acid has been reported. 
Whether the effective nucleophile, such as HO-,  is 
coordinated to the metal ion is still an open question. 
From a study of the hydrolysis of an a-amino acid 
amide coordinated to  Co(III), Schepartz and Breslow l o  


suggested that Lewis acid catalysis is the main source of 
the rate enhancements in the case of CPA and related 
metalloenzymes (A in Scheme 1). On the other hand, 
Groves and Baron ' I  pointed to  the key role of the metal 
ion-coordinated HO- (B in Scheme I) in the cleavage of 
a 0-amino acid amide containing a pendant ligand 
subunit. A similar conclusion was also reached by Wells 
and Bruice" from a kinetic study of particular @-amino 
acid esters employing Co(I1) and Ni(I1). The leaving 
group effect in the metal ion-catalysed hydrolysis was 
also investigated. Interestingly, in the case of the hydro- 
lysis of the esters of picolinic acid (an a-amino acid) in 
the presence of transition metal ions, Fife and Przystas6 
reported that the leaving group effect is virtually neglig- 
ible up to  the case where the PKa of the leaving alcohol 
is ca 12.5; with esters made of alcohols of higher pKa 
(and, by inference, in the case of amides), the rate- 
determining step changes from the formation (HO- 
attack) to the breakdown of the tetrahedral 
intermediate. 


Metalloenzymes bind substrates at their active site 
where the metal ion and nucleophilic species are pro- 
perly located for the catalysed process. Using such a 
scheme as a guide, ligand molecules containing a 
nucleophilic function, mainly an alcoholic group in the 
proximity to the chelating subunit, have been designed 
and investigated. This is the case of ligand 1,13 which, 
when coordinated to Zn(II), is a very effective catalyst 
of the cleavage of the p-nitrophenyl ester of picolinic 
acid (PNPP) to give the transacylation product 
resulting from the nucleophilic attack of the 
activated hydroxyl at the carbonyl group of the ester. 
Remarkable results were also obtained using 2- 
hydroxymethyl irnidazole (2) or pyridine (3) 
derivatives l4 complexed with transition metal ions. In 
all these cases, the formation of a ternary complex, 
shown schematically as 4, has been suggested as the key 
step, preliminary to the nucleophilic attack of the (ac- 
tivated) hydroxy function in a pseudo-intramolecular 
process. 


3 - 


OH 


1 - 


I 
CH20H 


2 - 


4 - 


QY0 Q 
I 


NO2 
PNPP 


The geometry of the ligand and the nature of the 
metal ion were shown to be critical for the activation of 
the alcoholic function. Thus, Tagaki et al. l 5  reported 
that the reactivity of the two ligands 5 and 6 is substan- 
tially dependent on the metal ion used: 5 is a better 
catalyst using Zn(I1) which may be coordinated in a 
tetrahedral geometry in such a way that the hydroxyl 
(the nucleophilic species) is involved in the coordination 
sphere. This is not the case for 6, which is reactive only 
using Cu(I1). This latter ion may be chelated in a planar 
coordination arrangement with participation of the free 
hydroxyl. The geometry of the complexes thus plays a 
crucial role in these simple catalysts and in biological 
systems. In the case of metalloenzymes and related 
systems, the complex structure of the protein may con- 
strain the complexes in less predictable geometries, the 
so-called entatic state, l 6  with unexpected consequences. 


I 
CHOH 
I 


I 
FHOR 


A A 
n-C12H25N \ N  n-C 'N 
- k d  - l 2  25\_l 


6 5 - - 


SUPRAMOLECULAR METALLOCATALYSTS 


A supramolecular system is made of two or more mole- 
cules held together by non-covalent binding inter- 
actions. Following Lehn, '' these systems comprise 
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supermolecules, i.e. oligomolecular species such as 
complexes of a receptor and its substrate(s), and 
molecular assemblies, i.e. polymolecular systems, such 
as micelles, vesicles and other aggregates, resulting 
from spontaneous association of surfactant molecules. 
The chemistry of supramolecular systems usually differs 
from that of the isolated components. In the case of 
metallocatalysts, new properties not already observed in 
the ligand systems may result from supramolecular 
association. 


Metallomicelles 


Micelles and other aggregates resulting from the 
association of functionalized surfactants are systems 
which operate collectively and may show interde- 
pendency and ‘group behaviour’. Functional 
micelles l 9  have been extensively investigated in this2’ 
and in several other 18319 laboratories. More recently, 
our and other 23,24 research groups have synthesized 
and investigated the catalytic properties of transition 
metal ions ligand surfactants which are effective cata- 
lysts of the hydrolytic cleavage of a-amino acid and 
other esters. In our early studies,22 we focused our 
attention on amphiphilic molecules, such as 7a-c 


A 
7 - 


+ 
a : R = S(CH2)10N(CH3)3, B; 


A 


fi Ak!! 


8 - 


featuring a 2-hydroxymethylpyridine subunit and a 
hydrocarbon chain bearing, at the opposite end, a 
quaternary ammonium group. 


In the presence of Cu(II), metallomicelles made of 
these surfactants in buffered (pH 6.3) aqueous solu- 
tions and using PNPP as a substrate, a lo6 rate 
enhancement over hydrolysis in the absence of the 
metal ion was observed (Table 1). As for the mode of 
action of these aggregates, we showed that the reaction 
proceeds via the formation of a ternary complex (see 9, 
Scheme 2), followed by a template-directed transacyl- 
ation process and a subsequent metal ion-promoted 
hydrolysis of the transacylation intermediate. Hence the 
process proved to be a really catalytic one with fast tur- 
nover of the ligand. 


Table 1. Observed rate constants,a 
k+ (s-I), for the cleavage of PNPP 
by ligand surfactants 7a-c in the 


presence of CU(II) ionsb 


Ligand kj. (s-’) S l k o  


None‘ 9.7 x 1 
None 0.14 14,433 
7a 1 5 . 5  1,597,938 
7b 7.4  762,886 
7c 0.76 78,350 


aAt 25 OC and in MES buffer (pH 6 .3) .  
[Ligand] = 2.0  x lo-’ M; 


Without Cu(I1) ions. 
IC~( I I ) I  = 4 .6  x u. 


2 


Scheme 2 
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Ligand 10 proved25 to be even better and more flex- 
ible than 7. Micelles made of 10 and Cu(I1) are effective 
catalysts of the hydrolysis of PNPP and other a-amino 
acid esters through the same mechanistic pathway. The 
very large binding constant of 10 for Cu(I1) allowed us 
to explore several facets of its metallomicelles. Thus, 
from kinetic experiments carried out at relatively high 
pHs, the pK, of the Cu(I1)-bound hydroxy group was 
estimated as cu 7 . 7  in micelles and a 1 : 1 substrate-to- 
ligand stoichiometry for the kinetically most reactive 
species could be clearly established in the case of PNPP 
and other a-amino acid esters. Micelles of 10 and Cu(I1) 
are also effective catalysts of the hydrolysis of non- 
ligand esters such as activated alkanoates or 
phosphates; with these substrates, however, the hydro- 
lytic cleavage was shown to occur via a different 
mechanism. Recently, the leaving group effect in the 
cleavage of picolinic acid esters by metallomicelles of 
lO-Cu(I1) was also investigated. 26 Disappointingly, we 
observed that the dependence of the rate on the pK, is 
negligible for akoholic leaving groups having a pK, 
only up to 8-9 (down from 12-5 as observed in the 
simple metal ion-catalyzed hydrolysis, see above); 
further experiments are under way to provide a 
mechanistic explanation. 


The key role of the ternary complex ligand-metal 
ion-substrate involving a tight interaction between 
ligand and substrate in the cleavage process, stimulated 
the investigation of chiral ligands as components for 
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10 - 


N-K-C, 6H33 


HoACH3 


12 - 


(R) or (S) - JJ 


enantioselective processes using chiral a-amino acid 
esters. We synthesized the lipophilic ligand 11 and 
metallomicelles made of (I?)- and (S)-ll-Cu(II). Enan- 
t i o~e lec t iv i ty~’~~~  was indeed observed in the hydrolysis 
of a variety of p-nitrophenyl esters of a-amino acids. 
Enantioselectivity factors ranging from 8 to 15, among 
the largest ever reported for chiral functionalized 
micellar aggregates, were observed in the case of the 
esters of phenylalanine and phenylglycine, being 
[cu(II)] = 8 x lo-’ M and [11] = 2 X M .  Smaller 
factors, ranging from 4 to 7 ,  were observed under 
similar conditions in the process catalysed by metallo- 
micelles of 12, which features the hydroxy group not 
directly bound to the chiral centre as in the case of 11. 
This can be taken as evidence that the hydroxyl is the 
actual nucleophile in the cleavage of the ester. This is 
further confirmed by the results of two sets of experi- 
ments. First, metallomicelles made of ligand 11 where 
the hydroxyl was methylated were shown to be virtually 
ineffective in promoting the hydrolysis of the p-nitro- 
phenyl ester of a-phenylalanine (PhePNP); second, 
experiments performed using a large excess of substrate 
over ligand 11 resulted in the rapid release of p-  
nitrophenol in an amount equivalent to that of the 
ligand, followed by a slower process, i.e. the typical 
behaviour of turn-over experiments 29 which involve the 
formation of a transient intermediate, as illustrated in 
Scheme 2. 


For all the substrates investigated, the highest accel- 
eration was observed using the (R)-ester and the ( S ) -  
ligand (and vice versa): such enantiorecognition is likely 


to be the result of negative steric interactions between 
the two substituents bound to the chiral centres when 
they are on the same side of the coordination plane of 
the Cu(I1) ion, as indicated schematically in 14 for the 
case of ( R ) - ( R )  or ( S ) - ( S )  ligand-substrate systems. 


R 


OPNP H 


14 - 
Most interestingly, experiments carried out using 


Cu(I1) and micellar 11 or its analogue 13, which does 
not form micelles, showed that only metallomicelles 
accelerate the hydrolysis of PNPP3’ and other a-amino 
acid esters, as shown in Figure 1, and that the enan- 
tioselectivity effects are much larger in the case of 
metallomicelles. In the case of (S)-11 and (R)-PhePNP, 
the difference in reactivity at the highest ligand concen- 
tration explored amounts to ca lo’, an impressive 
kinetic effect on going from non-micellar to micellar 
metallocatalysts. 


The effectiveness of micellar over non-micellar 
ligands may be attributed to higher concentration of the 
ternary complex due to the favourable partitioning of 
the substrate in the micellar pseudo-phase, to a higher 
pH at the micellar interface due to the electrostatic 
effects of the cationic headgroups of the aggregates and 
to an enhanced electrophilicity of the metal ion bound 
to the ligand. 24 The inventory is likely to be extended. 
In fact, there are indications that the geometry of the 
complex may assume a distorted geometry in the 
aggregate with possibly favourable effects in the cata- 
lytic action. Thus, from a comparative study of the 
hydroxy functionalized micellar ligands and of their 
0-methylated siblings, it appears that the hydroxyl acts 
as a nucleophile in the case of micellar llCu(I1) and 
not in that of (non-micellar) 13*Cu(II). Such a 
behaviour is specific for Cu(I1) complexes and not for 
those with Zn(II), which do not show relevant differ- 
ences between aggregate and non aggregate systems. 
From preliminary ESR measurements, it appears that in 
the micellar assembly the complex ll.Cu(I1) is forced in 
a distorted, non-planar geometry (leaning to a tetra- 
hedral one which is preferred in the case of Zn2+ com- 
plexes). Such an effect is clearly reminiscent of the 
above-mentioned ‘entatic state’ l 6  invoked for the mode 
of action of some metalloenzymes. 


Metalloreceptors 


Although micelles presents interesting features as supra- 
molecular metallocatalysts, their rather loose structure 
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Figure 1 .  Dependence of the observed rate constant ( k ~ )  for 
the release of p-nitrophenol in the cleavage of the enantiomers 


can hardly provide rigid complexation sites needed for 
binding selectivity. Vesicles31 are much more ordered 
systems than micelles and metal lo vesicle^^^ are also 
being investigated in our laboratory. So far the 
investigations have been mainly focused on their mor- 
phology and on metal ion permeation through the 
bilayer membrane of the aggregate. Their behaviour as 
metallocatalysts of the hydrolysis of amino acid esters 
is also under study; 32b it appears interesting akhough 
complicated by a variety of phenomena not yet fully 
understood. The search for selective metallocatalysts 
led us to the design and study of molecular receptors 
containing ligand subunits and capable of binding 
metal ions in addition to a proper substrate. 


Functionalized cyc l~dex t r in s~~  (CDs) are increasingly 
attractive receptors owing to their ability to bind 
hydrophobic substrates into their (chiral) cavity with 
remarkable selectivity and good rate accelerations have 


of the p-nitrophenyl ester of phenylglycine on the concentra- 
tion of Iigands (S)-11 and (S)-13. p H = 5 . 5 ;  25'C; 


[cU(lI)] = 8 . 3  X M 


been reported in the cleavage of esters.33b Further, 
several ligand-functionalized CDs have been 
~yn thes i zed~~  and some of them have been used as cata- 
lysts of the hydrolysis of although not of 
amino acid esters. Recently, we have s y n t h e s i ~ e d ~ ~  the 
2-hydroxymethylpyridine-functionalized @-CD 15, 
featuring the same ligand subunit of surfactant 7 linked 
to the 3-position of one of the glucopyranose rings of 
the macrocycle via a thioether bond. The receptor binds 
Cu(I1) and the complex was investigated as a catalyst of 
the hydrolytic cleavage of the p-nitrophenyl esters, 
PNPP, PNPQ and PNPQPh, i.e. of a-amino acids dif- 
fering for the size of their hydrophobic portion. Such a 
metalloreceptor provides two distinct sites (the CD 
cavity and the metal ion) which may compete for 
substrate binding and, therefore, influence the reac- 
tivity depending on the structure of the substrate and on 
the mode of insertion. 
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Comparative kinetic experiments were performed 
using 15 and the simple ligand 8 in the presence of  
Cu(I1) ions and using native 0-CD in the absence of the 
metal ion. The cleavage of all esters is accelerated by 
the Cu(I1) complexes of 15 and 8, the latter being more 
effective than the modified CD. At pH 6.3, under the 
conditions [Cu(II)] = 1.4 x M and [ligand] = 
8 x M ,  the relative rates (1518) are PNPQPh 0.85,  
PNPP 0.3 and PNPQ 0.26. At p H 9 . 8  using native 
p-CD, the rate benefits relative to  the hydrolysis in pure 
buffer follow the reverse order, namely PNP- 
Q > PNPP > PNPQPh. 


'HNMR studies indicate that in the case of  
PNPQPh, the substrate is associated to  15 with the 
phenyl group fully included inside the cavity and the 
carbonyl group forced outside towards the metal ion 
bound to the hydroxy functionalized ligand subunit, as 
indicated in 16. Such a productive geometry apparently 
cannot be reached with the other two substrates 
featuring a less extended hydrophobic portion. In the 
case of native 0-CD, the nucleophile is one of the secon- 
dary hydroxyls of the upper rim3' and the best 
geometry for transacylation is achieved with PNPQ. 
The fact that 8.Cu(II) is still a better metallocatalyst 
than 15*Cu(II) indicates that we have not yet reached 
the optimum complexation geometry to capitalize on 
both the CD cavity and Cu(I1) complexation sites. 


For a receptor t o  be really selective as a metallocata- 
lyst of the cleavage of amino acid esters, the following 
different functions should be effective: organization, 


recognition and catalysis. Efforts to synthesize a 
suitable metalloreceptor have been pursued in our  
laboratory and, recently, we prepared3' compound 17. 
Such a molecule contains a pyridine subunit and two 
pairs of different amino groups which may provide two 
different chelating subunits; it also features three 
quaternary ammonium groups, which ensure solubility 
in neutral aqueous solutions, and two diphenylmethane 
hydrophobic spacers. Ligand 18, a reduced model of 
17, was also synthesized and investigated for com- 
parison purposes. On addition of two Cu(l1) ions which 
are chelated to  the binding sites of the receptor, 17 is 
forced to  organize itself into a pseudomacrocyclic struc- 
ture, 19, which may provide a cavity suitable for the 
inclusion of low-polarity substrates. We thought that 
an amino acid ester of proper size could be accom- 
modated within the cavity of the metalloreceptor in 
such a way that when its amino group is coordinated to 
one resident Cu(l1) ion, the carbonyl group interacts 
with the other one. 


The idea was apparently confirmed by experiments 
performed employing the p-nitrophenyl esters of a- and 
p-amino acid as substrates. The results reported in the 
rate-concentration plot in Figure 2 were obtained in 
the case of esters of P-alanineo at  fixed [Cu(II)] 
(4x 1 0 - 4 ~ ) ,  p H = 6 . 3  and 25 C.  Taking as a 
reference the rate of the Cu(I1)-catalysed process, 
i.e. when the ligand is absent, the hydrolysis of the 
0-alanine ester is accelerated by addition of 17 and, on 
the contrary, retarded by 18, which can bind only one 
Cu(I1) ion. The kinetic version of a Job plot39 (see 
Figure 2 ,  inset) clearly indicates that the maximum 
acceleration is obtained for the complex 17-2Cu(iI). 
Moreover, under the conditions used in the above 
experiments, both ligands decrease the hydrolysis rate 
of the ester of a-leucine to virtually the same extent. 


Inspection of molecular model indicates that the 
&amino acid ester is of the right size to be included 
between the two metal ions in 19 and take advantage of 
the interactions with both of them. In contrast the 
a-amino acid ester is too short for the inclusion to be 
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effective and the ligand competes with the substrate for 
the metal ion; as a result, an overall retardation of the 
rate of hydrolytic cleavage is observed. Thus, although 
the catalytic effects are far from impressive, the poly- 
topic receptor 17 behaves as a selective catalyst and the 
results obtained so far stimulate structural refinements 
to  improve both catalytic efficiency and selectivity. 


CONCLUSION 


Transition metal ions are powerful catalysts or, in many 
cases, promoters of the cleavage of amino acid esters. 
The association to  ligands with built-in nucleophilic 
functions may further improve the effect. Metallo- 
micelles and other aggregates constitute organized 
systems able to  magnify the effects of the interactions 
between the substrate and the catalytic site and provide 
a different environment for the occurrence of the pro- 
cess. In spite of the loose structure of the metallo- 
aggregates, relatively high enantioselectivities have been 
observed and some unique properties connected with 
their reactivity have been revealed. However, selectivity 
based on the structural geometry of the substrate is out 
of reach for these systems. More rigidly structured 
metalloreceptors look more promising in this regard. 


In spite of the many efforts to  obtain hydrolytic 
metallocatalysts for esters of amino acids which may be 
both effective and selective, the goal still appears far 
away. However, some of the basic elements of the 
systems investigated so far and outlined here look pro- 
mising and we believe that simple supramolecular 
systems able t o  rival natural metalloenzymes can be 
synthesized in near future. As recently stated by 
K n ~ w l e s , ~ '  enzyme catalysis is 'not different, just 
better'. Nature, in refining the systems, has been 
working much longer than we have. 
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Figure 2. Dependence of the observed rate of cleavage, k+, of the p-nitrophenyl ester of (3-alanine on the concentration of ligands 
17 and 18. pH = 6.25; [Cu(ll)] = 4 x M .  Inset: kinetic version of the Job plot for ligand 17 
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STRUCTURE OF, AND INTERNAL ROTATION IN, HEXAKIS 


STRUCTURAL COMPARISON WITH ITS PRECURSOR PHENOL 
[4-(2-PHENYLPROPAN-2-YL)PHENOXY] BENZENE, AND 


4-(2-PHENY LPROPAN-2-Y L)PHENOL 


D. D. MAcNICOL, P. R. MALLINSON AND I. VALLANCE 
Chemistry Department, University of Glasgow, Glasgow GI2 8QQ UK 


The title compounds (1 and 3, respectively) were studied by X-ray crystal structure analysis. Both are trigonal, space 
group R3, with lattice parameters a = 27.718(6), c = 8.161(2) A,  Z =  3 and a = 31-267(7), c = 6.560(2), Z =  18, 
respectively. The dodecamethyl compound 1 is isomorphous with its parent hexakis(4-benzylphenoxy)benzene (2), a 
known host. However, 'collapse' along the c-axial direction bas occurred such that the appreciable clathrate cavity 
of 2 has been replaced by only a very small residual void for 1. Phenol 3 does not pack in discrete [OH16 hydrogen- 
bonded hexamers; instead, molecules are assembled in infinite chains, linked by OH-*.O hydrogen bonds of length 
2.7333) A, which are propagated along threefold screw axes. A variable-temperature CPMAS NMR study of side- 
chain aryl group rotation in 1 gives a value AG' of 14.0 ? 0-7 kcal mol-' (at 42OC) for the (crystallographically 
unique) para-disubstituted ring, a similar 14 kcal mol-' free energy barrier being found hindering rotation of this 
ring, and of the outer phenyl ring of 1, at 9 'C. 


INTRODUCTION sions, as discussed below. Compound 1 was prepared 


We have recently employed hexakis(4- 
benzy1phenoxy)benzene (2) and structurally related 
hexakis(4-phenoxyphenoxy)benzene as a potentially 
useful method for storage of volatile and reactive rea- 
gents as clathrates. l To ascertain the host packing in 
these crystalline inclusion compounds, detailed X-ray 
analyses were carried out. ' We now report the synthesis 
and structure of hexakis [4-(2-phenylpropan-2- 
yl)phenoxy] benzene (l), which corresponds to the 
formal addition of twelve bulky methyl groups to 2, in 
order to see how this would affect inter-column 
packing. Interestingly, this leads_to the retention of the 
rhombohedra1 space group R3, but with marked 
changes in molecular packing and in unit cell dimen- 


R 


1 ,  R = M e  - 
2 ,  R = H  
M 


OH 


3 
N 


from hexafluorobenzene and the sodium salt -of -3, as 
described under Experimental. In this paper, for the 
purpose of comparison, we also describe a detailed 
crystal structure of the isomorphous precursor phenol 
4-(2-phenylpropan-2-yl)phenol (3). An NMR study of 
intramolecular group rotation in 1 in the molecular 
crystal is also described. 


EXPERIMENTAL 


Compound 1 was prepared in high yield by reaction of 
hexafluorobenzene with 12 molar equivaleps of the 
sodium salt of phenol 3 for 6 weeks at 90 C in 1,3- 
dimethylimidazolin-2-one (DMEU) as a polar aprotic 
solvent, in a sealed tube.2 The hexaether 1 has m.p. 
21 1-212 "C (from acetonitrile; m/z 1338 (M+) ,  'H 
NMR, G(CDCl3) 1.54 (36H,s), 6.71 (24H,AA'BB' pat- 
tern, ~ A B  = 0.40 ppm), 7 -  14 (30H, m); 13C NMR, 


127.9, 139.7, 144.6, 150.7, 155.1;  elemental analysis: 
found, C 86.06, H 6.69; C96H9006 requires C 86.05, 
H, 6.78%. In addition, solid-state NMR spectra, dis- 
cussed later, were in complete accord with the assigned 
structure and X-ray analysis of 1. 


Crystal data for C96H9006 (1): M =  1339.74, rhom- 
bohedral, space group R3, u = 27.718(6), c = 8.161(2) 


&(CDCl,) 30.8, 42.3, 115.2, 125.5, 126.7, 127.4, 
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A ,  V=5430(2) A 3 ,  Z = 3 ,  D , = l * 2 3 g ~ m - ~ ,  
X(Mo K,) = 0.7107 A, T =  293 K. 
Number of independent reflections = 2637 from colour- 
less prism, 0.6 x 0 - 3  X 0.2 mm. R = 0.043, R' = 0.036 
for 1459 observed [ F i  > 2a(Fa)] reflections. 


Crystal data for ClS_H160 (3): M =  212.29, rhombp- 
hedral, space group R3, a = 31.267(7), c = 6-560(2) A ,  
V=5554(2) A 3 ,  Z =  18, D,= 1 . 1 4 g ~ m - ~ ,  
X(Mo K,) = 0.7107 A ,  f i  = 0.65 cm-', T =  293 K. 
Number of independent reflections = 2683 from colour- 
less, hexagonal needle, 1-0  x 0 - 3  x 0.3 mm. 
R = 0.065, R' = 0.070 for 1412 observed 
[F;  > 2a(&)] reflections.* 


X-ray intensity measurements for all possible reflec- 


p = 0.70 cm-', 


Table 1. Fractiopal coordinates and isotropic displacement 
parameters (A ') for hexakis [4-(2-phenylpropan-2-yl) 


phenoxyl] benzene (1) 


Atom X Y Z U" 


0.04833(6) 
0.11457(7) 
0.16782(7) 
0.18778(7) 
0.15604(7) 
0.10338(7) 
0.0825 1(7) 
0.18021 (7) 
0.13773(10) 
0.19640( 12) 
0.23077(7) 
0.285 17(8) 
0.32974(9) 
0.32123(11) 
0.26764(11) 
0.22336(9) 
0-09736(4) 
0.1909(7) 
0-2253(7) 
0*0790(7) 
0-0429(8) 
0.1228(8) 
0.1057(9) 
0.1553(9) 
0.2247(8) 
0.2148(8) 
0.1637(8) 
0.291 9(8) 
0.3680(8) 
0.3539(9) 
0.2606(9) 
0.1869(7) 


0.997 1 l(7) 
0.98296(7) 
0.99077(8) 
0-97830(7) 
0.95699(7) 
0.95078(8) 
0.96383(8) 
0.941 56(7) 
0.91477(11) 
0.89838(10) 
0.99492(7) 
1.00792(9) 
1.05702(10) 
1.09395(9) 
1.08205(9) 
1.03357(8) 
0' 99546(5) 
1.0055(7) 
0.9858(7) 
0.9350(7) 
0*9587(7) 
0.9397(8) 
0.8793(8) 
0.9050(9) 
0.9118(8) 
0.8903(8) 
0.8637(8) 
0.981 3(8) 
1.0649(7) 
1 * 1302(9) 
1.1079(9) 
1.0269(7) 


0.99839(23) 
0.85268(24) 
0.85375(27) 
0-71527(27) 
0.57524(25) 
0.57641 (27) 
0.71373(27) 
0.42687(26) 
0.28858(34) 
0.48100(36) 
0.36559(25) 
0.39541(32) 


0- 25203(35) 
0.2215 l(36) 
0.27866(29) 
0.99980( 1 7) 
0.9550(28) 
0.7 160(25) 
0.4756(27) 
0.7080(25) 
0*2495(29) 
0.3287(30) 
0.1948(32) 
0.5761 (32) 
0.3882(32) 
0.5171(31) 
0.4509(28) 
0.36 1 O(30) 
0.21 17(32) 
0- 1605(35) 
0.2608(29) 


0.33939(35) 


0.036 
0.037 
0.045 
0.046 
0.040 
0.048 
0.047 
0.046 
0.064 
0.069 
0.042 
0.059 
0-068 
0.071 
0.074 
0.056 
0.044 
0.054( 1) 
0.050(1) 
0.047( 1) 
0.066( 1) 
0.063(1) 
0.075(1) 


0.084( 1) 
0.083(1) 
0.078(1) 
0.062( 1) 
0.074( 1) 
0.08 1 (1) 
0.092( 1) 
0.059( 1) 


0.081(1) 


'For hydrogen atoms (/is the isotropic displacement parameter and for 
other atoms (I= 1/3 X ? = ,  X j = l  U,,a:af(Z,.&).  


* Supplementary data are obtainable from the authors: 
observed and calculated structure factors, anisotropic dis- 
placement parameters, bond lengths, bond angles and torsion 
angles for 1 and 3. 


Table 2. Fractiopal coordinates and isotropic displacement 
parameters (A *) for 4-(2-phenylpropan-2-yl)phenol) (3) 


Atom X Y Z (la 


C(1) 0~558Ol(lO) 0-07844(10) 0.24535(43) 0.057 
C(2) 0.56834(13) 0.05541(13) 0.40304(48) 0.078 
C(3) 0*59794( 12) 0.03472( 13) 0.37664(50) 0.075 
C(4) 0.61814(10) 0.03648(10) 0.18969(45) 0-056 
C(5) 0.61005(12) 0.05995(11) 0.03083(48) 0.066 
C(6) 0.57996(12) 0.08033(11) 0.05855(46) 0.066 
C(7) 0.52170(11) 0.09764(11) 0.26439(46) 0.066 
C(8) 0.54328(10) 0.14826(11) 0.16607(44) 0.063 
C(9) 0.59010(12) 0.18577(12) 0.22266(49) 0.067 
C(10) 0.60%5(15) 0.23313(13) 0.14849(56) 0.078 
C(11) 0*58381(16) 0-24465(15) 0.01251(57) 0.087 


C(13) 0.51758(13) 0.16027(15) 0.02538(55) 0.082 
C(14) 0*47348(15) 0.05889(18) 0.16550(86) 0.095 
C(15) 0.51081(19) 0.10341(19) 0.49010(61) 0.090 
O(4) 0.64698(9) 0.01524(9) 0.15557(37) 0.078 
H(2) 0.5539( 12) 0.0521( 12) 0.5365(54) 0.079(3) 
H(3) 0.6062(12) 0.0215(11) 0.4862(52) 0.071(3) 
H(04) 0.65OO( 12) 0.0020(12) 0.2504(52) 0.063(3) 


C(12) 0.53796(17) 0.20849(17) -0.05015(58) 0.099 


H(5) 0.6267(10) 0.0629(10) - 0.1037(52) 0.061(3) 
H(6) 0.5769(13) O*lOO3(13) -0-0542(58) 0.089(3) 
H(9) 0.6093(12) 0*1771(11) 0.3025(50) 0.070(3) 
H(10) 0.6419(13) 0.2571(13) 0-1830(51) 0.077(3) 
H(11) 0.5976(14) 0.2799(15) -0.0508(56) 0.102(3) 
H(12) 0.5164(15) 0.2196(15) -0.1388(70) 0.130(3) 
H(13) 0.4817(13) 0.1346(12) -0.0086(50) 0'076(3) 
H(14a) 0.4578(16) 0.0708(16) 0-1682(70) 0- 103(3) 
H( 14b) 0.4624( 13) 0.0228(15) 0.2285(60) 0.096(3) 
H(14~) 0.4816(13) 0.0550(14) 0+0071(67) 0.100(3) 
H(15a) 0.5412(14) 0.1268(13) 0.5577(55) 0.077(3) 
H(15b) 0.4894(11) 0.1192(11) 0.4965(48) 0.069(3) 
H(15~) 0.4941(12) 0.0727(13) 0.5586(54) 0.077(3) 


a For hydrogen atoms (I is the isotropic displacement parameter and for 
other atoms U =  1/3 X?=, X & I  U,,a,a:o~(Z,.o;). 


tions with sin t l /A  > 0-64 A - '  were made by 28 - w 
scan on an Enraf-Nonius CAD4F diffractometer. Unit 
cell parameters were determined by least-squares refine- 
ment of diffractometer setting angles for 25 reflections 
with 12" < 0 < 14". Least-squares refinement 
minimized Cw(l FO I - I Fc I)', w = I/a'(F).  The final 
difference map revcaled maximum electron density!. 6, 
minimum -0.3 e A - 3  for 1 and 0 - 4  and -0.4 e A - 3 ,  
respectively, for 3. The principal computer programs 
used in structure solution and refinement are listed in 
Ref. 3. 


Atomic coordinates are given in Tables 1 and 2 for 1 
and 3, respectively. The labelling of the atoms is shown 
in Figures 1 and 4. 


DISCUSSION 


'3C solid-state CPMAS NMR study 


Figure 1 shows I3C NMR spectra of crystalline 
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C ( 2 I  


Figure 1. "C solid-state NMR spectra of crystalline 


measured under CPMAS conditions on a Varian VXR spec- 
trometer, at carbon frequency 75.4 MHz, and at temperatures 
(a) 65, (b) 36, (c )  9, (d) - 14 and (e) -82°C. NQS was 
employed to identify non-protonated carbons (see text). The 
chemical shift scale is relative to an external sample of 


tetramethylsilane 


hexakis [4-(2-phenylpropan-2-yl)phenoxyJ benzene (1 1 


hexakis [4-(2-phenylpropan-2-yl)phenoxy] benzene (1) 
recorded with cross-polarization and magic angle spin- 
ning JCPMAS) at temperatures ranging from to - 82 to 
+65 C. As will be seen, these spectra not only give 
definitive information about the asymmetric unit in the 
crystal but also provide dynamic information. Figure 
l(e) shows the spectrum of the aromatic carbons at 
-82'C, along with assignments, which employ a 
common numbering scheme with the X-ray study 
described below (Figure 2) .  The signals close to 127.3 
and 125.6 6c each correspond to  two carbon atoms. 
The three remaining carbons C(8) and non-equivalent 
methyl carbons, not shown in Figure 1, give rise to  
sharp signals a t  40.8, 29.4, and 26.0 6c measured at  
ambient temperature [interestingly, at - 82 "C the 
signals from methyl carbons C(9) and C(10) have 
broadened into the baseline; the origins of this type of 
effect have been discussed recently4]. The existence of 
just 16 carbon resonances indicates that the asymmetric 
unit comprises one sixth of the molecule of 1. Further, 
since an all-cisoid arrangement is extremely unlikely for 


Figure 2. View showing the molecular structure of  hexakis [4- 
(2-phenylpropan-2-yl)phenoxyl benzene (1) in its crystal. The 
indicated atomic numbering scheme is common to the x-ray 


and CPMAS NMR studies 


1 (not coordinated to  a metal atom), the exact sym- 
metry of 1 can be assigned point group c3, (&) or, less 
probably, D3, A higher symmetry D3d conformation is 
excluded since the geminal methyls, necessarily related 
by a dihedral plane, would give rise to  a single signal, 
rather than two as  observed. As seen from Figure 1 ,  
signals from C(3) and C(7), ortho to oxygen in the 
disubstituted ring, undergo coalescent: on raising the 
sample temperature from - 82 to + 65 C, a single peak 
in the exchange narroying region being observed from 
C(3) and C(7) at + 65 C [Figure I(a)] . At coalescence, 
42( 2 5) 'C, application of the equation k = ?r 6v/d2 
gives AG' = 14.0(+0.7) kcal mol-' (1 kcal= 
4-184 kJ) for 180" rotation of the para-disubstituted 
ring around an axis defined by C(2) and C(5). The large 
chemical shift difference between C(3) and C(7), ca 
8 ppm, is consistent with substantial 7-gauche effects' 
arising from the small va',"e of torsion angle 
C(l)-O(l)-C(2)-C(7), - 11 , measured by X-ray 
diffraction analysis (see below). Interestingly, all of the 
signals for C(3), C(4), C(6), C(7), C(12), C(13), C(15) 
and C(16) exhibit onset of significant exchange 
broadening in a narrow temperature rang:, indicating 
that the free energy barrier hindering 180 rotation of 
the outer phenyl moiety is close t o  that of the inner 
side-chain ring. Estimates of line broadening of non- 
coalesced signals (approximate because of overlaps in 
range 125-133 6c) suggest6 common value for AG' of 
ca 14 kcal mol-' for both rotations at 9 "C. At +65" C 
[Figure l(a)], not yet a t  limiting fast exchange, 
coalesced pairs C(4), C(6); C(12), C(16); C(13), C(15) 
give rise to  a single broad feature centred near 128 6 ~ .  
C(14), which has a unique environment unaffected by 
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aryl moiety rotation, gives rise to a prominent feature 
at 126 .68~  at +65"C. Likewise, aromatic carbons 
C(1), C(2), C(5) and C(11) do not undergo site exchange 
as a consequence of rotation; these give four sharp 
resonances, unchangoed as the temperature is raised 
from -82 to +65 C (Figure 1). As expected, the 
resonance for quaternary carbon C(8), not shown in 
Figure 1, also remains a sharp single line in this tem- 
perature range. In contrast to the above behaviour, a 
preliminary CPMAS study of crystalline hexakis(4- 
benzy1phenoxy)benzene (2) (CC4 clathrate), analogous 
to 1 but lacking its methyl groups, is consistent with 
rapid rotation of both side-chain rings at + 36 'C. The 
signal for the carbons ortho to oxygen in 2, corre- 
sponding to C(3) and C(7) in 1, app$ars as a narrow 
singlet at 11 5 .7  6c at + 36 C; at - 82 C decoalescence 
has not yet occurred but the exchange narrowing region 
has been entered. From this (and the large chemical 
shift difference expected between these orrho carbons 
for 2), it may be inferred that rotation of the para- 
disubstituted ring of 1 is much more hindered than it is 
for the corresponding ring in 2. Further CPMAS 
studies on 2 and related molecules are in progress. 


X-ray analysis 


Figure 2 shows the structure and conformation of 
hexakis [4-(2-phenylpropan-2-yl)phenoxy] benzene (1) 
in the molecular crystal. The molecule of 1, located on 
a point of 3 symmetry, is constrained to have exact C3i 


(&) symmetry. This, satisfyingly, is in complete accord 


with the above-described CPMAS study. Side-chain 
moieties are located alternately above and below the 
plane of the centra! benzene ring. The central ring is 
planar to kO.01 A and attacked oxygen atoms lie 
accurately in the mean plane. The c-axial dimensioa 
shortens markedly from 11.247(2) for 2 to 8.161(2) A 
for 1, corresponding to formal introduction of twelve 
methyl groups. This change mainly reflects reorien- 
tation of the aralkyl group, benzyl for 2 and cumyl 
for 1, which dramatically changes torsion 
angle C(6)-C(5)-C(8)-C(l1) to 117" in 1 
from the corresponding value of - 5 "  for 2. Less 
pronounced changes occur in other torsion 
angles; for example, C(l ')-oC(l)-O(l);C(2) and 
C(l)-O(l)-C(2)-C(7), + 78 and - 11 , respect- 
ively; for 1, map be compared with related values of 
+94 and -28 for 2. This marked rotation of the 
aralkyl substituent corresponds to a splaying of the 
outer phenyl away from the c-axis in 1 resulting in 
closer packing along c in 1 than in 2. In the 4-benzyl 
counterpart 2 the phenyl group projects roughly along 
the c-axial direction; it acts to prevent a closer approach 
between adjacent molecules along c in addition to 
forming an essential part of the clathrate cavity wall. 
The a-axial dimension undergoes an increase>elated to 
the decrease in c; a changes from 23*144(6)A for 2 to 
27*718(6)A for 1. The reorientation of the outer phenyl 
may reflect repositioning of the geminal dimethyl 
groups of 1 so that serious disruption of intercolumn 
packing is avoided. In I ,  like 2, the molecules are 
assembled in infinite stacks along c, but for 1 only a 


Figure 3.  Stereoview illustrating the relationship of two adjacent molecules of 1 which represent a part of infinite stacks along c 
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residual void is left between adjacent molecules along c. 
A stereoview, normal t o  c, illustrates the packing of two 
adjacent molecules along c in the crystal of 1 (Figure 3). 


Knowledge of the space group of the precursor 
phenol of 2, namely 4-(2-phenylpropan-2-yl)phenol (3), 
as R j ,  prompted us to carry out a full X-ray analysis to 
establish whether 3 was comprised of hydrogen-bonded 
[OH16 hexamers and, if so, whether it possessed any 
sizeable voids. A view of the single molecule of 3 in the 
crystal is shown in Figure 4. More revealing, however, 
is the stereoview in Figure 5 ,  illustrating the molecular 
packing of 3. Although six molecules of 3 are grouped 


Figure 4. General view of the structure of 4-(2-phenylpropan- 
2-yl)phenol (3) in its rhombohedra1 molecular crystal 


Figure 5 .  Stereo packing diagram for 3 illustrating the view looking along c .  Infinite chains of molecules of 3 are propagated around 
threefold screw axes parallel to c 


around a point of 3 symmetry, this occurs in such a way 
that their non-functionalized phenyl rings converge 
towards this site. As a consequence, there is no 
hydrogen bonding linking these molecules to  form a 
discrete [OH] 6 unit as found in many clathrates formed 
by phenolic host molecules. ' Instead of pointing 
inwards to  form a closed cycle of hydrogen bonds, the 
OH groups point outwards and contribute to  six sep- 
arate infinite spirals of hydrogen bond-linked molecules 
of 3, propagated along six threefold screw axes which 
surround the c-axis, and run parallel to it. The OH...O 
hydrogen bonds linking adjacent molecules in these 
spiral chains have length 2.735(3) A ,  with H...O 
contact 1.96(3) A and O-H...O 175(3)'. In the 
present study of potential host molecules, structural 
analysis by X-ray methods is nicely complemented by 
variable-temperature CPMAS NMR measurements 
which more directly provide dynamic information con- 
cerning such systems. 
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MOLECULAR RECOGNITION BY MACROCYCLIC RECEPTORS 
HAVING MULTIPLE HYDROPHOBIC BRANCHES IN A 


SYNTHETIC BILAYER MEMBRANE 


JUN-ICHI KIKUCHI,* CHIEMI MATSUSHIMA, YUMI TANAKA, KEN-ICHI HIE AND 
KAZUAKI SUEHIRO 


Department of Applied Chemistry, Faculty of Science and Engineering, Saga University, Saga 840, Japan 


AND 


OSAMU HAYASHIDA AND YUKITO MURAKAMI* 
Department of Chemical Science and Technology, Faculty of Engineering, Kyushu University, Fukuoka 812, Japan 


Hybrid molecular assemblies were prepared in combinations of a synthetic peptide lipid, involving an L-alanine 
residue interposed between an anionic head group and a hydrophobic double-chain segment, with cationic macrocyclic 
hosts, a steroid cyclophane bearing four rigid steroid moieties and octopus cyclophanes having eight flexible 
hydrocarbon branches. On addition of the cyclophanes to multi-walled bilayer membranes composed of the anionic 
lipid, thermodynamic parameters (AH and AS) associated with the phase transition between the gel and liquid- 
crystalline states were subjected to changes that are consistent with the formation of the hybrid assemblies. Anionic 
fluorescent guests, 8-anilinonaphthalene-1-sulphonate and 6-p-toluidinonaphthalene-2-sulphonate, were effectively 
incorporated into the hydrophobic cavities provided by the cationic cyclophanes embedded in the bilayer membrane 
through hydrophobic and electrostatic interactions. The guest-binding modes of the hybrid assemblies are classified 
into two types; a guest is included in the proximity of the hydrogen-belt domain of the bilayer membrane in one mode, 
and a guest is incorporated into the hydrophobic bilayer domain composed of double hydrocarbon chains of the lipid 
in another. 


INTRODUCTION 


In recent years, much attention has been focused on 
molecular recognition by artificial macrocycles in order 
to mimic specific functions of naturally occurring 
supramolecular hosts, such as enzymes and 
receptors. ' -* While molecular recognition abilities of 
such artificial hosts have been generally examined in 
solution and solid states, biological receptors exhibit 
characteristic molecular recognition in combination 
with biomembranes. In this regard, guest recognition 
by supramolecular assemblies composed of an artificial 
macrocycle and a bilayer membrane has been studied 
only to a limited 


We have been employing functionalized cyclophanes 
as artificial enzymes and receptors, 5310-12 while adop- 
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ting bilayer aggregates formed with synthetic peptide 
lipids, which have a-amino acid residue(s) interposed 
between a polar head moiety and a hydrophobic 
double-chain segment through amide linkages, as struc- 
tural and functional models of biomembranes. l 3  On the 
above-mentioned ground, we report here on molecular 
recognition by hydrophobic cyclophane derivatives 
which are embedded in the bilayer membrane formed 
with an anionic peptide lipid (l), two types of hydro- 
phobic macrocycles being used as receptor models, a 
steroid cyclophane bearing four rigid steroid moieties 
(2) and octopus cyclophanes having eight flexible 
hydrocarbon branches (3 and 4). These cationic macro- 
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cycles afforded hybrid assemblies with the anionic 
peptide lipid and acted as effective artificial receptors 
toward anionic organic guests, such as S-anilinonaph- 
thalene-I-sulphonate (ANS) and 6-p-toluidinonaph- 
thalene-2-sulphonate (TNS). Characteristic features of 
molecular recognition by the receptor models embedded 
in the bilayer membrane are clarified in this work. l4 


EXPERIMENTAL 


Materials. Magnesium bis(8-anilinonaphthalene-l- 
sulphonate) [Mg(ANS)Z ] and potassium 6-p-toluidin- 
onaphthalene-2-sulphonate [K(TNS)] of guaranteed 


reagent grade were obtained as fluorescent probes 
from Nacalai Tesque (Kyoto, Japan) and used 
without further purification. An anionic peptide lipid, 
sodium N,N-dihexadecyl-N"-(6-sulphohexanoyl)-~-danin- 
amide ( l )y  and an octopus cyclophane, N,N',  
N",N'" -tetrakis (3-( N,N-ditetradecylcarbamoyl)-3- [(tri- 
methylammonio)acetamido] propanoyl j -2, 1 1, 2:: 
29-tetraaza [3.3.3.3] paracyclophane tetrabromide (3), 
were prepared according to the methods reported 
previously. 


N, N ', N", N"-Tetrakis(3a, 7a,12a- trihydroxy-SP- 
cholan-24-oyI)-2,I1,20,29- tetraaza L3.3.3.31 paracyclo- 
phane (6). Ethyl chloroformate (260 mg, 2.4 mmol) 
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was added to a mixture of cholic acid (3a,7a,12c-trihy- 
droxy-5/3-cholan-24-oic acid; 970 mg, 2.4 mmol) and 
dry triethylamine (240 mg, 2.4 mmol) in dry tetrahy- 
drofuran (30 ml) at room temperature, and the reaction 
vessel was placed immediately in an ice-bath for 20 min 
while the mixture was gently stirred. A filtrate of the 
mixture was added to a dry tetrahydrofuran (60ml) 
solution of 2,I 1,20,29-tetraaza [3.3.3.3] paracyclo- 
phane" (5; 190mg, 0.40mmol), and the resulting 
mixture was stirred for 20 h at room temperature. The 
solvent was removed under reduced pressure and the 
residue was purified by liquid chromatography on a 
column of silica gel (Wakogel C-100) with methanol as 
eluent. Evaporation of the solvent under reduced 
pressure gave a white solid (670mg, 82%): m.p. 
216-223 'C; IR (KBr disc), 3412 (OH), 2938 and 2867 
(CH) and 1629 (C=O) cm-'; 'H NMR (CD3SOCD3, 
373 K), 6 = 0-60 [12H, s, 18-H (steroid)], 0.82 [12H, s, 
19-H (steroid)], 0.90 [12H, d, J =  5.9 Hz, 21-H 
(steroid)], 2 - 3  [8H, m, 23-H (steroid)], 3.21 [4H, m, 
3-H (steroid)], 3-52 (4H, d,  J = 3 * 4 H z ,  OH), 3.63 
[8H, rn, 12-H (steroid) and OH] ,  3.77 [4H, m, 7-H 
(steroid)], 3.85 (4H, d, J = 4 - 4  Hz, OH), 4.39 (16H, 
br s, CH2Ph) and 6.86 (16H, s, ArH); mass spectrum 
(FAB-MS), m/z  2039 (M' + H); calculated MW for 
C12&I18&016, 2039 (M' + H). Analysis: calculated 


found, C 73.54, H 9-20, N 2.71%. 
for C1z8Hi88N4016'3H20, c 73.46, €4 9.34, N 2.68; 


N, N ' ,  N", N" - Tetrakis(3q 7a, 12e-trihydroxy-SP- 
cholan - 24 - yl) - 2,11,20,29- tetraazai3.3.3.31 paracyclo- 
phane tetrahydrochloride (7). A solution of 6 (100 mg, 


0.050 mmol) in dry tetrahydrofuran (20 ml) was stirred 
at room temperature under nitrogen atmosphere for 
1 h. Borane-dimethyl sulphide (borane content 
10 m ~ l d m - ~ ;  3 ml, 30 mmol) was added to the solu- 
tion, and the mixture was stirred for 1 h under 
nitrogen atmosphere. The dissociated dimethyl sulphide 
was evaporated off and the mixture was refluxed for 
10 h under nitrogen atmosphere. The solvent was 
removed under reduced pressure, aqueous hydrochloric 
acid (1 m ~ l d m - ~ ;  10 ml) was added to the residue and 
the mixture was refluxed for 10 h. The resulting mixture 
was cooled to room temperature and insoluble 
materials were recovered. This crude product was 
purified by gel filtration chromatography on a column 
of Sephadex LH-20 with methanol as eluent. Evapora- 
tion of the solvent under reduced pressure gave a white 
solid (87 mg, 83%): m.p. 199-202°C; IR (KBr disc), 
3381 (OH), and 2931 and 2864 (CH) cm-'; 'H NMR 
(CD$SOCD3, 293 K), 6 = 0.60 [12H, s, 18-H (steroid)], 
0.82 [12H, s, 19-H (steroid)], 0.98 [12H, br s, 21-H 
(steroid)], 3.62 [4H, m, 12-H (steroid)], 3.80 [4H, m, 
7-H (steroid)], 4.33 (16H, m, CH2Ph) and 7.39 (16H, 
m, ArH). Analysis: calculated for CIZ~HZOOCLN~OI~ ,  C 
72.22, H 9.47, N 2.63; found, C 72.25, H 9.47, N 
2.89%. 


N, N ' ,  N", N"' - Tetrakis(3a, 701,12a-trihydroxy-5(3- 
cholan -24-y1)- N,N',N",N" - tetramethyl-2,11,20,29- 
tetraazonia/3.3.3.3]paracyclophane tetrachloride (2). 
Methyl iodide (5.0 g, 35 mmol) and potassium car- 
bonate (830 mg, 5.4 mmol) were added to 7 (174 mg, 
0.082 mrnol) dissolved in dry N ,  N-dimethylformamide 
(25 mi) and the mixture was stirred for 69 h at room 
temperature. After precipitates had been removed from 
the mixture by filtration, the filtrate was evaporated to 
dryness under reduced pressure. Water (10 ml) was 
added to the residue and insoluble materials were 
recovered. The resulting iodide salt was converted into 
the chloride salt by ion-exchange chromatography on a 
column of Dowex 1-X8 (C1-) with methanol as eluent. 
The solvent was removed under reduced pressure and 
the crude product was purified by gel filtration chroma- 
tography on a column of Toyopearl HW40F with 
methanol as eluent. Evaporation of the product frac- 
tion in vacuo 3ave a pale yellow solid (149 mg, 84%): 
m.p. 207-210 C ;  IR (KBr disc), 3380 (OH), and 2935 
and 2860 (CH) cm-'; 'H NMR (CD3SOCD3, 293 K), 
6=0-59  [12H, s, 18-H (steroid)], 0.81 [12H, s, 19-H 
(steroid)], 0.95 [12H, br s, 21-H (steroid)], 3-61 [4H, 
m, 12-H (steroid)], 3.66 (13H, s, CH3N+), 3.79 [4H, 
m, 7-H (steroid)], 4.60 (16H, m, CH2Ph) and 7.55 
(16H, m, ArH). Analysis: calculated for 


found, C 70-85, H 9.26, N 2.85%. 
C132H2ogC14N4012'3Hz0, C 70.81, H 9.63, N 2.50; 


N-Ben&-N-methyl-3c, 7c, 12c-trihydroxy-5P-cholan- 
24-amide (8). This compound was prepared by conden- 
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sation of cholic acid (3.3 g, 8.0 mmol) with N-methyl- 
bemylamine (0.97 g, 8 - 0  mmol) in a manner similar to 
that applied to the synthesis of 6 .  The crude product 
was purified by liquid chromatography on a column of 
silica gel (Wakogel C-100) with acetone as eluent to give 
a white solid (3-0g ,  74%): m.p. 99-101 "C; IR (KBr 
disc), 3400 (OH), 2933 and 2867 (CH), and 1629 
(C=O) cm-'; 'H NMR (CD3SOCD3, 373 K), 6 = 0.61 
[3H, s, 18-H (steroid)], 0.82 [3H, s, 19-H (steroid)], 
0.94 [3H, d ,  J =  6.5 Hz, 21-H (steroid)], 2.3 [2H, m, 
23-H (steroid)], 3.23 [ lH,  m, 3-H (steroid)], 3-52 (lH, 
d, J =  3.9 Hz, OH), 3.65 [2H, m, 12-H (steroid) and 
OH] ,  3-78 [lH, m, 7-H (steroid)], 3.85 (4H, d, 
J =  4.4 Hz, OH), 4.51 (2H, s ,  CHZPh) and 7 - 3  (5H, 
m, ArH). Analysis: calculated for C32H49N04, C 
75.11, H 9.65, N 2.74; found, C 74.72, H 9.70, N 
2.53%. 


N-Methyl-N-(3a, 7~~,12a-trihydroxy-5~-cholan-24-yl)- 
bemylamine hydrochloride (9). This compound was 
prepared by reduction of 8 (100 mg, 0.20 mmol) with 
borane-dimethyl sulphide (borane content 
10 m ~ l d r n - ~ ;  0 - 5  ml, 5 mmol) in a manner similar to 
that applied to the synthesis of 7. The crude product 
was purified by gel filtration chromatography on a 
column of Sephadex LH-20 with methanol as eluent to 
give a pale brown, glassy solid (85 mg, 81%): m.p. 
118-120°C; IR (KBr disc), 3387 (OH) and 2926 and 
2862 (CH) cm-'; 'H NMR (CDCI,, 293 K), 
6 = 0.8-1-0 [9H, m, 18-H, 19-H, and 21-H (steroid)], 
2.68 (3H, s, CH3N+), 2.90 [2H, m, 24-H (steroid)], 
4.17 (2H, br s, CH2Ph) and 7.45 (5H, m, ArH). Analy- 
sis: calculated for C32H52ClNO3, C 71.95, H 9.81, N 
2-62; found, C 72-00, H 9.39, N 2.55%. 


N, N-Dimethyl- N-  (3a, 7a, 1201- trihydroxy-5P-cholan- 
24-yl)benzylammonium chloride (10). This compound 
was prepared by quaternization of 9 (200 mg, 
0.40 mmol) with methyl iodide (1.7 g, 12 mmol) fol- 
lowed by ion exchange in a manner similar to that 
applied to the synthesis of 2. The crude product was 
purified by gel filtration chromatography on a column 
of Sephadex LH-20 with methanol as eluent to give a 
pale yellow, glassy solid (144mg, 72%): m.p. 
143-146°C; IR (KBr disc), 3390 (OH) and 2924 and 
2860 (CH) cm-I; 'H NMR (CDCll, 293 K), 
6=0.8-1.0 [9H, m, 18-H, 19-H, and 21-H (steroid)], 
3.29 (6H, br s, CH3N+), 5.00 (2H, br s, CH2Ph) and 
7.49 (5H, m, ArH). Analysis: calculated for 
C33H54C1N03, C 72.30, H 9.93, N 2.55; found, 
C 71.98, H 9-73, N 2.65%. 


N, N-Didodecyl-W-(ferf-butoxycarbony1)-L-isoaspar- 
agine P-benzyl ester (11). Dicyclohexylcarbodiimide 
(2.37 g,  11-6mmol) was added to a dry dichloro- 
methane (20 ml) solution of N"-(tert-butoxycarbony1)- 
L-aspartic acid 0-benzyl ester (3.36 g, 10-4 mmol) at 


0 "C and the mixture was allowed to stand at the same 
temperature while being stirred for 20 min. Didode- 
cylamine (3.54 g, 10.0 mmol) in dry dichloromethane 
(25 ml) was added to the mixtureoand the resulting 
mixture was stirred for 4 h at 0 C. An insoluble 
material ( N ,  N'-dicyclohexylurea) was removed by 
filtration, the solvent was eliminated under reduced 
pressure and the residue was dissolved in ethyl acetate 
(60 ml). Afterothe solution had been allowed to stand 
overnight at 0 C, the precipitates that had formed were 
removed by filtration. The filtrate was washed with 
10% aqueous citric acid (4 x 60 ml), 4% aqueous 
sodium hydrogencarbonate (3 x 60 ml) and saturated 
aqueous sodium chloride (60 ml) in this sequence. 
Water was removed from the ethyl acetate solution by 
treatment with silicone-treated filter-paper (Whatman 
IPS) and the solution was evaporated to dryness under 
reduced pressure. The residue was purified by liquid 
chromatography on a column of silica gel (Wakogel 
C-100) with ethyl acetate as eluent, followed by gel 
filtration chromatography on a column of Toyopearl 
HW40F with methanol as eluent. Evaporation of the 
solvent under reduced pressure gave a pale yellow oil 
(2.52 g, 38%): TLC (Wako silica gel 70FM; methanol), 
R F =  0.41; IR (neat), 3300 (NH), 2926 and 2854 (CH) 
and 1736, 1711, and 1636 (C=O) cm-'; 'H NMR 


( C H ~ ) I I C H ~ I ,  1.26 [40H, m, CH2(CH2)loCH3lI 1.42 


and Jgern = 15.6 Hz, CHzCOO (non-equivalent)] , 
2.82 [ lH,  dd, J,,, = 6.5 Hz and Jgem = 15.6 Hz, 
CH2COO (non-equivalent)] , 3.2-3.5 [4H, rn, 
CH2(CH2)&H3], 4-96 ( lH,  m, NHCHCO), 5.11 
(2H, s, benzyl), 5.28 (IH, d, J =  8.8 Hz, CONHCH) 
and 7.34 (5H, m, ArH). 


(CDCI3, 293 K), 6=0*88  [6H, t ,  J = 6 . 8  Hz, 


[9H, S ,  (CH3)3CO], 2.63 [ lH,  dd, Jvic=6.5 HZ 


N,N ',N'',N ''I -Tetrakis~3-(N,N-didodecylcarbamoyl)- 
3 - [(tert-butoxycarbonyI)arnino] propanoyl] - I ,  6,20,25- 
tetraaza/6.1.6. I]paracyc/ophane (13). Palladium black 
(10% Pd, 1-Og) was added to 11 (2-36g, 3.78 mmol) 
in tetrahydrofuran (40 ml) and hydrogen was intro- 
duced into the mixture at room temperature for 22 h 
with stirring. The catalyst was removed by filtration and 
the solvent was eliminated under reduced pressure. The 
residue was chromatographed on a column of silica gel 
(Wakogel C-100) with ethyl acetate as eluent, and the 
product fraction was dried in vacuo to give a pale 
yellow oil (1.40 g, 67%). Removal of the benzyl group 
was confirmed by IR and 'H NMR spectroscopy. 
Dicyclohexylcarbodiimide (0.48 g, 2-33 mmol) was 
added to a solution of the deprotected derivative of 11 
(lo.30 g, 2.29 mmol) in dry dichloromethane (20 ml) at 
0 C and the mixture was allowed to stand for 20 min 
at  the same temperature while being stirred. 1,6,20,- 
25-Tetraazal6.1 .6.1]paracyclophane1* (12; 0-26 g, 
0.51 mmol) in dry dichloromethane (20 ml) was added 
to the mixture and the resulting mixture was stirred for 
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4 h at 0 "C and for an additional 23 h at room tempera- 
ture. An insoluble material (N,N'-dicyclohexylurea) 
was removed by filtration and the filtrate was evapor- 
ated to dryness under reduced pressure. The residue was 
purified by gel filtration chromatography on a column 
of Sephadex LH-20 with methanol-chloroform (1 : 1, 
v/v) as eluent. Evaporation of the product fraction 
under reduced pressure gave a pale yellow solid (1.00 g, 
73%): m.p. 98-100°C; TLC [Wako silica gel 70FM; 
methanol-ethyl acetate (1 : 1, v/v)], RF = 0.62; IR 
(KBr disc), 3281 (NH), 2925 and 2854 (CH) and 1707 
and 1647 (C=O) cm-'; 'H NMR (CDC13, 293K), 


[160H, m, C H ~ ( C H ~ ) I O C H ~ ] ,  1.40 [36H, s, 
(CH3)3COl, 1 a 5  [8H, m, N C H ~ ( C H ~ ) ~ C H Z N I ,  
2.0-2-6 [SH, m, COCHzCH], 3.0-3.7 [24H, m, 
NCHz(CH2)2CH2N and C H Z ( C H ~ ) I O C H ~ ] ,  3.92 (4H, 
s, PhCHzPh), 4.93 (4H, m, NHCHCO), 5.07 [2H, br, 
CONHCH (non-equivalent)] , 5-35 [2H, br, CONHCH 
(non-equivalent)] and 6.9-7.3 (16H, m, ArH). 


6=0 .88  [24H, t, J = 6 - 8  Hz, ( C H ~ ) I I C H ~ ] ,  1.25 


N, N I ,  N", N ''I - Tetrakis /3-(N, N-didodecylcarbamo/y)- 
3 - [ (trimethylammonio)acetamido] propanoylj - I ,  6,20, - 
25-tetraazaf6.1.6. I] paracyclophane tetrabromide (4). 
Trifluoroacetic acid (7 ml) was added to a dry 
dichloromethane (25 ml) solution of 13 (0.89 g, 
0.33 mmol) and the mixture was stirred for 3 h at room 
temperature. After the solution had been evaporated to 
dryness under reduced pressure, the residue was 
purified by gel filtration chromatography on a column 
of Sephadex LH-20 with methanol as eluent. Evapora- 
tion of the solvent under reduced pressure gave a pale 
yellow glass (650mg, 84%). Removal of four tert- 
butoxycarbonyl groups was confirmed by IR and 'H 
NMR spectroscopy. The deprotected derivative of 13 
(500 mg, 0.22 mmol) and triethylamine (0.7 ml, 
5 mmol) were dissolved in dry dichloromethane (20 ml) 
and the solution was cooled to 0°C. Bromoacetyl 
chloride (0.47 g, 5 . 5  mmol) in dry dichloro9ethane 
(20 ml) was added dropwise to the solution at 0 "C with 
stirring and the mixture was stirred for 2 h at 0 C and 
for an additional 18 h at room temperature. The result- 
ing mixture was evaporated to dryness under reduced 
pressure. The residue was dissolved in dichloromethane 
(100 ml) and washed with 4% aqueous sodium hydro- 
gencarbonate (50 ml), 4% aqueous citric acid (50 ml) 
and saturated aqueous sodium chloride (2 x 50 ml) in 
this sequence. Water was removed from the ethyl 
acetate solution by treatment with silicone-treated filter- 
paper (Whatman IPS), the solution was evaporated to 
dryness under reduced pressure and the residue was dis- 
solved in tetrahydrofuran (30 ml). Dry trimethylamine 
gas was introduced into the solution for 2.5 h at room 
temperature and the resulting solution was stirred at the 
same temperature for 18 h. The solution was evap- 
orated to dryness under reduced pressure and the 
residue was purified by gel filtration chromatography 


on a column of Toyopearl HW40F with methanol as 
eluent. Evaporation of the product fraction under 
reduced pressure gave a pale brown solid (397 mg, 
82%): m.p. 152-153 OC; 1R (KBr disc), 2925 and 2853 
(CH) and 1680 and 1649 (C=O) cm-'; 'H NMR 


(CH2)11CH3], 1 a25 [160H, m, CH2(CH2)l~CH3], 1.46 
[SH, m, NCHz(CH&CH2N], 2-23 [4H, m, 
COCH2CH (non-equivalent)], 2.48 [4H, m, 
COCHzCH (non-equivalent)] , 3-0-3-6 [24H, m, 
NCHz(CH2)2CH2N and C H ~ ( C H ~ ) I O C H ~ I ,  3.20 [36H, 


COCH2N+(CH3)3], 5.12 (4H, m, NHCHCO), 7.08 
[SH, d, J = 8 - 3  Hz, NArH(ortho)], 7.29 [SH, d, 
J = 8 . 3 H z ,  NArH(meta)] and 8.59 (2H, d, 
J =  8.0 Hz, CONHCH). Analysis: calculated for 


(CD3SOCD3, 373 K), 6 = 0.84 [24H, t, J =  6.8 Hz, 


S,  N+(CH3)3], 3.93 (4H, S, PhCHzPh), 4.04 [8H, S,  


C166H296Br4N16012, c 65.85, H 9.85, N 7.40; found, 
C 66.02, H 9.76, N 7.19%. 


Measurements. Melting points were measured with a 
Yanagimoto MP-Sl apparatus (hot-plate type). 
Elemental analyses were performed at the Micro- 
analysis Center of Kyushu University. IR spectra were 
recorded on a JEOL JIR-AQS2OM FT-IR spectropho- 
tometer. NMR spectra were taken on a JEOL JNM- 
(3x270 spectrometer. A JEOL JMS HX-100 
spectrometer was used for fast atom bombardment 
mass spectrometry (FABdMS). A MicroCal MC-2 ultra- 
sensitive scanning calorimeter was used for differential 
scanning calorimetry (DSC). Surface tension measure- 
ments were performed at room temperature with a Shi- 
madzu ST-1 surface tensometer assembled by the 
Wilhelmy principle, and dynamic light-scattering 
measurements were carried out with a Photal (Otsuka 
Electronics) DLS-700 dynamic light-scattering spec- 
trophotometer (He-Ne laser, 632- 8 nm) equipped with 
an NEC PC-9801 RA personal computer. Fluorescence 
spectra were taken on a Hitachi 650-40 spec- 
trofluorimeter. Steady-state fluorescence polarization 
data were obtained with a Union Giken FS-SOIA spec- 
trophotometer equipped with a Sord M200 Mark I1 
microcomputer, and fluorescence lifetimes were 
recorded on a Horiba NAES-1100 time-resolved 
spectrofluorimeter. 


Preparation of hybrid assemblies. Preparation of 
hybrid assemblies was performed by mixing an aqueous 
solution of a cyclophane derivative (2, 3 or 4) with an 
aqueous dispersion of the peptide lipid (1) in a 1 : 40 
molardatio. Each mixture was allowed to stand for 10 h 
at 30 C before measurements. For all measurements 
with the hybrid assemblies, final concentrations were 
maintained at 1.0 x and 4.0 x m ~ l d m - ~  for 
the macrocyclic host and the lipid, respectively. A 
hybrid assembly composed of steroid derivative 10 
(4.0 x lo-' mol dm-3) and of 1 (4.0 x moldm-') 
was also prepared for reference measurements. 
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RESULTS AND DISCUSSION 


Molecular recognition behaviour of macrocyclic 
receptors in aqueous solution 


Octopus cyclophanes are unique host molecules capable 
of performing molecular recognition toward various 
hydrophobic guests through the induced-fit 
mechanism. 16*'9-22 This interaction mode originates 
from the flexible character of multiple alkyl branches 
introduced into a rigid macrocyclic skeleton. In 
aqueous media, each of those octopus cyclophanes can 
provide a relatively large and hydrophobic binding site 
constructed with a macrocyclic ring and hydrocarbon 
chains. In addition, electrostatic and charge-transfer 
interactions come into play in the course of molecular 
recognition by octopus cyclophanes when appropriate 
structural components are incorporated into the host. 


Recently, we have clarified aggregation behaviour 
and induced-fit* molecular recognition performed in 
aqueous media by a cationic octopus cyclophane (3), 
having L-aspartate residues as connector units inter- 
posed between a rigid 2,11,20,29-tetraaza[3.3.3.3] - 
paracyclophane skeleton and four double-chain 
hydrocarbon segments. l6 Guest molecules such as ANS 
and TNS are incorporated into the three-dimensional 
cavity provided intramolecularly by the macrocyclic 
ring and the eight hydrocarbon chains even when the 
octopus cyclophane undergoes aggregation. 


We now designed and prepared another octopus 
cyclophane (4) having a 1,6,20,25-tetraaza [6.1.6. I] - 
paracyclophane skeleton in order to evaluate the 
induced-fit effect provided by multiple hydrocarbon 
segments in guest recognition behaviour, in view of 
previous studies on molecular recognition by the 
internal cavity of 12 toward hydrophobic guests. L824 
The chain length of the hydrocarbon segments for host 
4 is slightly shorter than that for host 3. Consequently, 
well resolved 'H NMR spectra were observed for the 
host-guest complexes with the former host in aqueous 
media relative to those with the latter, by  suppressing 
mutual aggregation interactions of the hydrophobic 
branches. Formation constants ( K )  for the 1 :  1 
host-guest complexes of cyclophanes with ANS and 
TNS and the corresponding free energy changes (AG) 
were evaluated in aqueous media by fluorescence spec- 
troscopy in a manner similar to that reported 
previously," as indicated in Table 1. When aqueous 


*Although the induced-fit concept was originally given by 
Koshlandz3 to explain the specific interaction of substrates 
with enzyme molecules, the term has now become a more 
general one for explanation of host-guest interactions. In this 
work the term means that a host molecule such as octopus 
cyclophane 3 undergoes conformational and configurational 
changes that are induced by complexation with a guest mol- 
ecule, so as to attain a tight binding interaction between them. 


Table 1. Formation constants ( K )  and free energies of forma- 
tion (AG) for complexes of cyclophane hosts in acpeous 


phosphate buffer ( I O m m ~ l d m - ~ ,  pH 8.0) at 30.0 Ca  


K/dm3 mol-' ( -  AG/kJ mol-')b 


Guest 


Host ANS TNS 


Cyclophane 2 3 . 3  X lo5 (32.0) 2.0 x lo6 (36.5) 
Cyclophane 3' 5.3 x lo5 (33.2) 1.4 X lo6 (35.6) 
Cyclophane 4 1.5 x lo6 (35.8) 4.0  X lo6 ( 3 8 . 3 )  


"Concentrations in moldm-': guests, I .O x cyclophanes, 
3 . 3  x I O - ~ - I . O X  
- AG is given in parentheses. 


'Taken from Ref. 16. 


stock solutions of the hosts were employed, the guest- 
binding behaviours of 2-4 are almost identical. 


The cationic steroid cyclophane 2, which is con- 
structed with four steroid moieties and a 2,11,20,29- 
tetraaza[3.3.3.3]paracyclophane skeleton, exhibited 
different guest recognition behaviour to 3 and 4. The 
critical aggregate concentration (CAC) value, as evalu- 
ated by means of surface tension measurements based 
on the Wilhelmy prinziple, is 3 -5  x moldm-3 at 
room temperature (30 C). Formation of relatively large 
aggregates with hydrodynamics diameters (dhy) of 
130-140 nm was observed in a concentration range 
above the CAC. The formation constants for the I : 1 
host-guest complexes of 2 with ANS and TNS were 
evaluated in a concentration range below its CAC 
(Table 1). As for complexation with ANS, the K value 
is much greater than that for the corresponding simple 
macrocycle, N ,  N ' ,  N " ,  N'" - tetramethyl - 2, 11,20,29- 
tetraaza13.3.3.31 paracyclophane (550 dm3 mol-' at 
pH 2), 25 and comparable to those for the octopus 
cyclophanes. The microscopic polarity experienced by 
ANS at the guest-binding site provided by 2 was evalu- 
ated from a fluorescence maximum (Ae,) observed for 
the guest; EF'6*26** 0.41, A,, 463 nm. The result, along 
with additional rationalization by the CPK molecular 
model study, suggests strongly that the steroid 
cyclophane is able to incorporate one ANS molecule 


*The microenvironmental polarity parameter E y  is defined as 


E?= [&(solvent) - ET(TMS)]/ [,%(water) - ET(TMS)] 
= [ET(solvent) - 30.7]/32.4 


&(solvent), ET(TMS), and &(water) are based on transition 
energies in kcalmol-' ( 1  kcal= 4.184 kJ) for the longest 
wavelength solvatochromic absorption band of a specific 
pyridinium-N-phenoxide betaine dye in a solvent of choice, 
tetramethylsilane (TMS) and water, respectively.z6 The E? 
values assigned to water and TMS are 1 .OOO and 0.OOO as the 
most polar and apolar solvents, respectively. 
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into its three-dimensionally extended hydrophobic 
cavity created by the four steroid moieties and the 
macrocyclic skeleton in a similar manner as performed 
by the octopus cyclophanes. It is noteworthy, however, 
that the specific structural rigidity of the steroid 
moieties is reflected in the rotational correlation time 
(0) of the guest incorporated into the host. The 0 value 
was evaluated from the observed values of steady-state 
fluorescence polarization (P)  and fluorescence lifetime 
(7) on the basis of Perrin’s equation:27 


(1) 
where PO refers to the maximum value of P for a probe 
without any rotational motion; P ,  r ,  PO and 0 are 
0.140, 13-6 ns, 0-42716 and 5.7 ns, respectively, for 
ANS at 30-0”C. The 0 value thus obtained is much 
smaller than that for the identical guest included in 
octopus cyclophane 3 (0 = 23-0 ns). l6 This means that 
the flexible hydrocarbon chains of the octopus 
cyclophane are capable of grasping the guest more 
tightly than the rigid hydrophobic moieties of the 
steroid cyclophane. 


i / ~  - 113 = (i/p0 - i/3)(i + 7p) 


Formation of hybrid assemblies 


A biomembrane is an excellent example of supramole- 
cular assemblies, in which various functional molecules 
are structurally organized for molecular recognition. In 
order to develop artificial supramolecular systems 
capable of mimicking biomembrane functions, we 
became interested in molecular recognition by macro- 
cyclic hosts embedded in synthetic bilayer membranes. 


We have previously clarified that anionic peptide 
lipid 1 affords multi-walled bilayer aggregates when dis- 
persed in aqueous media, as confirmed by negative 
staining electron microscopy. Under such cir- 
cumstances, the two octopus cyclophanes 3 and 4 and 
the steroid cyclophane 2 were individually incorporated 
into the bilayer membrane. Phase transition parameters 
(temperature at peak maximum of DSC, T,; enthalpy 
change, A H ,  entropy change, AS) and hydrodynamic 
diameters ( d h y )  for the bilayer aggregates in the pre- 
sence and absence of the macrocycles were evaluated by 


means of ultrasensitive differential scanning calorimetry 
and dynamic light-scattering measurements, respec- 
tively, as summarized in Table 2. On addition of each 
host to the aqueous dispersion of 1, there was little 
change in the peak temperature for phase transition 
from the gel to the liquid-crystalline state (T,,,). 
However, there are a 3-23% decrease in A H ,  a 4-23% 
decrease in A S ,  an 18-33% increase in the half-width 
of the endothermic peak ( A T I , ~ )  and a 21-26070 
decrease in d h y ,  reflecting the formation of the hybrid 
assemblies. When steroid derivative 10, a monomeric 
analogue of 2 with respect to the steroid fragment, was 
added to the aqueous dispersion of 1 in a 1 : 10 molar 
ratio, the phase transition parameters and the d h y  value 
were affected to much lesser extents (Table 2), reflecting 
its weaker perturbation effect on the bilayer membrane 
structure. 


Molecular recognition by hybrid assemblies 


ANS and TNS are well known fluorescent probes whose 
emission is extremely sensitive to changes in micro- 
environmental properties around the molecules. 28*29 
These fluorescent probes were employed in this work to 
evaluate molecular recognition behaviour of the hybrid 
assemblies formed with the macrocyclic hosts and the 
peptide lipid. Figure 1(A) shows fluorescence spectra of 
ANS in an aqueous solution of 1 with and without 
cyclophane 2. The solution was sonicated with a probe- 
type sonicator at 30 W power for 1 min to obtain the 
single-walled vesicle. While the anionic ANS alone 
interacts weakly with the anionic lipid aggregate, the 
hybrid assembly formed with 1 and 2 strongly incor- 
porates ANS into its hydrophobic domain. Such a 
drastic change in the microenvironment experienced by 
the guest is evident from an increase in the fluorescence 
intensity and a blue shift of the fluorescence maximum. 
An analogous spectral change was observed for an 
aqueous dispersion of the hybrid assembly prepared 
without sonication, although the background intensity 
was raised owing to light scattering from the 
aggregates. 


Another host TNS is also effectively bound to the 


Table 2. Phase transition parameters and hydrodynamic diameters for aggregates in the dispersion state‘ 


Aggregateb T,,,/OC AH/kJ mol-’ AS/JK-’mol- ’  AT,,*/’C dhyc/nm 


Lipid 1 24.3 32.6 110 0.39 380 
Lipid 1 + Cyclophane 2 24.4 31.5 106 0.41 300 
Lipid 1 + Cyclophane 3 24.2 25.2 85 0.52 300 
Lipid 1 + Cyclophane 4 24.4 29.1 99 0.46 280 
Lipid 1 + Steroid 10 24.7 32.0 107 0.39 310 


~ ~ ~ ~~~ ~~ 


“Measured in aqueous phosphate buffer (10 mmoldm-’, pH 8.0). 
bConcentrations in moldm-’: lipid, 4.0x lo-‘; cyclophanes, I .Ox lo-’; steroid 10, 4 . 0 ~  
‘ Measured at 30.0 ‘C. 
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identical hybrid assembly, as shown in Figure 1(B). 
Each of the hybrid systems composed of the octopus 
cyclophane (3 or 4) and peptide lipid 1, also exhibited 
effective guest-binding behaviour in comparison with 
the cyclophane-free system, as reflected in the 
fluorescence features of ANS and TNS, which are 
similar to  those shown in Figure 1. On the other hand, 
the hybrid assembly formed with steroid derivative 10 
and lipid 1 in a molar ratio of 1 : 10 did not enhance the 
fluorescence intensities of the guests to  any significant 
extent. 


The results may provide a guidepost for designing 
hybrid assemblies which are capable of performing 
effective binding of anionic and hydrophobic guests 
that are not incorporated into the anionic bilayer 
membrane itself; macrocyclic hosts with polycationic 
charges provide effective binding sites in the anionic 
bilayer membrane. Unfortunately, the guest-binding 
constants were not obtained because the light-scattering 
phenomena caused by these aggregates interfered with 
the exact evaluation of the fluorescence intensities of 
the guests. 


The microenvironmental polarity parameters for 
ANS and TNS bound to  various hosts are given in 
Table 3. These values were foun: to be independent of 
temperature in the range 10-40 C. In the absence of 
any macrocyclic hosts, ANS is bound to  the membrane 
in its surface domain while TNS to the hydrogen-belt 
domain 30*3'* interposed between the polar surface 
region and the hydrophobic domain composed of 
double-chain segments in the light of the EY values; the 
microenvironments for the former and the latter are 
close to  that provided by water (EF = 1.000) and 


equivalent to  that in ethanol ( E ? =  0-654), respectively. 
Such a difference in the microenvironmental polarity 
presumably comes from the difference in molecular 
shape; TNS is more slender than ANS. 


The steroid cyclophane provides less polar micro- 
environments for ANS and TNS by forming a hybrid 
assembly with the peptide lipid. To our surprise, the 
microenvironment around the ANS molecule incor- 
porated into the hybrid assembly is equivalent to that 
provided by hexane (EF=0.009). In contrast, the 
microscopic polarity experienced by TNS in the iden- 
tical hybrid assembly is as polar as pentan-1-01 
(EF= 0.568). On the other hand, both of the octopus 
cyclophanes and their hybrid assemblies with the 
peptide lipid incorporate both guest molecules into the 
comparable binding sites with respect to the micro- 
environmental polarity. 


In order to  evaluate microscopic viscosity around the 
guest incorporated into the hybrid assemblies, the 
steady-state fluorescence polarization measurements 
were performed for ANS and TNS in a temperature 
range above and below the T,. As shown in 
Figure 2(A), the P value for ANS incorporated into 
steroid cyclophane 2 in aqueous solution remains nearly 


*The  biomembrane was proposed to have a tripartite struc- 
ture: a hydrophobic interior domain composed of 
hydrocarbon chains, a polar surface domain composed of 
hydrophilic head groups and a hydrogen-belt domain inter- 
posed between these two, where intermolecular hydrogen- 
bonding interactions among constituent molecular 
components tend to enhance the morphological stability of the 
biomembrane. 32 
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constant at 0.14 in the range 10-40 "C.  In the case of 
the corresponding hybrid assembly formed with the 
peptide lipid, however, the P value decreases sig- 
nificantly as temperature is raised, along with a slight 
inflection in the phase transition temperature range. 
Hence the ANS molecule is obviously incorporated into 
the hydrophobic domain of the aggregate, in which 


Table 3 .  Microenvironmental polarity parameters (E?) for 
guests bound to hosts in aqueous phosphate buffer 


(10 mmoldm-', pH 8.0)  at 30.0"C" 


Host ANS TNS 


None 1.OOO 1.000 


Lipid 1 0.90 0 .66  


Cyclophane 2 0.41 0 .66  


Lipid 1 + Cyclophane 2 0.01 0 .58  


Cyclophane 3' 0 .57 0 .63  


Lipid 1 + Cyclophane 3 0.57 0 .63  


Cyclophane 4 0 .58  0.55 


Lipid 1 + Cyclophane 4 0.57 0.58 


(350,515) (366,500) 


(375,500) (324,430) 


(375,463) (324,430) 


(375,458) (324,421) 


(375,467) (322,426) 


(375,467) (322,426) 


(375,468) (324,418) 


(375,467) (324,421) 


aConcentrations in m ~ l d r n - ~ :  lipid, 4 .0  x cyclophanes, 
1 . 0 ~  lo-? guests, 1 . 0  x 
bExcitation and emission maxima are given in parentheses, in this 
sequence. 
'Taken from Ref. 16. 
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molecular motion of the guest is subjected to change by 
the phase transition. The P value for ANS bound to 
octopus cyclophane 4 in aqueous solution decreases 
monotonously as temperature is raised. Although the P 
vs temperature correlation line for the hybrid system 
composed of cyclophane 4 and lipid 1 is not much 
separated from that for 4 alone in aqueous solution, the 
P value for the former is subjected to change by 
temperature in a biphasic manner, exhibiting a slight 
inflection in the T, range. Intrinsically, similar correla- 
tions between temperature and P were observed for 
TNS, as shown in Figure 2(B). 


Since the P value is subject to change by the 
fluorescence lifetime (7) and the rotational correlation 
time (8 ) ,  as mentioned above, these values for ANS 
bound to the hosts were evaluated at 20 and 30 "C in the 
presence and absence of the bilayer membrane 
(Table 4). All the T values for ANS bound to the hosts 
are large relative to that in water (7 = 0.55  ns). 33 This 
means that the guest molecules are placed in 
hydrophobic microenvironments well separated from 
the bulk aqueous phase. It is noteworthy that the 8 
values for ANS in the hybrid assembly formed with the 
steroid cyclophane are much larger than those in the 
hybrid assemblies formed with the octopus 
cyclophanes. It has been reported that the 8 values for 
ANS bound to liposomal membranes formed with 
lecithin and those bound to various proteins are in 
ranges 3-6 and 9-63 ns, respectively.28 Hence the 0 
value for ANS incorporated into the gel state of the 
hybrid assembly formed with the steroid cyclophane 
and the peptide lipid seems to be the largest one for 
ANS so far observed. It must be noted that such 
remarkable restriction of the molecular motion can be 
achieved by a combination of the steroid cyclophane, 
which is incapable of performing tight guest binding by 


0.35 


0.30 
a 


0.25 


0.10 
10 20 30 40 


Temperature I "C 


Figure 2. Correlations of temperature with steady-state fluorescence polarization of (A) ANS and (B) TNS bound to the following 
hosts in aqueous phosphate buffer (10 r n m ~ l d m - ~ ,  pH 8.0): (a) 2; (b) 1 + 2; (c) 4; (d) 1 + 4; lipid 1 being used in the dispersion 


state. Concentrations in mol dm-': guests, 1 .O x 1 4 . 0  x cyclophanes, 1 .O x 
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Table 4. Steady-state fluorescence polarization values (P), 
fluorescence lifetimes (7 ) .  and rotational correlation times (6) 
for ANS bound to hosts in aqueous phosphate buffer 


(10 mmoldm--', pH 8.0)' 


Host Templ°C P r/ns 8/ns 


Cyclophane 2 20-0 
30.0 
20.0 
30.0 


30.0 
20.0 
30.0 


Cyclophane 4 20.0 
30.0 
20.0 
30.0 


Lipid 1 + Cyclophane 2 


Cyclophane 3 20.0 


Lipid 1 + Cyclophane 3 


Lipid 1 + Cyclophane 4 


"Concentrations in rnoldrn-': lipid, 
1 . O X  lo-$; ANS, 1 . O X  


0.139 15.4 6.4 
0.140 13.6 5.7 
0.358 15-0 66.7 
0.332 13.5 40.5 
0.333 11.9 36.2 
0.302 11.1 23.0 
0.326 11.4 31.6 
0.280 10.9 17.8 
0.309 13.6 30.5 
0.293 13.0 24.4 
0.321 12-6 32.7 
0.295 12.0 23.0 


4.0 x cyclophanes, 


itself, and the anionic peptide lipid, which cannot bind 
an anionic guest effectively in its aggregated state. In 
contrast, the molecular motion of ANS bound to  the 
octopus cyclophanes is not subjected to  significant 
change in the hybrid assemblies formed with the peptide 
lipid. 


The guest-binding modes of the present hybrid 
assemblies are classified into two types as shown sche- 
matically in Figure 3; a guest molecule is included in the 
proximity of the hydrogen-belt domain of the bilayer 
membrane on the one hand, and is bound to the 
hydrophobic region composed of the hydrocarbon 
double chains on the other. The hybrid assemblies 
formed with the octopus cycloplane and the peptide 
lipid exercise the former binding mode toward both 
ANS and TNS. A structural difference in the macro- 


cyclic skeleton between the octopus cyclophanes (3 and 
4) scarcely affects the guest-binding behaviour. On the 
other hand, the hybrid assembly formed with the 
steroid cyclophane and the peptide lipid exercises the 
former and latter binding modes toward TNS and ANS, 
respectively. 


In conclusion, this study has demonstrated 
characteristic features of molecular recognition by 
hybrid assemblies formed with an anionic peptide lipid 
and cationic macrocyclic hosts toward hydrophobic 
anion guests. The octopus cyclophanes are suitable 
hosts for performing the induced-fit molecular recogni- 
tion by  their eight flexible arms not only in aqueous 
solution but also in bilayer membranes. On the other 
hand, the steroid cyclophane tends to  bind guest mole- 
cules much less tightly than the octopus cyclophanes in 
aqueous solution owing rigid structural nature of the 
steroid moieties. When the hybrid assembly is formed 
with the peptide lipid, however, the steroid cyclophane 
behaves as an artificial receptor molecule much superior 
to  the octopus cyclophanes, exhibiting a marked guest 
discrimination. 
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THE PHOTOCHEMISTRY OF PYRENE-CYTOSINE CONJUGATES: 
MODELLING THE CARCINOGENIC ACTION OF AROMATIC 


HYDROCARBONS 
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AND 


ANTHONY HARRIMAN 
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Photoreduction, but not the corresponding photooxidation, of cytosine can be sensitized by a covalently appended 
pyrene molecule in a process that may have some importance for understanding the known carcinogenic activity of 
polynuclear aromatic hydrocarbons. 


INTRODUCTION 


Ubiquitous environmental carcinogens of the 
polynuclear aromatic hydrocarbon family, such as 
pyrene, are metabolized by cellular enzyme systems to 
yield reagents which bind covalently to DNA. However, 
despite detailed investigation, the mechanisms of sub- 
sequent mutagenic and carcinogenic processes remain 
unknown. These hydrocarbons absorb strongly in the 
near-UV region and, therefore, it is likely that, under 
illumination, the carcinogenic activity arises from 
photo-induced strand scission. Even under such con- 
ditions, there is considerable uncertainty about the 
reaction mechanism, although the intermediacy of 
singlet molecular oxygen and/or redox ions should be 
considered. 


Here, we describe the photochemistry and radiation 
chemistry of a covalently linked pyrene-cytosine 
compound in organic solvents and consider the possi- 
bility of light-induced intramolecular electron transfer 
processes in this new multicomponent system. 


EXPERIMENTAL 


General synthetic aspects. Synthesis of the 
pyrene-cytosine supramolecular conjugate 1 and its 
‘blocked’ trityl-protected analogue 2 was accomplished 


*Author for correspondence. 


0894-3230/92/ 100644-05$07.50 
0 1992 by John Wiley & Sons, Ltd. 


as shown in Scheme 1. The first step involved reaction 
of 1-pyrene-4-butyric acid (Aldrich Chemical) with N- 
hydroxysuccinimide to give the activated carboxylic 
acid derivative 5 .  Condensation of 5 with the known’ 
trityl-protected, cytosine-containing secondary amine 6 
in dry 1,2- dimethoxyethane gave the ‘blocked’ tertiary 
amine 2 in 67% isolated yield after chromatographic 
purification (silica gel, 2% methanol in chloroform as 
eluent). Deprotection with trifluoroacetic acid gave the 
target molecule 1 in 32% yield after work-up and chro- 
matographic purification (silica gel, 5% methanol in 
chloroform as efluent). The solubilized control mol- 
ecule 3 was prepared by reduction of 1- 
pyrenecarboxaldehyde with NaBH4 in dry 


YHR 


1 .  R - t i  
2. R - C(CGH& 


/02CCH3 


3 
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H 
6 


2. R - C(CGHr,)3 
1. R -  H 1 cF3c4H 


NaBH, W ' Z  C. P - 
CHO CH20H CH2X 


7 8 
) C H 3 W K '  9. x-CI 


3. X - O2CCHj 


Scheme 1 .  Synthetic route used to produce the compounds studied 


tetrahydrofuran (giving 8), followed by treatment with 
thionyl chloride (giving 9) and, subsequently, pot- 
assium acetate in acetic acid; it was obtained in 45% 
overall yield. All new compounds gave 'H NMR and 
high-resolution (HR) mass spectrometric (MS) results 
consistent with their proposed structures. 


Succinimidyl-I-pyrenebutyrate (8). 1-Pyrenebutyric 
acid (2.25 g, 7 -8  mmol) and N-hydroxysuccinimide 
(1 -2 g, 10-4 mmol) yere dissolved in DMF (20 ml). 
After cooling to 0 C, 1,3-dicyclohexylcarbodiimide 
(DCC) (2.69 g, 13.1 mmol) was added to the solution 
and the resulting mixture was stirred for 20.5 h. It was 
then filtered and the filtrate was collected and taken to 
dryness on a rotary evaporator. The resulting product 
was recrystallized from 95% ethanol to give 2.52 g of 
5 (83.7%). 'H NMR (CDCls), 6 2.27-2.33 (2H, m, 


succinimide H), 3.47 (2H, t ,  pyrene CHZ), 7.86-8.30 
--CHzCH2CH2-), 2.73 (2H, t, CHzCO), 2.84 (4H, S, 


(9H, m, pyrene H). Chemical ionization (CI) M S ,  m/z 
386 [ M + H l + .  


N-4- [2-(2-Methoxyethoxy)ethoxy] phenylmethyl-N- 
2- [1-(4-triphenyImethylamino)pyrimidin-2-one] ethyl- 
I-pyrenebutyylamide ( 2 ) .  Compounds 6 (300 mg, 
0.50 mmol) and 5 (0.29 g, 0.75 mmol) were dissolved 
in 1,2-dimethoxyethane (50 ml). The resulting solution 
was then heated at reflux under a nitrogen atmosphere 
for 24 h. After removal of the solvent on a rotary evap- 
orator, chloroform (50 ml) was added and the resulting 
solution washed with water (2 X 50 ml). The chloro- 
form solvent was then removed under reduced pressure. 
The crude material obtainer was purified by column 
chromatography on silica gel using 2% 
CH3OH-CHC13 as the eluent. In this way, 292 mg of 
2 were obtained (67%). 'H NMR (CDCI,), 6 
2.16-2.21 (2H, m, -CH2CHzCHz-), 2.49 (2H, t ,  
CHzCO), 3.38 (3H, s, OCH3), 3.39-3.49 (4H, m, 
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pyrene CH2 and pyrimidine CHzCHz), 3.56 (2H, t ,  
CH~CHZOCH~) ,  3.58 (2H, S, NCHzPhO), 3.70 (2H, t ,  
CH2CH20CH3), 3.82 (2H, t, PhOCH2CH2), 3.89 (2H, 


5-10 (IH, d,  CsH), 6.87 (2H, d, 5 ~ 6 . 6 3  Hz, PhH), 
t, pyrimidine CHZCH~) ,  4.11 (2H, t, PhOCH2CH2), 


7.02 (lH, d, CsH), 7-08-7-44 (17H, m, PhH and TrH) 
7.84-8.30 (9H, m, pyrene H). CI-MS, m/z  876 
[M + 21 +. 


N-4- [2-Methoxyethoxy)ethoxy~phenylmethyl-N-2-~4- 
amino)pyrimidin-2-one] ethyl-I -pyrenebutylamide (1). 
Compound 2 (100 mg, 0.11 mmol) was dissolved in 
CF3C02H (14 ml) and stirred at room temperature for 
9 h. After removing the solvent on a rotary evaporator, 
chloroform (50 ml) was added. The solution was then 
made basic (pH 9) by adding K2CO3 solution and 
washed with water (2 x 100 ml) before being taken to 
dryness under reduced pressure. The residue was 
purified by column chromatography on silica gel using 
5% CH30H-CHC13 as the eluent. In this way, 23 mg 
of 1 were obtained (32%). 'H NMR (CDCI,), 6 
2-07-2.14 (2H, m, -CHZCH~CH~-), 2.35 (2H, t, 
CH2CO), 3-27 (2H, t, pyrimidine CHZCH~) ,  3-36 (3H, 
s ,  OCH3), 3.51-3.56 (4H, m, CH2CH20CH3 and 


pyrimidine CHzCHz), 3.77 (2H, t, PhOCHzCHr), 3 *95 
(2H, t, pyrene CHz), 4.21 (2H, t, P ~ O C H ~ C H Z ) ,  5-66 


NCHzPhO), 3.68 (2H, t, CH2CH20CHs), 3.71 (2H, t, 


( lH, d, J=6.91 Hz, CsH), 6.63 (2H, d,  J =  8.35 Hz, 
PhH), 6.78 (2H, d,  J = 8 * 3 5 H ~ ,  PhH), 7.73-8'25 


(CDCl3 + CD3OD), 6 26.07 (COCH2CH2CH2-), 
(lOH, m, CsH and pyrene H). I3C NMR 


28.74 (COCH2CH2CH2-), 31.76 
(COCH2CH2CH2-), 43.80 (pyrimidine CHICH~) ,  
46.39 (pyrimidine CH2CH2), 50.53 ( O m 3 ) ,  57.84 
( P ~ O C H ~ C H Z ) ,  66.43 (NCHzPh), 68.75 
(PhOCHzCHz), 69.61 (CH30CHrCH2), 70.90 
(CH~OCH~CHI),  93.63 (Cs), 114.02, 122.42, 123.90, 
123.96, 124.02, 125-03, 125.78, 126.42, 126.48, 
126.58, 126.63, 127.07, 128.77 and 130.50 (Ph and 
pyrene), 146-91 (c6), 157.51 (CZ), 161.00 ( G ) ,  170.65 
(NCOCH2-). CI-MS, m/z  633 [M -+ HI +. HRMS, 
C38H40N40s; M+ = 632.29987; found, 632-30423. 


I-Pyrenemethanol ( 8 ) .  1-Pyrenecarboxyaldehyde (7)  
(5 g, 21 -7  mmol) was dissolved in dried tetrahydro- 
furan (25 ml) and solid NaBH4 (0-41 g, 10.8 mmol) 
was added in small portions over about 30 s.  The result- 
ing mixture was stirred overnight at room temperature 
under a nitrogen atmosphere. The reaction mixture was 
poured into water (200 ml) and the resulting white solid 
was collected and dried in uacuo. The crude material so 
obtained was recrystallised from ethyl acetate and dried 
to give 3.48 g (69%) of 8. Melting point 115-118 "C 
(lit.2 m.p., 121.5-122-5 'C). 'H NMR (CDC13), 6 5.83 
(2H, s, CHZOH), 8.72-8.40 (9H, m, pyrene H). 
El-MS, mlz 232 (M'). 


1 -Chloromethylpyrene (9). 1-Pyrenemethanol 
(7-37 g, 31 a 8  mmol) and pyridine (4-3 mlJ were dis- 
solved in 150 ml of CH2C12 and cooled to 0 c. Thionyl 
chloride (4.3 ml) was then added dropwise and the 
resulting solution was stirred overnight at room tem- 
perature before being poured into water (500ml). A 
further 150ml of CHzClz were added. The CHzClz 
layer was then collected and washed with first a solution 
of 5@?0 NaHCO3 (150 ml) and then a saturated solution 
of NaCl (150 ml) before being dried (Na2S04) and 
evaporated to give 6.87 g of 9 (86%). Melting point 
143-146°C (lit.3 m.p., 144-145°C). 'H NMR 
(CDCh), 6 5.33 (2H, s, pyreneCHzCl), 8.00-8.39 (9H, 
m, pyrene H). EI-MS, m/z  250 (M+). 


I-Pyrenemethyl acetate ( 3 ) .  Compound 9 (3 g, 
12 mmol) was added to a stirred suspension of pot- 
assium acetate (2.20 equiv.) in glacial acetic acid at 
room temperature. The mixture was stirred for about 
2.5 h under reflux. After cooling, the solvent was 
removed on a rotary evaporator and the residue was 
partitioned between chloroform and water. The chloro- 
form layer was collected and taken to dryness under 
reduced pressure. The material so obtained was purified 
by column chromatography on silica gel using chloro- 
form as the eluent. In this manner, 2.48g of 3 were 
obtained (75%). 'H NMR (CDC13), 6 2.13 (3H, s, 
02CCH3), 5.83 (2H, s, pyrene CHZOOCH~), 
8-00-8.26 (9H, m, pyrene H). EI-MS, m/z 274 (M'). 


Photophysical measurements. Dilute solutions of the 
various pyrene derivatives in freshly distilled N, N- 
dimethylformamide (DMF) or spectroscopic-grade 
methanol were used for all photophysical measure- 
ments. Absorption and fluorescence spectra were rec- 
orded with a Hitachi U3210 spectrophotometer and a 
fully-corrected Perkin-Elmer LS5 spectrofluorimeter, 
respectively. Fluorescence lifetimes were measured with 
a mode-locked, frequency-doubled Nd:YAG CW laser 
synchronously pumped, cavity-dumped pyridine-1 dye 
laser. The output was frequency-doubled to give 6ps  
pulses at 342 nm. Emitted photons were detected with 
a Hamamatsu microchannel plate photo tube (FWHM 
60 ps) operated in the time-correlated, single-photon 
counting mode. Transient absorption studies were made 
with a frequency-tripled, Q-switched Nd:YAG laser 
giving 8 ns pulses at 355 nm. Solutions were bubbled 
continuously with nitrogen and spectra were recorded 
point-by-point with five separate laser shots being aver- 
aged at each wavelength. Kinetic measurements were 
made at fixed wavelength with 50 individual laser shots 
being averaged, baseline-corrected and analysed by 
non-linear least-squares iterative procedures. Pulse 
radiolysis studies were made with the CFKR 4 MeV Van 
de Graaff electron beam accelerator. 
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RESULTS AND DISCUSSION 


Photooxidation of pyrene 
Photophysical properties of 1 and 3, measured in dilute 
methanol or DMF solution for selective excitation into 
the pyrene absorption bands at 355 nm, were compar- 
able and there was no indication that the appended 
cytosine molecule quenched the excited states of the 
pyrene subunit. Similarly, UV-visible, fluorescence, 
circular dichroism and 'H NMR spectra showed the 
absence of any significant interaction between the 
pyrene and cytosine subunits in 1. 


Excitation of the pyrene subunit in 1 and 3 in oxygen- 
saturated DMF with a 10 ns laser pulse at 355 nm 
resulted in generation of singlet molecular oxygen, as 
detected by time-resolved luminescence-spectroscopy.4 
The quantum yields, however, were extremely low. Fur- 
ther, the lifetime of Oz('Ag) was independent of the 
concentration of substrate, indicating that the bimole- 
cular rate constant for quenching by cytosine is < lo6 
dm3 mol-' s-I.  


Time-resolved spectroscopic studies showed that 
methylviologen (MV" ) quenched both excited singlet 
and triplet states of 1 and 3 in DMF solution. 5 3 6  Laser 
flash photolysis studies showed the intermediate for- 
mation of the n-radical cations derived from pyrene 
(A,,, = 450 nm) and MV2+ (A,,, = 395 and 605 nm): 


*(Pyr)-cyt + M V ~ +  -* . + (Pyr)-Cyt + MV + .  (1) 


For both compounds, the pyrene r-radical cation 
decayed rapidly via first-order kinetics (typical lifetimes 
being ca 2ps) but the rate constant was found to be 
markedly dependent on the initial concentration of the 
pyrene subunit. Based on earlier ~ o r k , ~ - ~  this process 
is attributed to association between a pyrene r-radical 
cation and a ground-state pyrene molecule: 


(Pyr)-Cyt - Cyt + Pyr-Cyt -+ 
. +  


[(pyr-cyt)zl+. (2) 


The rate of formation of the pyrene dimer a-radical 
cation, which was monitored at 750 nm, matched 
exactly the rate of disappearance of the monomer n- 
radical cation, as monitored at 450nm, at any given 
concentration of pyrene. By varying the concentration 
of substrate, the bimolecular rate constant for reaction 
(2) was found to be (1 .O t 0.6) x lo9 dm3 mol-' s - ' .  
The dimer n-radical cation decayed slowly via electron 
transfer to MV" although, for both 1 and 3, a small 
amount of reduced viologen persisted over prolonged 
times. Since identical behaviour was observed for these 
two compounds, it is clear that neither the pyrene r- 
radical cation nor its corresponding diver abstract an 
electron from the appended cytosine on these time 
scales. This hypothesis was confirmed by pulse 
radiolysis studies carried out with 1 (5 x mol 
dm-3) in oxygen saturated acetone, where it was found 


that the decay kinetics of the intially formed pyrene r- 
radical cation (7 = 1 * 4  ps) and that of the subsequent 
dimer (*-radical cation; 7 = > 200 1s)  remained unaf- 
fected by the presence of cytosine (< 1 x mol 
dm-3). 


Photoreduction of pyrene 


It was observed that triethylamine quenched the 
excited singlet and triplet states of 1, 2 and 3 in DMF, 
resulting in intermediate formation of the pyrene 
r-radical anion (A,, = 490 nm): 


*(Pyr)-Cyt + ( C Z H ~ ) ~ N  -+ 


(Pyr)-Cyt + ( C Z H ~ ) ~ N +  ' (3) 


The n-radical anion of 3 decayed very slowly 
(tl,2 = 1 a2 ms) via first-order kinetics due to proto- 
nation by trace amounts of water present in the 
solvent: ' I  


(4) 


The resulting neutral radical undergoes slow 
disproportionation. 


Identical behaviour was observed following one- 
electron reduction of 3 in nitrogen-saturated propan-2- 
01 under pulse radiolytic conditions; here, the lifetime 
of the n-radical anion was (100 2 10) ps: 


.- 


Pyr- ' + HzO --* PyrH' + OH- 


Pyr- ' + C3H7OH -+ PyrH' + C3H70- ( 5 )  


For both 1 and 2, the pyrene *-radical anion, generated 
via laser flash photolysis in the presence of 
triethylamine or by pulse radiolysis in nitrogen- 
saturated propan-2-01, decayed rapidly via first-order 
kinetics with typical lifetimes of a few microseconds. 
The rate constants for these decay processes were 
slightly dependent on the concentration of 1 or 2 and, 
following extrapolation to zero concentration, were 
found to be (4.2 2 0.7) x lo5 and (2.8 2 0.5) x 10' 
s- '  for 1 and 2, respectively. We attribute this process 
to intramolecular electron transfer to the appended 
cytosine moiety; the bimolecular component being due 
to electron transfer to cytosine attached to a different 
pyrene molecule: 


(6)  
.-  (Pyr)-Cyt -+Pyr-(Cyt)- ' 


._ (Pyr)-Cyt + Pyr-Cyt- 
Pyr-Cyt + Pyr-(Cyt)- ' (7) 


Indeed, electron transfer to cytosine was found to 
compete with protonation and subsequent bimolecular 
decay of the r-radical anion of 3 in DMF solution. The 
cytosine r-radical anion undergoes deprotonation and 
bimolecular processes which result in its ultimate 
destruction. 
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CONCLUSION 


This study has demonstrated that pyrene can photo- 
sensitize the reduction of cytosine by electron donors 
such as triethylamine. Similar processes, occurring in 
vivo, could result in photochemical strand scission of 
DNA with ribose acting as the electron donor. Since 
pyrene functions only as a light absorbing relay, and is 
not destroyed, it is likely that one molecule could cause 
extensive damage to the host polynucleotide. As such, 
this mechanism may explain some of the carcinogenic 
activity of polynuclear aromatic hydrocarbons. It is 
also conceivable that such processes could initiate 
cancer of the skin or other exposed regions. Further 
studies are in progress and are aimed at refining our 
understanding of this type of reductive process. 
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ALLOSTERIC EFFECTS IN A SYNTHETIC RECEPTOR FOR 
ALKALI METAL IONS AND DINITROBENZENE 


RINT P. SIJBESMA AND ROELAND J. M. NOLTE* 
Department of Organic Chemistry, NSR Center, University of Nijmegen, Toernooiveld, 6525 ED Nijmegen, The Netherlands 


A novel host is described which contains three potential binding sites, viz. a cleft and two crown ether rings. The 
molecule can adopt three different conformations. One of these is able to form a complex with two alkali metal ions. 
The binding of potassium ions is shown to be a cooperative process. The association constant of the second ion is 
128 times larger than that of the first. The compound also binds 1,3-dinitrobenzene at the third site by x-s 
interactions. The complex with two potassium ions binds 1,3-dinitrobezene more strongly than does the free 
compound by a factor of 2-6, depending on the solvent used. This allosteric effect is caused by the conformational 
change which is induced by the binding of the potassium ions. 


INTRODUCTION 


Many biological processes and functions in nature are 
regulated by molecular systems which respond to 
changes in the environment or to outside stimulants. 
Very often these systems contain receptors or enzymes 
whose binding properties are controlled by interaction 
with light, small molecules or ions. Mimicking such 
systems is one of the most challenging goals in 
host-guest chemistry. Moreover, understanding the 
underlying principles of these interactions will be an 
important step towards the construction of novel 
molecular devices. 


A number of examples of 'responsive hosts' ' have 
been described. Crown ethers that change the binding 
strength of ions on irradiation with light are probably 
the best studied examples within this class of mol- 
ecules. These crown ethers contain a photoreactive 
functionality, e.g. a diaza group, which induces a 
change in conformation of the host by interaction with 
light and hence a change in affinity of the binding site. 
Beer' and others have prepared redox-responsive hosts 
which contain an electrochemically switchable func- 
tionality, such as a quinone or a ferrocenyl group. 
Other examples are pH-responsive3 hosts and 
temperature-responsive4 hosts. Some of these molecules 
have been used to realize ion transport across liquid 
membranes, induced by, e.g., light' or a pH 
gradient. 3a,5 


A very important way of regulating binding in recep- 


* Author for correspondence. 
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tors and proteins in nature is the allosteric effect.6 In an 
allosteric protein more than one binding site is present. 
Binding of a guest (substrate in biochemical termin- 
ology) at one site influences the binding strength at a 
remote site. The paradigmatic example of an allosteric 
protein is haemoglobin, a tetrameric protein, that can 
bind four molecules of oxygen. Binding of the fourth 
molecule of oxygen is stronger than binding of the first 
three.7 If the binding sites in an allosteric protein are 
identical, the allosteric effect is described as cooperative 
binding between homologous sites. Depending on 
whether the binding of successive guests is increasingly 
stronger or weaker, it is called positive or negative 
cooperativity . 


Few synthetic receptors displaying allosteric effects 
have been described. One of the first successful ones in 
this respect was reported by Rebek, et al.,' who synthe- 
sized bis-crown ethers capable of binding two alkali 
metal ions or two mercury complexes such as Hg(CN)2. 
For the latter guest the second binding constant was 
shown to be about ten times larger than the first, 
whereas for the alkali metal ions mutual electrostatic 
repulsion prevented cooperative binding of the second 
guest. 


Only recently have organic chemists succeeded in 
developing synthetic receptors that show allosteric 
effects or cooperative binding for organic guests. A 
tetracarboxylic acid has been reported by Ebmeyer and 
Rebekg which binds two diamines in a cooperative 
fashion. Schneider and Ruf l o  developed a water-soluble 
host which binds aromatic guests 10-100 times more 
strongly when copper ions are present. 


Received 4 February 1992 
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laR=OH 
l b  R E OM0 


Elsewhere we have reported on the conformational 
properties of host compounds of type 1." These mol- 
ecules are receptors for aromatic guests. In solution, 
compound 1 exists in three conformations, ss, sa and 
aa (Figure 1). The most predominant conformations, ss 
and sa, are non-binding. When an aromatic guest is 
added the equilibrium shifts to aa, and the guest is 
bound in a sandwich-like fashion between the naphtha- 
lene walls of the host. As an extension of this work, we 
describe here a bis-aza-crown ether derivative of 1 
which displays allosteric binding properties (compound 
2). 


Space-filling models indicate that only the aa con- 
former of 2 is able to bind an alkali metal ion. We 
expected that addition of alkali metal ions would 
promote binding of an aromatic guest, as depicted sche- 
matically in Figure 2. We also expected that the binding 
of the alkali metal ions would be a cooperative process, 
because conversion of the receptor to the aa conform- 
ation by the uptake of one ion would facilitate the 


binding of the second ion. Experiments will be pre- 
sented that confirm these ideas. 


RESULTS AND DISCUSSION 


Synthesis and characterization 
The bis-aza-crown ether derivative 2 was synthesized 
via the route in Scheme 1. Starting compound 4 
was refluxed in 1,2-dichloroethane with 2,l- 
dihydroxynaphthalene using SnCL as a catalyst to give 
l a  (64% yield). Compound l a  was alkylated with the 
tosyl ester of chloroethoxyethanol to give 3 in 41% 
yield. Intermediate 3 was converted into 2 by reaction 
with 2.2 equiv. of benzylamine in acetonitrile in the 
presence of sodium iodide using sodium carbonate as 
a base. After column chromatography, pure 2 was 
isolated in 91% yield. 


In CDC13 solution, both 2 and 3 are present as a 
mixture of sa, ss and aa conformers. For 3, the ratio 
of these conformers is 82 : 12 : 6 .  In the solution of 2 the 
ratio of sa and ss conformers is 88: 12. The aa con- 
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CI N N CI 
P h t f  Ph 


CI N N CI 


A A A  


\ K V  0 on o HO 


a 


ss sa 
Figure 1. Computer-generated structures 
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Scheme 1. (a) 2,7-Dihydroxynaphthalene, SnCI.,, C2H4C12, 
reflux; (b) T O ~ O ( C H ~ ) ~ O ( C H ~ ) Z C ~ ,  DMSO, KOH, 20°C; (c) 


PhCHzNH2, Na2CO3, NaI, acetonitrile, reflux 


U 
Figure 2. Induced binding of a guest in 2 by the addition of a 


metal ion 
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Table 1 .  'H NMR signals (ppm) and coupling constants (Hz, in parentheses) in the 'H NMR spectrum of the ss, sa and aa 
conformers of 2 and 3 in CDCL 


NCH~AI NCHzAr Napht-H Napht-H Crown Benzyl 
Compound sYn anti sYn anti CHIN CHzN Napht-OCHz Benzyl-H 


2-sa 4.79 4.10 7.23 7.75 3.00 4.00 4.60 7 *43 
6.12 6.08 6.80 7.23 7.26 


(14.8) (16.8) (8.9) (8.9) 7.20 
17.2) 


2-ss 5 . 1 8  
6.33 


(14.8) 
3-sa 4.79 


6.03 
(14.8) 


3-ss 5 - 1 3  
6.20 


(14.8) 
3-aa 


a 6.83 3-14 4.35b 
7.26 


(8 * 9) 
4.11 7.23 7.73 
6.01 6.86 7.27 


16.8) (8 * 9) (8.9) 
7-25 
6-87  


a 


3.92 
5.78 


16.8) 


7.34 
6.95 


(8.9) 


'No assignment could be made 
Tentative assignment. 


former is not detectable in the 'H NMR spectrum and 
hence constitutes less than 2% of the population. 
Because of the presence of the conformers, the spectra 
of 2 and 3 are complicated, but most peaks could be 
assigned by comparison with the spectra of l b  and with 
the aid of 2D NOESY and COSY spectra. Apart from 
cross-peaks due to the nuclear Overhauser effect, the 
NOESY spectra of 2 and 3 also contained cross-peaks 
due to conformational exchange processes between the 
conformers. The positions of the most important peaks 
are given in Table 1. 


Complexation 


Alkali metal ions 
The effect of alkali metal ions on the conformational 
equilibrium of 2 was investigated by 'H NMR in 
CDCI3-DMSO-d6 (9: l,v/v) using 2 mM solutions of 
host and 8 mM potassium thiocyanate or sodium thio- 
cyanate. Under these circumstances virtually all mol- 
ecules of 2 were found to be in the aa conformation 
(Figure 3). The spectrum of the sodium thiocyanate 
complex is different from that of the potassium thio- 
cyanate complex, as can be seen in Figure 3 and Table 
2. In the complex with sodium ions the signals of the 
naphthyl groups and those of the benzyl groups have 
moved upfield compared with their positions in the 
complex with potassium. The signal of the CHzN- 
protons in the crown ether moieties of 2 is a triplet in 
the potassium complex, but is split into two multiples in 
the sodium complex. These differences suggest that in 
the latter complex, the crown ether moieties are folded 


P 


Figure 3 .  'H NMR spectra of 2 mM solutions of 2 in 
CDCl3-DMSO-Q (9 : 1 ,  v/v) (a) in the absence of salt, (b) in 
the presence of 8 mM KSCN and (c) in the presence of 8 mM 


NaSCN 
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Table 2. Relevant signals (ppm) and coupling constants (Hz, in parentheses) in the 'H NMR spectra of the 
potassium and sodium thiocyanate complexes of 2 in CDCl,-DMSO-& (9 : 1, v/v) 


Complex NCHzAr Napht-H Crown-CHzN Benzyl-CHZN Napht-OCHz Benzyl-H 


2.2K' 5.80; 4.14 7.66; 7.22 2.92 (t) 3.92 4.59 7.26 (br) 
(16.5) (8.9) 7 * 08 (br) 


2.2Na' 5.93; 4.14 7.45; 6.97 2.93 (m) 4.29 4.68 7.0-7.3 
(16.8) (8.9) 2.98 (m) (W 


6.92 (t) 
6-68 (t) 


around the sodium ions in such a way that the benzyl 
groups are in the shielding zone of the naphthyl groups, 
or perhaps are complexed in the cleft of the host. 


As host 2 has two binding sites for alkali metal ions, 
i t  was expected that these ions would be bound in a 1 : 2 
host-guest stoichiometry. In order to ascertain this and 
to find out if 2 showed cooperative binding towards 
these ions, a 'H NMR titration with potassium picrate 
in CDC13/DMSO-& (3 : 1, v/v) was performed. During 
this titration the fraction of molecules in the aa con- 
formation was monitored as a function of the number 
of equivalents of salt added (Figure 4). 


The titration data were evaluated with the help of a 
computer program that determines the goodness of fit '* 
(expressed as x2/v) of a theoretical binding curve to the 
experimental data for any combination of K1 and K2. 
The latter constants K I  and K2 are defined as 


In order to obtain intrinsic binding constants from 
these thermodynamic constants, a statistical correction 
must be applied which takes into account the number of 
binding sites in the receptor. l 3  For a receptor with two 
binding sites, KI must be divided by 2 and K2 must be 
multiplied by 2: KI '  = 1/2K1; K2' = 2K2. 


In the calculations the assumption was made that 
only the aa conformer of 2 binds ions. The fact that 2 
is completely converted into the au conformer by 
addition of alkali metal salts shows that this assumption 
is valid. 


For a number of values of K~'/KI',  the value of K I '  
that gives the best fit to the experimental data was cal- 
culated. The results of the calculations are shown in 
Figure 4. For independent binding sites the best fit 
curve [Figure 4(a)] has a curvature which is too strong 
and at higher saturation the calculated values of the aa 
fraction are too low. A much better fit is obtained when 
a strongly cooperative binding process is assumed 
[Figure 4(b)]. The lowest value of x 2 / v  is obtained for 


A number of models have been proposed to explain 
cooperative binding by allosteric interactions, one of 
the first being that of Monod, Wyman and Changeux 


K2'/K:li= 128 (Ki 'z43;  Kz'= 5440). 


% a8 a 
l o o  I 


8 0  


8 0  


4 0  


2 0  


0 
0 1 2 3 4 6  


equlvalenta 'K 


% aa b 


d 
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Figure 4. Best fit curves to data points of titration of 2 with 
potassium picrate. (a) Two independent binding , sites, 
KI'  = kz' = 140; (b) strongly cooperative binding, K1' = 43, 


Kz'IKi' = 128 


(MWC). l4 In this model, the following properties are 
considered to be required to obtain positive 
cooperativity: the receptor system should contain 
identical binding sites at identical, symmetry-related 
positions; the receptor should have more than one con- 
formation, and these conformations are in equilibrium 
and differ in their affinity to the substrate; and the sym- 
metry of the receptor should be preserved on going 
from one conformation to another. 


The present system is an excellent example of cooper- 
ative binding according to the MWC model. It displays 
all the properties which are required for the cooperative 
binding of potassium ions. 


It is of interest to compare our receptor 2 with 
Ebmeyer and Rebek's bis-crown ether receptor (see 
formula 5). In 5 cooperative binding is also the result 
of binding-induced conformational changes. Ebmeyer 
and Rebek found that the cooperativity is completely 
based on an entropy effect: binding of one guest in the 


5 
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first binding site freezes the conformational freedom of 
the second binding site, resulting in increased affinity 
for the second guest. A similar entropy effect may be 
operative in our receptor 2, but enthalpy effects prob- 
ably also play an important role. The ion-binding con- 
former constitutes less than 2% of the total mixture of 
conformers in a solution of the free host 2. The free 
energy needed to convert 2 into the binding conformer 
has to be paid for completely in the first binding step. 
This fact alone could explain a difference in binding 
strength of a factor of 50 between the two binding sites. 
Another important difference is that in Ebmeyer and 
Rebek's receptor the distance between the two binding 
sites is smaller than in our receptor. As a result the elec- 
trostatic repulsion between the two bound ions in 4 is 
much larger than in 2. Consequently, 4 does not show 
cooperativity in the binding of alkali metal ions, but 
only in the binding of neutral mercury compounds such 
as Hg(CN)2. 


Ternary complexes 


The allosteric effect of potassium ions on the binding of 
1,3-dinitrobenzene (DNB) in 2 was qualitatively 
assessed by determining the complexation-induced 
shifts of the protons of DNB on the addition of 2, both 
in the presence and absence of KPF6. If 27.5 mM 2 was 
added to a 19.8 mM solution of DNB in 
CDCI3-DMSO-d6, (3 : 1, v/v), the DNB proton signals 
shifted upfield by 0.03,0.06 and 0.07 ppm for the H-2, 
H-4,6 and H-5 protons, respectively. In the presence of 
an excess of KPF6 these induced shifts increased to 
0.06, 0.14 and 0.19 ppm, respectively. In a separate 
experiment it was ascertained that the signals of DNB 
do not shift in the presence of KPF6 alone. 


For a quantitative evaluation of the allosteric effect, 
a series of UV titrations were performed in two solvent 
mixtures, viz. CHCI3-DMSO (3: 1, v/v) and 
CHC13-DMSO (9: 1 ,  v/v). In these titrations the 
increase in absorption of the charge-transfer band 
around 400 nm was monitored as a function of the con- 
centration of DNB while the concentration of 2 was 
kept constant. As both DNB and 2 absorb at the wave- 
length of the charge-transfer (CT) band of the complex, 
the absorption due to free DNB and 2 had to be deter- 
mined separately in each experiment. The molar 
absorption coefficient ( E )  of DNB appeared to be 
strongly dependent on the concentration of salt present. 
Titrations were performed with both sodium and pot- 
assium thiocyanate salts. The results of the titration 
experiments are given Table 3. 


The association constants are considerably lower in 
CHCI3-DMSO (3 : 1, v/v) than in CHC13-DMSO (9 : 1, 
v/v). The values in Table 3 show that K+ ions exert an 
allosteric effect on the binding of DNB. The strength of 
the effect varies from a factor of less than 2 in 
CHCI3-DMSO (3: 1, vlv) to a factor of six in 


Table 3. Effect of alkali metal ions on the association constants of 
the complexes between 2 and 1,3-dinitrobenzene in CHC13-DMSO 


solvent mixtures ( T =  298 K) 


Ka (1 mol-') 


CHC13-DMSO (9: 1, v/V) CHCIrDMSO (3: 1 ,  V/V) Host 


0-3 -t 0.15 
0 .5  rt 0.12 


CHC13-DMSO (9: 1, v/v). Although sodium ions are 
bound by 2 [see Figure 3(c)], they are completely 
ineffective in increasing the binding strength of 2 
towards DNB. One possible reason may be that in the 
sodium complex the benzyl groups are occupying the 
cleft of the host, thus disfavouring the complexation of 
DNB. Another explanation may be that in this complex 
the naphthyl walls are at too close a distance to allow 
sandwiching of a DNB molecule. 


EXPERIMENTAL 


17b, I7c-Dihydr0-1,4,10,15-tetrahydroxy-17b,17~ 
-diphenyl-7H,8H,9H, 14H, 17H, 18H- 7u,8a, 14a, I 7u- 
tetraazapentaleno [1",6":5,4,7;3",4":5',4', 7'1 dicyclo- 
octa [1,2,3-de:l ',2 ',3 ' - d  ' e '1 dinaphthaIene-8,17-dione 
(la). A mixture of 2.48 g (5.08 mmol) of 4, 3.2 g (20 
mmol) of 2,7-dihydroxynaphthalene and 5 . 5  ml (44 
mmol) of SnCL was refluxed for 30 min in 100 ml of 
CzH4C12. After refluxing with dilute HCI the product 
was isolated from the reaction mixture by filtration and 
was washed with methanol. The product was purified 
by recrystallisation from DMSO. Yield: 2.1 g (64%) of 
colourless needles. FAB-MS, m/z  663 [M + HI +. 
Analysis calculated for C4&I3,&06-0*5H20, c ,  71 -53, 
H 4.65, N 8.34; found, C 71.53, H 4-63, N 8.37% 


176,17c-Dihydro-l,6,10,15-tetrumethoxy-l7b,l7c- 
diphenyI-7H,8H,9H,ltiH, 17H,18H-7a,8a, 14~,17a- 
tetraazapentaleno [I "6":5,4,7;3",4":5 '4 '7'1 dicyclo- 
octu[l,2,3-de:l ',2 ',3 ' -d  ' e  '1 dinaphthaIene-8,17-dione 
(Ib). Compound la (1 -32 g, 1.99 mmol) was dissolved 
in 25 ml of DMSO. The solution was degassed and 
placed under a nitrogen atmosphere. Dimethylsulphate 
(1.4 ml, 8 -3  mmol) and powdered KOH (2.5 g) were 
added and the mixture was stirred at room temperature 
for 1 h. The reaction mixture was poured into 250 ml 
of water. The product was extracted from the aqueous 
suspension with CHrCl2 and purified by column chro- 
matography [chloroform-methanol (99.5 : 0.5. v/v)] . 
Yield: 1 a09 g (76%) of lb. 'H NMR (CDCI3) (only the 
signals of the sa conformer are given here), 6 7-75, 
7-23, 7.20 and 6.84 (4 d,  8 H, napht-H, J =  8.7 Hz), 
7.05-6.30 (m, 10 H, ArH), 6-05, 5-97, 4-81 and 4-14 
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(4d, 8 H, NCHHAr, J =  15.8 Hz), 4.15 and 3.92 (2s, 
12 H, OCH3); FAB-MS, m/z 719 [M + H ]  +. Analysis 
calculated for C ~ ~ H ~ S N ~ O ~ . C H ~ C ~ Z ,  C 67.25, H 5.02, 
N 6-97; found, C 66-93, H 4.96, N 6.94%. 


17b, I7c-Dihydr0-1,6,10,15-tetrakis [2-(2- 
chloroethoxy)ethoxy] - I  7b, I7c-diphenyl- 7H,SH,9H, 
16H,I 7H,18H-7a,8a,16a,I7a-tetraazapentaleno 
[ I  ",6":5,6,7;3",4":5 ' ,6',7'] dicycloocta[1,2,3- 
de:I ',2',3 ' -d ' e  'I dinaphthalene-8,17-dione 
Compound l a  (1.04 g, 1.57 mmol) and 1-"2-(2- 
chloroethoxy)ethyl] sulphonyl) -4-methylbenzene (2 -0 g, 
7.18 mmol) were dissolved in 50 ml of DMSO. The sol- 
ution was degassed and placed under a nitrogen atmos- 
phere. Powdered KOH (1 a7 g, 30 mmol) was added and 
the mixture was stirred at room temperature for 16 h. 
The reaction mixture was poured into water and the 
resulting suspension was acidified and extracted with 
chloroform. After column chromatography 
[chloroform-methanol (99: 1 ,  v/v)], 0 . 7  g (41To) of 3 
was obtained. 'H NMR (CDC13), see Table 1; 
FAB-MS, m/z 1087 [M + HI +. Analysis: calculated for 
C&5~N4oroC14, C 61.77, H 5.37, N 5.15; found C, 


(3). 


61-58, H 5.45, N 5.30%. 


Bis-crown ether compound 2. Compound 3 (1.45 g, 
1 . 3 3  mmol), benzylamine (0.143 g, 1.35 mmol), 28 g of 
Nal and 12 g of Na2C03 were refluxed in 400 ml of ace- 
tonitrile. Over a period of 50 h, another 0.29 g (2.7 
mmol) of benzylamine in 50 ml of acetonitrile was 
added. The solvent was removed in vacua and water 
was added to the residue. The crude product was 
extracted with chloroform and purified by column chro- 
matography [chloroform-methanol (93 : 7, v/v)] . 
Yield: 1-42 g (92%) of 2. 'H NMR (CDCl3), see Table 
1; FAB-MS, m/z 1157 [M + H ]  +. Analysis calculated 
for C70H72N6010, C 72.46, H 6.27, N 7.26; found, C 
72.16, H 6.34, N 7.21% 


2 0  ' H  NMR experiments. E X S Y  spectra were rec- 
orded at 298 K at 400 MHz with the NOESYPH pulse 
sequence supplied with the Bruker software. Time- 
proportional phase incrementation (TPPI) " was used 
to obtain phase-sensitive line shapes. A total of 512 f I  


increments were taken with 16 scans at every ti value. 
The mixing time was 0 . 8  s. The FIDs were multiplied 
by a 7r/2.5 shifted sine-bell function in both the F 2  and 
Fl domains. The data file was zero-filled to 1K x 1K 
real data points. 


Titration of 2 with potassium picrate. A 3.71 mM 
stock solution of 2 in CDCl3-DMSO-d6 (3 : 1, (v/v) was 
prepared (stock solution A). From this solution, a sol- 
ution 3.71 mM in 2 and 7.74 mM in potassium picrate 
was prepared (stock solution B). For each data point in 
the titration, a precisely weighed amount of solution B 
was made up to ca 0 - 8  g with solution A. The last data 


point in the titration was obtained from solution A 
which had been saturated with solid potassium picrate. 
For the determination of the fractions of each con- 
former, the integral of as many non-overlapping peaks 
as possible was used. 


Computer program for the evaluation of the associ- 
ation constants from the ' H  NMR titration data. A 
computer program was written in FORTRAN, which 
calculates for a range of values of K I  and K2/KI, the 
fractions of molecules of 2 that are present as the 1 : 1 
and 1 : 2 complex at each data point in the titration. The 
program subsequently evaluates the goodness of fit 
(x2/v) for each combination of Kl and K ~ / K I ,  with the 
help of the expression 


where Xaa obs is the experimentally observed fraction of 
molecules in the aa conformation, Xaa c a ~ c  is the calcu- 
lated fraction of molecules in the aa conformation, u is 
the standard deviation of the measurement, which was 
taken to be f0-03 ,  and nexp is the number of data 
points. By systematic variation of K I  and Kz/Kl ,  the 
lowest value of xZlv is then found. 


In the calculations on the titration of 2 with pot- 
assium picrate, it was found that the best fit 
( X : / Y  = 0.9) was obtained for K2'/Kli  = 128 (K1' = 43; 
Kz = 5440). For Kz'/Kl' s 128, the,fit was only slightly 
worse (e.g. x z / v =  1.35 for K 2 ' / K 1 1 = 8 . 2 ~  lo3).  Con- 
sequently, the best value of K2'/KI' is 128 with a lower 
limit on Kzi/K1' of 16, but no upper limit on this ratio 
can be given. 


UV titrations of 2 with 1,3-dinitrobenzene. For the 
titrations in CHCl3-DMSO (9 : 1 ,  v/v), stock solutions 
were prepared which contained CQ 2 mM of 2 and 8 mM 
of either sodium thiocyanate or potassium thiocyanate 
(stock solution A). From these stock solutions, new sol- 
utions containing also ca 1 M o f  DNB were prepared 
(stock solution B). Stock solution A (1 - 7  ml) was placed 
in a 1 cm cuvette. For each successive data point a 25 
p1 aliquot of stock solution B was added. For the titra- 
tions in the CHC13-DMSO (3 : 1 ,  v/v) solvent mixture, 
stock solution A was 0.1 M in 2 and 0.25 M in pot- 
assium thiocyanate. From this solution, stock solution 
B was prepared, containing 0.45 M of DNB. Stock sol- 
ution A (165 pl) was titrated with 20 pl aliquots of stock 
solution B in a 1 mm cuvette. Ka values were evaluated 
with the help of a computer program which evaluates 
K,  and E in an analogous manner to that described for 
the evaluation of association constants from 'H NMR 
shift titrations. l6  Excellent fits were obtained assuming 
an experimental error of 0.0003 absorption units. 
The molar absorption coefficients of free DNB and 2 
were determined separately for each solvent mixture 
and concentration of salt. 
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STRUCTURE AND CONFORMATION OF PYRIDINO- AND 
DIESTERPYRIDINO- 18-CROWN-6 COMPLEXES WITH PRIMARY 
AMMONIUM SALTS IN SOLUTION AND CRYSTALLINE STATES 


REED M. IZATT,* CHENG Y. ZHU, N. KENT DALLEY, JANET c. CURTIS, XIAOLAN KOU AND 
JERALD S. BRADSHAW 


Department of Chemistry, Brigham Young University, Provo, Utah 84602-1022, U.S.A. 


Structures in CD30D-CDCl3 mixtures of pyridino-18-crownd and diesterpyridino-18-crown-6 complexes with 
primary ammonium cations containing an a-phenyl group were found to be significantly different. The r--* overlap 
between the a-phenyl group of the ammonium cation and the pyridine ring of the ligand occurs in the pyridino-lll- 
crown-6 complexes but not in the diesterpyridino-18-crown-6 complexes. The solution structure of a diesterpyridino- 
18-crown-6 complex with an a-phenyl-containing primary ammonium cation was also found to differ markedly from 
the corresponding crystal structure in that r-T overlap occurs in the crystal structure, but not in the solution structure. 


INTRODUCTION 


Pyridino- and diesterpyridino-18-crown-6 ligands form 
stable complexes with primary ammonium cations in 
methanol and methanol-chloroform mixtures. The 
primary binding force between these ligands and the 
primary ammonium cations is that formed by the three 
hydrogen bonds as shown in Figure The chiral 
members of these ligands, RzP18C6 ( R = P h )  and 
RzK2P18C6 (R = Me, Ph), also exhibit moderate 
(A log K < 0.2) to significant (A log K > 0.4) enan- 
tiomeric recognition in forming complexes with a-( 1- 


X A x  


naphthy1)ethylammonium "apCH(CH3)NHfl and 
a-phenylethylammonium [PhCH(CH3)NHf] cations, 
respectively, in methanol and methanol-chloroform 
mixtures. In addition to the primary binding force, a 
second interaction between chiral host and guest mol- 
ecules is needed to make chiral recognition possible. 
Examples of this secondary interaction have been given 
by Pirkle et a/ .  and Lipkowitz et al. In our case, one 
candidate for this second interaction is x-T bonding 
between the a-naphthyl or cr-phenyl group of the guest 
ammonium cation and the pyridine ring of the chiral 
ligands. Therefore, it is of interest to elucidate further 
the role of T-T interaction in causing the enantiomeric 
recognition in these chiral complexes. 


In this paper, we demonstrate two striking structural 


I 


" Y O  


I 


OYR 


X=H: 
x=o: 


R2P18C6 (R=H, Ph, t-Bu, sac-Bu) 
R2K2P18C6 (R=H, Me, Ph) 


*Author for correspondence. Figure 1. Illustration of the three-point hydrogen bond 
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features concerning the presence of this T-T interaction 
in the complexes of RzP18C6 ( R = H ,  Ph, t-Bu, 
sec-Bu) and RzK2P18C6 ( R = H ,  Me, Ph) with 
NapCH(CH3)NHf, PhCH(CH3)NHf and/or 
PhCH(CH20H)NH f in methanol and methanol- 
chloroform mixtures. We also demonstrate a remark- 
able difference between the structures of the ( R ,  R)- 
Me2K2P18C6-(R)-PhCH(CH2OH)NHf complex in a 
mixture methanol-chloroform (50 : 50, v/v) and in the 
crystalline state. 


RESULTS AND DISCUSSION 


Extensive one-dimensional ‘H NMR studies of 
R2P18C6 (R = H, Ph, t-Bu, sec-Bu) complexes with 
NapCH(CH3)NHf and PhCH(CH3)NHf in 
CD30D-CDC13 mixtures showed that, in each of these 
systems, the signals corresponding to the pyridine 
protons of the ligand underwent a significant upfield 
shift (up to 0.2 ppm) on formation of the complex.’ 
This fact provides strong evidence that in each of the 
complexes either the naphthyl or the phenol group of 
the ammonium cation is located close to and has some 
overlap with the pyridine ring of the ligand. The up- 
field shift of the pyridine proton signals of the ligand on 
formation of the complex is caused by the magnetic 
shielding effect of the overlapping naphthyl or phenyl 
group of the ammonium cation.’ If the two aromatic 
groups are separated by a long distance and do not 
overlap, either one of the two should experience a mag- 
netic deshielding effect rather than the shielding effect 
and a downfield shift rather than an upfield shift for 
their proton signals. 


A ‘H NMR study of the RzK2P18C6 (R = H, Me, 
Ph) complexes with NapCH(CH3)NH f , 
PhCH(CH3)NHf and PhCH(CH20H)NHf showed 
that in the formation of each complex with 
NapCH(CH3)NHf, the pyridine proton signals of the 
ligand underwent an upfield shift (up to 0.15 ppm), 
whereas in the formation of each complex with 
PhCH(CH3)NHf and PhCH(CH20H)NHf, the pyri- 
dine proton signals of the ligand underwent a significant 
downfield shift (up to 0.15 ppm). The downfield shift 
of the pyridine proton signals in the latter two instances 
indicates that the phenyl group of either 
PhCH(CH3)NHf or PhCH(CH20H)NHf is away 
from and does not overlap with the pyridine ring of the 
ligand. Evidence for the separation of the phenyl group 
from the pyridine ring in the RzKzP18C6 (R=  H) 
complex with PhCH(CH3)NHf and the RzKzP18C6 
(R = Me) complex with PhCH(CH20H)NHf is also 
found in the ‘H NMR NOESY spectra of these two 
complexes in CD3OD-CDCI3 (50 : 50). In these NOESY 
spectra [Figures 2(a) and (b)] , off-diagonal signals cor- 
relating the chemical shifts of the pyridine protons (ca. 
8.1-8.3 ppm) and those of the phenyl protons (ca 
7.2 ppm) are absent. Instead, off-diagonal signals are 


present which correlate the pyridine chemical shifts of 
the ligand and the methyl chemical shift (1.5 ppm) of 
PhCH(CH3)NHf [Figure 2(a)] or the methylene 
chemical shift (ca 3 a 9  ppm) of PhCH(CH20H)NHf 
[Figure 2(b)], indicating that the methyl or methylene 
protons of the ammonium cation are in close proximity 
( < 5  A )  to the pyridine protons of the ligand. The 
phenyl group of the ammonium cation, then, must be 
positioned far away from the pyridine ring of the 
ligand. 


Other major off-diagonal signals in Figures 2(a) and 
(b) also support the above conclusion. For example, in 
Figure 2(a), a pair of strong off-diagonal signals are 
seen to correlate the phenyl proton chemical shifts (ca 
3-7  ppm) of PhCh(CH3)NHf and the chemical shifts 
(ca 3.7 ppm) of the ligand’s -0CH2CH2- protons at 
the bottom (far from the pyridine ring), indicating that 
the phenyl group of the ammonium cation is in close 
proximity to the part of the ligand opposite to the pyri- 
dine ring. In Figure 2(b), a pair of off-diagonal signals 
are seen to correlate the phenyl proton chemical shifts 
(ca 7.0 ppm) of PhCH(CH20H)NHf and the chemical 
shifts (ca 4.0ppm) of the ligand’s -0CHzCHzO- 
protons in the region far from the pyridine ring indi- 
cating that the phenyl group of the ammonium cation 
is distant from the pyridine ring. 


In contrast to the observed solution structure of the 
RzKzPl8C6 (R = Me) complex with 
PhCH(CH20H)NHf in CD3OD-CDCl3 (50 : 50), the 
phenyl group of the ammonium cation is found to be 
partly overlapping with, rather than being positioned 
away from, the pyridine ring of the ligand in the crystal 
structure of the same complex as seen in Figure 3. 
Quantitative evidence for 7r-r interaction and overlap 
of the aromatic rings is found in the dihedral angle 
between the pyridine and phenyl groups and the 
shortest interatomic distances between the phenyl 
carbons and the atoms of the ligand. The dihedral angle 
betweeon the least-square planes of the aromatic groups 
is 7.2 , which indicates that the rings are nearly par- 
allel. The shortest interatomic distances between the 
carbons of the phenyl group and atoms of the ligacd 
are as follows: C?2-N1, 3-37 A; C237N1, 3 -4  A ;  
C24-$21, 3.57 A ;  C25-C21, -3.67 A ;  C26-03, 
3.39 A;  and C27-C3, 3-34 A .  These distances 
indicate that the aromatic rings partially overlap with 
the phenyl group being displaced towards C3 and 03 .  
This is shown in Figure 3, although the figure exag- 
gerates the displacement because it is rotated several 
degrees from a view perpendicular to the planes of the 
aromatic groups in order to show better resolution of 
the atoms. It is also seen in Figure 3 that the methylene 
pro top  of PhCH(CH20H)NHf are located well away 
( > 5  A )  from the pyridine ring of the crown ether 
ligand, and the OH group of the ammonium cation is 
hydrogen bonded to one of the four oxygens in a 
nearby C104 co-anion (not shown). 
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These results provide a good example of the crystal 
structure of a complex being markedly different from 
the corresponding solution structure. The difference 
between the structures of the R2KzP18C6 (R=Me)  
complex with PhCH(CH2OH)NHf in the crystalline 
state and in the CD3OD-CDCI3 (50 : 50) solution 
also suggests that the cause for the absence of the T-T 


overlap in the solution structures of the RzK2P18C6 
complexes with PhCH(CH3)NHf and 
PhCH(CH20H)NH3+ is solvent related, rather than 
resulting from an unfavorable conformational strain. If 
the conformation of the RzK2P18C6 (R = Me) complex 
with PhCH(CH20H)NHf in which the overlap 
between the phenyl group and the pyridine ring occurs 
is severely strained and energetically unfavourable, it 
should not be found in the crystal structure. 


Molecular mechanics calculations of a number 
of RzKzP18C6 (R = H, Me) complexes with 


PhCH(CH3)NHf and PhCH(CH20H)NHf indicate 
that in the absence of solvent, the energy difference 
between the two conformations, one with and the other 
one without the presence of the r--a overlap, is small 
( < 2  kcal mol-') (1 kcal= 4-184 kJ) in each of the 
complexes studied. It is also found from the molecular 
mechanics calculations that the conformation with the 
T-T overlap in each complex is always slightly favored 
over that without this overlap. These results provide 
additional support for the involvement of the solvent 
in causing the absence of T--K overlap in the solution 
structures of the RzK2P18C6 (R = H, Me) complexes 
with PhCH(CH3)NHf and PhCH(CH20H)NH:. 


The molecular mechanics calculations have been 
extended to a number of RzP18C6 (R = H, Me) and 
R2K2P18C6 (R = H, Me) complexes with not only 
PhCH(CH3)NHf and PhCH(CH2OH)NH; but also 
with NapCH(CH3)NH;. It is found in each complex 
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Figure 2. 'H NMR NOESY spectra of (a) RzKzP18C6 (R = H) complex with PhCH(CH3)NHf and (b) ( R ,  R)-R2K2P18C6 (R = Me) 
complex with (R)-PhCh(ChlOH)NHf in CD30D-CDC13 (50: 50, v/v) 
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that the conformation with the K--A overlap is always 
favoured slightly over the other, but the energy differ- 
ence is always small ( < 3  kcal mol-'). 


One explanation for the facts stated above is the fol- 
lowing. In the absence of the solvent, the A-K overlap 
is slightly favoured in the structure of each of 
the R2P18C6 or RzK2P18C6 complexes with 
NapCH(CH3)NHf, PhCH(CH3)NH f and 
PhCH(CH20H)NHf because of the K-H interaction. 
In the presence of the solvent, the keto oxygens in each 
R2KzP18C6 molecule are solvated and the K-K overlap 
may happen only at the cost of removing the solvent 
molecules from the keto oxygens of the ligand in each 
RzKzP18C6 complex with NapCH(CH3)NHf, 
PhCH(CH3)NH; and PhCH(CH2OH)NHz. The 
phenyl group has fewer K electrons and is smaller than 
the naphthyl group. In addition, it is evident in Figure 
3 that good overlap of the phenyl and pyridino groups 
would result in a large distortion of the three-point 


hydrogen bonding. This problem is not found in the 
crystal structure involving the naphthyl group. ' Hence 
it is probable that the T-K interaction between the 
phenyl group of the ammonium cation and the pyridine 
ring of RzKzP18C6 is not energetic enough to overcome 
the cost to remove the solvent molecules from the keto 
oxygens of the ligand. Hence the K-K overlap between 
the phenyl group of the ammonium cation and the pyri- 
dine ring of the ligand is not observed in solution. On 
the other hand, the H--?T interaction of the naphthyl 
group with the pyridine ring is sufficiently energetic to 
allow a--n overlap in the solution. The RzP18C6 mol- 
ecules do not have keto functions which could be 
solvated so the phenyl or naphthyl groups of the 
ammonium cations can be overlapped with the pyridine 
ring of the ligand, as was observed, with no need to 
overcome the above-mentioned desolvation energy. 


As a support to this explanation, it was found that 
the maximum downfield shift of the ligand pyridine 
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Figure 2. (Continued) 
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v c9 
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Figure 3.  Crystal structure of the (R ,  R)-RzKzP18C6 complex 
with (R)-PhCh(CH20H)NHfClO;. The C104 and the 
hydrogen atoms bonded to carbon atoms are omitted for 
clarity 


proton signals in the formation of the RzKzP18C6 
(R = ME) complex with PhCH(CH3)NHf was reduced 
significantly from 0.15 to 0.5 ppm on changing the 
solvent from CD3OD-CDCI3 (50: 50) to pure CDCI3. 
This indicates that the distance between the a-phenyl 
group of the ammonium cation and the pyridine ring of 
the ligand is much less in pure CDCI3 than in 
CD30D-CDC13 (50 : 50). Chloroform is a much weaker 
solvating agent than methanol toward the keto oxygens 
of the ligand, hence the keto oxygens of the ligand are 
much less solvated in pure CDCI3 than in 
CD30D-CDC13 (50 : 50), allowing the a-phenyl group 
of the ammonium cation to be closer to  the pyridine 
ring of the ligand. 


EXPER I MENTAL 


(R = H, Me, Ph) and RzP18C6 (R = H, Ph,  t-Bu, 
sec-Bu) were prepared according to  published 
methods. l o -  The ammonium perchlorate salts studied 
were prepared by treating the free amines (Aldrich) with 
dilute aqueous perchloric acid (Mallinckrodt). The salts 
were crystallized from the resulting aqueous solution 
followed by recrystallization from a chloroform 
(Fisher)-acetonitrile (Fisher) mixture. The deuterated 
solvents CD3OD and CDCI, were obtained from 
Aldrich and were used without further purification. 


Materials. Chiral ligands RzKzPl8C6 


' H  NMR spectra. 'H NMR spectra were recorded in 


either CD3OD or CD3OD-CDC13 mixtures with 
tetramethylsilane as internal reference using a Varian 
Gemini 200 MHz NMR spectrometer. 


Molecular mechanics calculations. The search com- 
parison of the lowest energy conformations of the 
RzP18C6 (R = H ,  Me) and RzKzP18C6 (R = H, Me) 
complexes with several primary ammonium cations 
were done using CHARMmI3 and PCMODELI4 pro- 
grams on a Silicon Graphics workstation and an IBM- 
compatible 386SX personal computer, respectively. 


The conformational spaces for the crown ethers and 
the ammonium salts were searched independently using 
grid search techniques. The lowest energy conformation 
was distinctly different from that found in the crystal 
structure of the crown ether. Two conformations of the 
crown were used in the interaction studies: that with the 
lowest energy one and another that was energy 
minimized from the x-ray coordinates. The conforma- 
tional space of each complex was searched by rotating 
the ammonium salt within the crown ether cavity and 
by holding the ammonium portion bound within the 
cavity and rotating the rest of the salt around the C-N 
bond. Several local minima were found through this 
search scheme. In some there was A - - 7 ~  overlap between 
the pyridine ring of the ligand and the a-aromatic group 
(either naphthyl or phenyl) of the ammonium salt. For 
each complex, all local minima were within 
5 kcal mol-'  of each other. 


The force field employed in the molecular mechanics 
calculations does not include an explicit term for A-H 


interactions. The CHARMm force field uses a 
Lennard-Jones 12-6 potential and a Coulombic term. 
The occurrence of hydrogen bonding and A-A interac- 
tions is implicitly detected and calculated by these 
terms. We have performed extensive calculations L1,12 
on pyridino-18-crown-6 complexes with organic 
ammonium cations using a similar non-bonded energy 
term (a Lennard- Jones 9-6 term and a Coulombic 
term) without specific terms for hydrogen bonding and 
H-A overlap consistent with those features observed in 
the crystal structures of RzKzP18C6 ( R = M e )  com- 
plexes with (R)- and (S)-NapCH(CH3)NH:CIOT. 


X-ray structural determination. Single crystals of the 
( R ,  R)-RzKzP18C6 (R = Me) complex with (R)- 
PhCH(CH20H)NHiClr  were grown from a 
CD3OD-CDC13 (50 : 50) solution. A suitable crystal 
was mounted on a Siemens R3m/V automated diffrac- 
tometer which utilized monochromatic Mo K a  radi- 
ation. The orientation matrix and the lattice parameters 
for the crystal were obtained using 50 carefully centred 
reflections (7.47 < 20 < 29.84) in a least-squares pro- 
cedure. The material crystallized ino the monoclinic 
space group P21 wkh a = 10-453(3) A ,  b = 12.621(4) 
A ,  C =  10.78762) A ,  p = 95*43(2)" and V =  1416.9(7) 
A with Z = 2. The structure determination summary is 
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included in the supplementary material.* The summary 
includes crystal data and solution and refinement pro- 
cedures. The structure was obtained using direct 
methods and refined using a full-matrix least-squares 


* Supplementary material, which includes a structure determi- 
nation summary, bond lengths and angles and anisotropic dis- 
placement coefficients for the non-hydrogen atoms and atomic 
parameters for hydrogen atoms for the complex, is available 
from the authors (N.K.D.). 


Table 1. Atomic coordinates ( x lo4)  and equivalent isotropic 
displacement coefficients ( A  x lo3)  for non-hydrogen atoms 
of the crystalline ( R ,  R)-RzKzP18C6 (R = Me) complex with 


(R)-PhCH(CHZOH)NH $ CIOI 


c1 
0lCl 
02c1  
03C1 
04CI 
N1 
c 2  
c 3  
0 3  
0 4  
c 5  
C5M 
C6 
0 7  
C8 
c 9  
0 1 0  
c11 
c12  
0 1 3  
C14 
C15 
C15M 
0 1 6  
C17 
017 
C18 
C19 
c 2 0  
c 2  1 
c22  
C23 
C24 
C25 
C26 
C27 
C28 
N28 
C29 
0 3 0  


4209(2) 
4421(4) 
5314(5) 
3 167(5) 
3871(7) 
1535(4) 
11 30(5) 
- 180(5) 
- 567(4) 
- 889(3) 


-2185(5) 
- 3065(7) 
- 2609(5) 
- 1810(4) 
- 2270(7) 
- 2420(7) 
- 1303(3) 
- 809(6) 


916)  
1159(3) 
1955(6) 
3076(5) 
3947(6) 
2548(3) 
3216(5) 
4122(4) 
271 3(5) 
3496(5) 
3083(6) 
1885(6) 
1901(4) 
3076(5) 
3269(5) 
2292(6) 
1 1 15(6) 
924(5) 


1701 (4) 
758(4) 


1250(6) 
969(4) 


1287 
1017(5) 
1128(6) 
676(6) 


2353(5) 
- 1621(3) 
- 1181(4) 
- 703(5) 
-217(4) 
- 876(3) 
- 429(5) 
- 1061(7) 
- 434(6) 


2 12(4) 
424(7) 


- 487(7) 
- 11 38(4) 
- 1381(6) 
- 2284(6) 
- 2007(3) 
- 2903(5) 
- 2626(5) 
- 1770(5) 
- 2294(3) 
- 2562(5) 
-3133(4) 
- 2059(4) 
- 2054(5) 
- 1548(6) 
- 1112(5) 


876(4) 
777(5) 


1 179(6) 
1693( 5) 
18 14(5) 
1403(4) 
416(4) 


- 476(3) 
1230(5) 
741(4) 


544(2) 
1823(4) 


43(6) 
18(4) 


422(7) 
5707(3) 
6728(5) 
6656(5) 
7513(4) 
5567(3) 
5437(6) 
6 18 1 (9) 
4056(7) 
3409(4) 
2108(7) 
1316(6) 
14 1 8(3) 
281(5) 
460(5) 


1328(3) 
lSSS(5) 
2500(5) 
2089(6) 
3657(3) 
4727(5) 
4791(4) 
5831(5) 
6949(5) 
7960(5) 
7856(5) 
4692(4) 
5371(5) 
6569(5) 
7083(5) 
6392(5) 
52 14(5) 
3 3 94(4) 
3343(3) 
2414(5) 
1249(3) 


a Equivalent isotropic U defined as one third of the trace of the ortho- 
gonalized U,, tensor. 


procedure with 2153 observed data [ F >  3 u ( f l ] .  All 
non-hydrogen atoms were refined anisotropically. Pos- 
itions of hydrogen atoms bonded to carbon atoms were 
calculated based on known geometrical conditions and 
these atoms were allowed to ride on their neighboring 
atoms. The methyl groups were refined as rigid bodies. 
The isotropic thermal parameter of these hydrogen 
atoms was set equal to approximately 1 -2  times the 
initial equivalent isotropic thermal parameter of the 
neighbouring atom and was not refined. Hydrogen 
atoms of the -NH3 group were refined while that of 
the alcohol hydrogen was treated in the same manner as 
the hydrogen bonded to carbon atoms. The final R 
values for the refinement were R=0.058 and 


The conformation of the complex is shown in Figure 
3. Positional and thermal parameters for the non- 
hydrogen atoms of the complex are contained in Table 
1. The computer drawing clearly shows that the two 
aromatic portions of the complex in the solid state do 
overlap, which is unlike the situation in the solution- 
state structure. The three-point hydrogen bonding 
arrangement for RNH; with similar hosts (see Figure 
3) is present. In addition, the alcohol hydrogen of the 
cation is hydrogen bonded to 03C1 of the anion. The 
hydrogen bond data are included in Table 2. Bond 
lengths and angles along with isotropic displacement 
coefficients for the non-hydrogen atoms and atomic 
parameters for the hydrogen atoms are included in the 
supplementary material. 


R,  = 0.044. 


Table 2. Hydrogen bond data for the crystalline ( R ,  R) -  
RzKzP18C6 (R = Me) complex with (R)- 


PhCH(CH20H)NH f C l 0 7  


Atom Distance ( A )  Angle ( O )  


D H  A D...A H...A" D-H ... Aa 
~ ~ ~~~ 


N28 HIN N1 2.977(6) 2.23 143 
N28 H2N 0 7  2.829(6) 1.93 169 
N28 H3N 0 1 3  2.966(6) 2.12 142 
0 3 0  H30 03C1 2.761(6) 1.87 137 


a E.s.d. values for distances and angles involving H atoms are estimated 
at 0.03 A and 2'. respectively, as positions of H atoms were not 
refined. 
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ALKALINE EARTH METAL ION CATALYSIS OF ALCOHOLYSIS 
OF CROWN ETHER ARYL ACETATES. EFFECT OF THE 


BASE-SOLVENT SYSTEM 


ROBERTA CACCIAPAGLIA AND LUIGI MANDOLINI* 
Centro CNR Meccanismi di Reazione and Dipartimento di Chimica, Universita La Sapienza, 00185 Rome, Italy 


AND 


DAVID N. REINHOUDT* AND WILLEM VERBOOM 
Laboratory of Organic Chemistry, University of Twente, P.O. Box 217, 7500 AE Enschede, The Nefherlands 


The effect of strontium and barium ions on the acyl transfer reaction to ethoxide ion from 2-acetoxy-1,3-xylyl-15- 
crown-4,2-acetoxy-1,3-xylyl-18-crown-5,2-acetoxy-1,3-xylyl-2l-crown-6 and the model compound phenyl acetate was 
investigated in ethanol at 25 'C. Significant catalytic effects were observed in all of the studied reactions as a result 
of stronger metal ion associations with the transition states than with reactants. The rate enhancements observed with 
the crown ether substrates are much larger than those observed with phenyl acetate, the largest acceleration being 
displayed by 2-acetoxy-1,3-xylyl-21-crown-6, which reacts with EtOBaBr 5 x 10' times faster than with EtONMer. 
These findings provide strong evidence that cooperation of electrostatic binding to the negative charge developing at 
the carbonyl oxygen and coordinalive binding to the polyether chain is highly efficient in the metal-bound transition 
state. Comparison of rate data reported here with analogous data obtained in methanol solution clearly shows that 
both modes of interaction contributing to the stability of the metal-bound transition state are much more efficient in 
ethanol than in methanol solution. 


INTRODUCTION 


Continuing our studies of reactions catalysed by alkali ArOAc + EtO- ArO- + EtOAc (1) 
and alkaline earth metal ions,'-4 we report here on a 
detailed kinetic study of the effect of added barium and The purpose of these studies was to make a com- 
strontium bromides on transacylation rates from phenyl parison with analogous data recently obtained in the 
acetate (PA) and a series of crown ether aryl acetates (2- MeO--MeOH base-solvent system. The strong 
Ac0-15C4, 2-Ac0-18CS and 2-Ac0-21C6) to ethoxide dependence of the observed catalysis on the nature of 


ion in anhydrous ethanol at 2S.O"C [equation (l)]. 


PA 


*Authors for correspondence. 


2-AcO- 15C4 


A LJ 
u 


2-ACO- 18C5 2-A~O-21C6 
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the cation and the size of the macrocyclic ligand was 
interpreted on the basis of specific transition-state stabil- 
ization arising from multiple binding of the metal ion to 
the crown ether portion and the negative charge being 
transferred from methoxide to  the ester function. The 
prediction was that the expected increase in electrostatic 
anion-cation interaction on changing the solvent from 
MeOH ( E =  32.63) to  EtOH ( E  = 24.30) would produce 
enhancement of metal ion catalysis. 


RESULTS 


Kinetic data for transacylation reactions were obtained 
by monitoring the increase in the aryl oxide absorption 
in the neighbourhood of 300 nm. Either conventional 
or stopped-flow spectrophotometry was used, depend- 
ing on the reaction half-life time. Dilute solutions of the 
aryl acetates (ca 0.1 mM) were reacted with an excess 
of Me4NOEt (1-10 mM) in the absence and presence of 
alkaline earth metal bromides (MBrz). Close adherence 
to  first-order behaviour was obtained for several half- 
lives, with infinity readings which corresponded to  
quantitative conversion in all cases. Pseudo-first-order 
rate constants obtained in the absence of added salts 
were translated into second-order rate constants ko 
(Table l) ,  which were taken t o  represent free ethoxide 
ion rea~t iv i ty .~ , '  


Solutions for rate measurements in the presence of 
strontium and barium ions were prepared by mixing 
equimolar amounts of Me4NOEt and MBr2. Although 
the precise nature of the species in solution is unknown, 
strong evidence was obtained4 that binding of ethoxide 
to  the metal ions is virtually complete in the investigated 
concentration range, as formally shown in equation (2). 


EtONMe4 + MBrpEtOMBr + Me4NBr ( 2 )  


I t  is uncertain whether the metal-ethoxide complex 
contains a bromide counter ion, but it is clear that it 
behaves kinetically as a single species, whose concen- 
tration is stoichiometrically determined by that of the 
added reagents. This is shown by the pseudo-first-order 
rate constants, k&, measured in the reactions with PA 
(Table 2). Plots of kabs vs metal-bound ethoxide [Figure 


Table 1. Second-order rate constants 
for the reaction of aryl acetates with 


EtONMg in EtOH at 25 OC 


Substrate ko (1 r n o l - ' ~ - ' ) ~  


PA 1.44 
2-Ac0-15C4 6.64 x 
2-Ac0-18C5 4.99 x 
2-Ac0-21C6 6-36 x lo-' 


a Mean errors of the order of ? 2% 


Table 2. Rate data for the reactions of aryl acetates 
with EtOMBr (M = Sr, Ba) in EtOH at 25.0"C 


Substrate M [EtOMBr] (mM) kobs ( s - ' ) ~  


PA Sr 


Ba 


2-Ac0- 15C4 Sr 


Ba 


2-AcO-18C5 Sr 


Ba 


2-AcO-21C6 Sr 


Ba 


1.02 
3.49 
5.82 


1.60 
2.81 
5.72 
8.38 


10.0 


1.26 
3-42 
4.97 
6.45 
7.74 
1 .oo 
1.87 
2.81 
5.64 
8.38 


1.00 
2.48 
3.87 
6.45 


1.00 
2.81 
5.64 
8.38 


1.26 
3.42 
5.55 
7.14 
1.00 
1.87 
2.81 
3.75 
5.64 
8.38 


10.0 


0.0882 
0.308 
0.527 
0-888 
0.102 
0.182 
0-373 
0.542 


0.174 
0.431 
0.581 
0.717 
0.825 
0.486 
0.830 
1.17 
2.08 
2.80 


2.18 
5.25 
7.75 


11.3 
15.4 
2.19 
4.84 
7.91 
9.76 


3.05 
6.80 
9.64 


12.0 
12.7 
1 5 - 8  
17.4 
18.6 
19-5 
19.6 


a Mean errors of the order of 54% 


1(A)] are strictly linear over the whole concentration 
range, showing that for this reaction the rate equation is 


u = k M  [EtOMBr] [PA] (3) 


where k~ = kobs/ [EtOMBr] . 
At variance with the strictly linear dependence experi- 


enced by the concentration-rate profiles of the PA 
reactions, the corresponding profiles of the crown 
substrates [Figure l(B)-(D)] show the markedly non- 
linear behaviour with negative curvature typical of satu- 
ration kinetics, which provides good evidence for the 
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Z-ACO- 1 5 C 4  


kobs 
4.00 


0.50 


0.00 0.00 


0.000 0.005 0.010 


[ Et OM B r] 


20.00 


10.00 


0.00 


0.000 0.005 0.010 


[ EtOM E r] 


0.000 0.005 0.010 


[ E t 0 M B r] 


2-Ac0-21 C 6  
30.00 


k o b r  


20.00 


10.00 


0.00 


i Ba 


0.000 0.005 0.010 


[ Et  OM Br] 


Figure 1 .  Plots of kobs (s-') against concentration (M) of metal-bound ethoxide for deacylation of PA and crown ether aryl acetates 
in EtOH at 25.0 OC. The points are experimental and the curves in B, C, D are plots of equation (5) 


occurrence of significant associations between the reac- 
tants. I f  association of substrate S and metal-bound 
ethoxide takes place reversibly with 1: 1 stoichiometry, 
and the complex which is formed decomposes into 
products in a monomolecular slow step: 


KS S + EtOMBr S * EtOMBr 


S * EtOMBr k,,, products 


the rate equation is4 


(4) 
kcat& [EtOMBrl [SI 


1 + KS [EtOMBrl 
U =  


with 


The close adherence of the data to equation ( 5 )  for all 
of the reactions investigated is shown graphically in 
Figure l(B)-(D) by the good fit to the curves calcu- 
lated on the basis of the k,,, and KS parameters (Table 
3) obtained by standard non-linear least-squares treat- 
ment of the kobs values. 


Comparison of the effect of the metal ions on the 
transacylation of the crown substrates with those of the 
reference compound PA is not straightforward, 
on account of the differing rate equations. It should be 
noted, however, that in the limit of very low con- 
centrations of EtOMBr, i.e. when the product 
Ks [EtOMBr] is small compared with unity, equation 
(4) reduces to 


v = kcatKs [EtOMBrl [Sl (6) 
kobs = k,,,KS [EtOMBr] 


1 + KS [EtOMBr] 
( 5 )  which has clearly the same form as equation (3). We 


believe that the analogy is well beyond the formal 
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appearance. Like any bimolecular reaction in solution, 
the reactions of PA can be thought of as proceeding via 
an unstable encounter complex, the inherent stability 
of which is not large enough to affect the kinetics. 
According to this view, the second-order rate constant 
kM is given by the product of the equilibrium constant 
for encounter complex formation and the first-order 
rate constant for its decomposition. It appears, there- 
fore, that the kcat& products calculated for the 
substrates exhibiting saturation kinetics have the same 
mechanistic meaning as the kM values. They can be used 
for an assessment of the effect of metal ions on trans- 
acylation rates throughout the series investigated under 
subsaturation conditions. 


DISCUSSION 


The acetyl transfer reactions reported here provide 
additional examples of reactions which are dramatically 
accelerated by divalent metal ions. Kinetic evidence was 
obtained that these reactions proceed through what 
might be called a ternary complex 
(substrate + ethoxide + metal ion), which has the same 
composition as the rate-limiting transition state and 
decomposes into products in a monomolecular step. 
Virtually complete accumulation of this ternary 
complex in the accessible concentration range was 
obtained in the barium reaction of 2-Ac0-21C6. 


A measure of the rate enhancements brought about 
by the metal ions under subsaturating EtOMBr concen- 
trations is provided by the k ~ / k o  ratios in Table 3, 
which show rate accelerations of from more than a 
103-fold to slightly less than 106-fold, the largest accel- 
eration being displayed by 2-Ac0-21C6, which reacts 
with EtOBaBr 5 x lo5 times faster than with EtONMe4. 


Comparison of these exceedingly large rate enhance- 
ments with those found in the corresponding reactions 
of the model compound PA (Table 3) clearly points to 
the important role of the polyether bridges in deter- 
mining the observed phenomena. It is remarkable, how- 
ever, that even in the absence of the polyether bridge 
the reaction of PA is still 62 and 45 times faster with 
EtOSrBr and EtOBaBr, respectively, than with 


CH3 I 


EtONMe4. According to transition-state theory,' this 
means that strontium and barium ions bind the tran- 
sition state 62 and 45 times, respectively, more strongly 
than the ethoxide reactant. The corresponding figures 
for deacetylation of p-nitrophenyl acetate under the 
same conditions, namely 8.0 and 7.0, re~pectively,~ 
show that the catalytic efficiency of strontium and 
barium ions dramatically decreases under the influence 
of a strong electron-withdrawing group. We interpret 
these findings by a ~ s u m i n g ~ - ~  that transition-state sta- 
bilization by the metal ions is attained by means of a 
chelate interaction, where the metal ion coordinates 
both the incoming ethoxide oxygen and the carbonyl 
oxygen, where the negative charge of the former is 
being transferred (Figure 2). Without entering into 
the question of whether alcoholysis of aryl acetates 
proceeds through a rate-limiting intermediate or, as 
suggested by Ba-Saif et a!.' and further stressed by 
Guthrie,' via a concerted mechanism with no inter- 
mediates of significant lifetimes, we note that our data 
point to a transition-state structure characterized by a 
substantial fraction of a negative charge on the car- 
bony1 oxygen and, consequently, with a pronounced 
degree of tetrahedral geometry. The resulting electro- 
static interaction responsible for cation binding in 
the transition-state complex is very sensitive to the 
electron-withdrawing property of the nitro group 
of p-nitrophenyl acetate. 


No doubt the electrostatic interaction is responsible 
for only a fraction of the rate enhancements found in 
the reactions of the crown substrates, which show much 
larger kM/ko values than PA (Table 3). In the crown 
substrates, additional stabilization of the transition 
state arises from coordinative binding of the oxygen 
donors to the metal ion (Figure 2). It is worth stressing 
that since k~ refers to subsaturating concentrations of 
EtOMBr, the reaction rate is related to the concen- 
tration of free reactants. As a consequence, the entire 
binding energy rendered available by the polyether 
chain is realized in the transition state only, i.e. it is 
fully utilized in catalysis. 


A different situation is met with kcat, which relates 
the reaction rate to the properties of the 


Figure 2. Schematic diagrams of the transition state for the metal ion-assisted ethanolysis of phenyl acetate (I) and 2-Ac0-21C6 (11) 
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substrate-cation-ethoxide complex. Here only a frac- 
tion of the available binding energy is utilized in cata- 
lysis, 'O," namely the differential binding energy of 
transition states and reactants, as clearly shown by the 
differing orders followed by kcat and k~ (Table 3). 
Noteworthy is the behaviour of the barium reaction of 
2-Ac0-21C6, for which kM and Ks, but not kcat, are the 
largest in the series, because of the free energy wasted 
in the complexation of the substrate with the 
cation-ethoxide pair. A better utilization of binding 
energy in catalysis is found in the strontium reaction of 
2-Ac0-18C5, which exhibits the largest kcat value, in 
spite of the fact that binding in the reactant state is 
relatively weak. 


So far the discussion has been focused on transition- 
state stabilization due to interaction with the metal ion 
as the entire and sole source of catalytic power.'' In a 
more pictorial, canonical formulation, " the catalytic 
activity of strontium and barium ions can be interpreted 
as arising from the ability of the metal ions to bring the 
two reactants together in a reactive ternary complex, 
whereby the entropically disfavoured bimolecular 
attack of free ethoxide on free substrate is changed into 
a more favoured intramolecular (intracomplex) 
reaction. The effective molarity values listed 
in Table 3,  which were calculated as kcat/ko, provide a 
measure of the eficiency of the metal-bound ethoxide 
ion in the intracornplex reaction compared with an 
external free ethoxide in its 1 M standard state. The 
relatively high efficiencies which are observed arise not 
only from the close proximity of the reactive groups in 
the complex, but also from the ability of the metal ion 
to act as a built-in electrophile catalyst for nucleophilic 
attack at carbonyl carbon. We believe, however, that 
this pictorial description of catalysis adds little to the 
discussion based on transition-state stabilization. '' 


Let us now turn to the original plan of the present 
investigation, namely a comparison with analogous rate 
data obtained in MeOH solution.233 The first obser- 
vation is that metal ion catalysis is much stronger in 
EtOH than in MeOH, but again a quantitative com- 
parison is faced with difficulties arising from the mark- 
edly differing rate equations found in the two solvent 
systems. In MeOH solution, binding of methoxide to 
the metal ions is weak, and had to be taken into account 
by means of a proper term in the rate equation. Fur- 
ther, no indication emerged from the kinetics of the 
involvement of ternary complexes as intermediates 
of significant stability. Instead, evidence was obtained 
that in addition to the metal-ethoxide pairs, 
metal-substrate complexes of appreciable stability also 
played a role as separate entities with 2-Ac0-21C6 
(Kass = 3 1 mol - with SrBr2 and 50 1 mol- ' with 
BaBr2 in MeOH at 25OC). With 2-Ac0-15C4 and 
2-Ac0- 18C5, complexation of the metal species was 
insignificant. 


It appears, therefore, that the only possible com- 


Table 4. Metal ion catalysis of deacylation in MeOH solution 
at 25.0 "C: comparison with rate data in EtOH 


PA Sr 4 .7  
Ba 3.7 


2-ACO- 15C4 Sr 60 
Ba 150 


2-Ac0-18C5 Sr 303 
Ba 1180 


13 
12 
38 
48 


158 
39 


2-Ac0-21C6 Sr 327 125 
Ba 1780 28 1 


a Calculated as KT * / K M < o ,  where K M ~ O  is the equilibrium constant for 
binding of MeO- to the metal species and KT* is the corresponding 
quantity for the formal equilibrium which involves the transition state 
T * .  KT* and K M ~ O  values are from Ref. 2 for PA and from Ref. 3b 
for the crown ether substrates. 


parison of the quantitative nature of metal ion catalysis 
in the two given solvents is one where reference is made 
to the reaction of the free substrate with the metal- 
bound alkoxide, thus avoiding the complicating inter- 
ference of various association equilibria which 
specifically occur in one of the solvents, but not in the 
other. The required data in EtOH are already available 
in Table 3 as k ~ / k o  values. The corresponding data in 
MeOH, which were calculated from previously pub- 
lished by extrapolation to infinite metal ion 
concentration, are listed in Table 4. 


As shown by the last column in Table 4, rate 
enhancements are much larger in EtOH than in MeOH, 
and differences in the two solvents are more pro- 
nounced with the crown substrates than with the model 
compound PA. Therefore, the expected increase in elec- 
trostatic binding energy caused by the decrease in 
dielectric constant on going from MeOH to EtOH 
provides only a partial answer to the question of why 
metal ion catalysis of deacylation of the crown ether 
substrates is much stronger in the latter solvent. Noting 
that the strength of association between the crown ether 
substrates and the metal species turns out to be much 
larger in EtOH solution, and remembering that the rate 
data listed in Table 4 refer to conditions where the 
entire binding energy arising from metal ion binding 
to the polyether chains is utilized in catalysis, the extra 
stabilization of the metal-bound transition states in 
EtOH solution is easily understood. 


CONCLUSION 


The remarkable influence of strontium and barium ions 
on deacylation of crown ether aryl acetates arises from 
specific stabilization by the metal ion of the negatively 
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charged transition state compared with the neutral reac- 
tant. The former behaves as a negatively charged host, 
where cation binding is strongly enhanced by cation- 
anion electrostatic interaction. The results reported here 
clearly demonstrate that the magnitude of catalysis is 
not only dependent on the nature of the cation and the 
ring size of the crown ether host, but also is affected to 
a surprisingly large extent by replacement of MeOH for 
EtOH as the solvent. 


EXPERIMENTAL 


Materials, apparatus and techniques were as reported 
previously. 3,4 


Non-linear least-squares calculations were carried out 
with the program Sigma Plot (Jandel Scientific). 


ACKNOWLEDGEMENTS 


This work was carried out in the frame of EC joint 
projects, contracts ST2J-0215 and SC1*-0359. Thanks 
are due to  EC for financial support, and to the Italian 
Ministry of University and Scientific Research 
(MURST) for the part of the work carried out in Rome. 


REFERENCES 


1. R. Cacciapaglia, L. Mandolini and F. S. Romolo, 


2. G. Ercolani and L. Mandolini, J. Am. Chem. SOC. 112, 


3. (a) R. Cacciapaglia, S. Lucente, L. Mandolini, A. R. van 
Doorn, D. N. Reinhoudt and W. Verboom, Tetrahedron 
45, 5293-5304 (1989); (b) R. Cacciapaglia, A. R. van 
Doorn, L. Mandolini, D. N. Reinhoudt and W. Vetboom, 
J. Am, Chem. SOC. 114, 2611-2617 (1992). 


4. D. Kraft, R. Cacciapaglia, V. Bohmer, A. A. El-Fadl, S. 
Harkema, L. Mandolini, D. N. Reinhoudt, W. Verboom 
and W. Vogt, J. Org. Chem. 57, 826-834 (1992). 


5. E. Buncel, E. J. Dunn, Ng. van Truong, R. A. B. Bannard 
and J. G. Purdon, Tetrahedron Lett. 31, 6513-6516 
( 1990). 


6. See, e.g., F. Wilkinson, Chemical Kinetics and Reactions 
Mechanisms, Chapt. 6. Van Nostrand Reinhold, New 
York (1980). 


7. L. P.  Hammett, Physical Organic Chemistry, p. 136. 
McGraw-Hill, New York (1970). 


8. S. Ba-Saif, A. K. Luthra and A. Williams, J. Am. Chem. 


9. J. P. Guthrie, J. Am. Chem. SOC. 113, 3941-3949 (1991). 
10. A. Fersht, Enzyme Structure and Mechanism, Chapt. 12. 


Freeman, New York (1985). 
11. R. L. Schowen in Transition States of Biochemical 


Processes, edited by R. D. Gandour and R. L. Schowen, 
p. 77. Plenum Press, New York (1978). 


J.  Phys. Org. Chem., 5 ,  457-460 (1992). 


423-427 (1990). 


SOC. 111, 2647-2652 (1989). 


12. A. J. Kirby, Adv. Phys. Org. Chem. 17, 183 (1980). 
13. L. Mandolini, Adv. Phys. Org. Chem. 22, 1 (1986). 












JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 5,  670-682 (1992) 


GUEST DYNAMICS AND CRYSTAL STRUCTURE OF THE 
TRI-0-THYMOTIDE-ACETONE CLATHRATE STUDIED BY 


SOLID-STATE NMR, X-RAY DIFFRACTION AND MOLECULAR 
MODELLING* 


G. A. FACEY, C. I. RATCLIFFE, R. HYNES AND J.  A. RIPMEESTER 
Steacie Institute for  Molecular Sciences, National Research Council of Canada, Ottawa, Ontario, KIA OR9, Canada 


The structure of the acetone complex of tri-o-thymotide was solved by single-crystal x-ray diffraction. The acetone 
molecule is situated on the twofold axis of the cage and shows no sign of unusual disorder. Solid-state *H and I3C 
NMR were used to show that, in addition to fast methyl group rotation, there is a rotation of the acetone molecule 
about the carbonyl bond. The motion is best described as a twofold flip plus the temperature-dependent population 
of a secondary site 63 ? 10" away from the minimum energy position. Molecular modelling calculations were used 
to confirm the potential shape, which was remarkably sensitive to methyl group orientation. *H spin-lattice 
relaxation was used to derive an activation energy of 13.6 -t 0 .8  kJmol-' for the twofold flips, and the secondary 
site was shown to be energetically less favourable by 4.4 2 0.5 kJ mol-' from the temperature dependence of the line 
shape. Neither motion is seen in the diffraction experiment. 


INTRODUCTION 


The study of guest molecules in clathrate compounds is 
interesting from a physical chemical point of view. 
Many processes involving molecular recognition or 
reactions in the solid state require a definition of the 
dynamic structure. Two fundamental questions must be 
addressed: what is the preferred orientation of the guest 
with respect to the host cavity and what is the dynamic 
state of the enclathrated guest? The answers to these 
questions can often be obtained through the use of both 
solid-state NMR spectroscopy and single-crystal x-ray 
diffraction. These techniques are very much comp- 
lementary. Each technique on its own cannot address 
both questions. X-ray data are sensitive to long-range 
order and can provide a precise description of the host 
structure, but often cannot do so for the guest',' owing 
to either disorder (static or dynamic) ,or large-scale 
librational motion. The atomic positions essentially are 
derived from time-weighted, space-averaged electron 
densities. Solid-state NMR, on the other hand, is sensi- 
tive to local order and in favourable cases measures 
very directly the rates and amplitudes of reorientational 
processes. Molecular modelling3- l9 represents a third 
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approach to obtaining information on the structure and 
dynamics of guest-host interactions. Comparison of 
calculated and experimental orientation-dependent 
potentials for a guest in a host cavity is a very sensitive 
test for both the dynamic model and the potential func- 
tion employed, as the energies involved are small. 


Tri-o-thymotide (TOT) is the trilactone of o-thymotic 
acid. In solution, the molecules take on one of two 
possible enantiomeric propeller conformations which 
are in dynamic equilibrium with each When 
recrystallized from appropriate solvents, the molecules 
undergo spontaneous optical resolution and form a 
multitude of isostructural 2 : 1 (host : guest) clathrate 
compounds in the space group P3121 22*23 and inclusion 
compounds in other space groups. 24-27 The twofold 
symmetric cavities of the P3121 clathrates are bordered 
by eight host molecules and can accommodate single 
organic guest molecules whose backbones do not exceed 
about five atoms. Like both the host molecules and the 
crystals, the cavities themselves are chiral and have been 
used to discriminate between enantiomeric guest mol- 


e inner walls of the cavities are 
lined primarily with alkyl protons, leaving no oppor- 
tunity for strong hydrogen bonding between guest and 
host. The forces between guest and host are therefore of 
the Van der Waals type and are non-specific. In this 
study, we used solid-state NMR, single-crystal x-ray 
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diffraction and molecular mechanics calculations to 
provide a detailed description of acetone as a guest 
molecule in its P3121 TOT cage clathrate. 


THEORETICAL BACKGROUND 


Broad line 'H NMR 


'H is a spin I =  1 nucleus having three Zeeman states 
whose energies are perturbed by the electric quadru- 
polar interaction. Each crystallographically unique 
deuteron has two resonances whose energy difference 
depends on the quadrupolar coupling constant, 
x = (e2qQ/h),  and the orientation of the electric field 
gradient at the nuclear site with respect to the magnetic 
field. The electric field gradient tensor, Vij, is usually 
very close to being axially symmetric about the C-D 
bonds of organic molecules, with its largest component, 
Vzz = eq, parallel to the bond. For single crystals, the 
quadrupolar doublets can be observed directly for each 
crystallographically unique deuteron. In powders, how- 
ever, all orientations of the C-D bonds with respect to 
the magnetic field are possible. This results in a powder 
pattern with three pairs of features given by 


Avzz = vq (1) 
Avyy = vq(l + q )  


A ~ x x  = vq(l - 11) 


where vq = 3x/2 and the asymmetry parameter 
q = (Avyy - Av,,)/Avzz,  where 0 ,< q < 1 and Avxx G 
Av,, < Avzz [see Figure l(A)]. When the electric field 
gradient tensor is axially symmetric, q = 0 and when 
q = 1 ,  Avxx = 0 with Avyy =Avzz .  In all cases Av,+ 
Avyy = Avzz. 


The powder line shapes are sensitive to molecular 
motion. For molecular motions occurring at a rate 
comparable to that of the static quadrupolar coupling 
constant (104-106 Hz), the line shapes of the Fourier- 


t- Av, -I 


Figure 1. Sample powder spectra. (A) 'H NMR powder 
pattern; (B) I3C NMR powder spectrum. In both cases the 


asymmetry parameter is 0.2 


transformed quadrupolar echoes become distorted. 
They are sensitive to both the mechanism and rate of 
the motion occurring. Such line shapes have been 
simulated and used to study molecular motions on this 
time scale. 39,40 For fast molecular motions 
(rate 2 l o7  Hz), the situation is much simpler. The 
static electric field gradient tensor, Vij can be described 
in a reference coordinate system defined by the Euler 
angles,41 a, fi  and y, thus giving V,,B,~  = ai, for each 
of the positions visited over the course of the molecular 
motion. The weighted average of all of the tensor com- 
ponents can then be calculated yielding an average 
tensor, V & , B , ~ ,  where 


ail ai2 ai3 


ai3 ai3 0 4 3  


V & L ~ , ~  = ai2 a h  ai3 (4) 


The general definitions of the tensor components, ai,, in 
terms of the Euler angles have been tabulated.42 If an 
appropriate reference coordinate system is chosen, the 
averaged tensor, V & , B , ~ ,  is diagonal and the principal 
components, V:X, Vjy and Viz, defining the new spectral 
parameters, AvA, AviY and A v h ,  can be obtained 
directly. If the appropriate reference system is not 
chosen, the averaged tensor must be diagonalized. The 
powder line shape is simulated from the calculated spec- 
tral parameters. 43344 If more than one fast molecular 
motion is present, this procedure can be applied con- 
secutively to obtain the motionally averaged powder 
spectrum. 


Often 'H NMR powder line shapes, averaged by fast 
molecular motion, give the mechanistic details of the 
motion but no quantitative details regarding the rate or 
activation energy barrier. One way of obtaining such 
information experimentally is to measure the spin-lat- 
tice relaxation time, TI as a function of temperature. 
The rate of relaxation, R1 = (l/Tl), can be described by 
the following equation:45s46 


Ri  = KJ(wo, T ~ )  (5) 
where K is a constant depending on the quadrupolar 
coupling constant, the type of molecular motion and 
the point in the powder spectrum at which the relax- 
ation time is measured. J(w0, 7c) is a spectral density 
function depending on the Larmor frequency, wo and 
the correlation time of the motion, 7c. For specific 
motions with single correlation times, J(w0, 7c)  can be 
represented by47 


J(WO,T~)  is a maximum when w 0 ~ ~ = 0 - 6 1 5 8 .  At this 
point, relaxation is most efficient and TI is a minimum. 
The correlation time of the motion is therefore easily 
found at the T1 minimum. In the extreme narrowing 
limit, where O O T ~  4 1 ,  the rate of relaxation is linear in 
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rc. The correlation time of the motion is related to the 
absolute temperature by the Arrhenius relationship: 


(7) 
where r0 is a constant, E, is the activation energy of the 
motion and R is the gas constant. In the extreme 
narrowing limit, the activation energy can be obtained 
from the slope of a plot of log 7'1 vs I/T. 


When two molecular motions of different correlation 
times, T ~ I  and rC2, occur simultaneously, the spectral 
density function depends on both correlation times. 48 


If, however, one of the correlation times, rc2 is of the 
order of I/WO and the other, r,1 is very short such that 
W ~ T ~  a 0.6158 and rCl 4 rCz, then the motion with cor- 
relation time, T ~ I ,  contributes very little to the relax- 
ation and the spectral density function in equation (6) 
holds with rC = rC2. 


Broad line I3C NMR 
Unlike 'H, I3C is a spin I =  f nucleus having only two 
Zeeman states. Each crystallographically unique I3C 
nucleus can therefore have only one resonance line. The 
precise frequency of the resonance depends on the 
orientation of the chemical shielding tensor ui, with 
respect to the magnetic field. If the IH-l3C dipolar 
interaction is removed by high-power 'H decoupling, 
the I3C NMR spectrum of a single crystal will consist 
of a sharp line for each crystallographically unique 
I3C nucleus. In powders, where all orientations of the 
chemical shielding tensor with respect to the magnetic 
field are possible, a powder pattern is obtained. The line 
shape is similar to that expected for only one of the two 
energy transitions of a deuteron and therefore the spec- 
trum is not generally bilaterally symmetric. Instead of 
being characterized by three pairs of features, I3C 
powder patterns are characterized by three single fea- 
tures, uxx, a,, and uzz. These are proportional to the 
principal components of the chemical shielding tensor 
and can be read directly from the powder spectrum [see 
Figure l(B)]. 


Like the electric field gradient tensor, the chemical 
shielding tensor is averaged by molecular motions. 
When the motion is fast, relative to the full frequency 
spread of the rigid powder pattern, the averaged spec- 
trum for each unique I3C nucleus is the result of a 
single averaged tensor. The averaged parameters, uix, 
u;Y and uiz, are obtained using the same principles as 
described above for averaging 'H electric field gradient 
tensors and again the motionally narrowed spectrum 
can be simulated using the averaged parameters. 43,44 


Often it is difficult to obtain a powder spectrum for 
a I3C species in a particular chemical environment due 
to the very low signal-to-noise ratio resulting from the 
signal being spread over a large frequency range and 
from overlap with other I3C signals. It is possible to 
overcome this problem by obtaining one or more I3C 


cross-polarization magic angle spinning (CPIMAS) 
NMR spectra at slow spinning rates. The envelope of 
spinning sidebands approximates the powder spectrum 
at slow spinning rates. A graphical method,49 based on 
sideband intensities and spinning rates, can be used to 
obtain reliable values for uxx, uyy and uzz. 


EXPERIMENTAL 


Previously described methods were used to prepare o- 
thymotic acid from thymol," which in turn was used to 
prepare tri-o-thymotide. 5 1  The crude synthetic product 
was recrystallized twice from acetone. The purity of this 
material was tested by examination of the solid-state 
I3C CP/MAS NMR spectrum, where no impurities were 
detected. Th: TOT-acetone clathrate was heated for 
48 h at 150 C in order to remove the enclathrated 
acetone. A sample of this material was also examined 
by I3C CP/MAS NMR to ensure that all of the acetone 
had been removed. Acetone-& and [2-13C] acetone 
were purchased from MSD. The [2-'3C]acetone was 
diluted as follows: 0.5 g of [2-I3C]acetone was mixed 
with 4 -5  ml of unlabelled acetone to produce approxi- 
mately 12 mol% I3C-enriched acetone. The labelled 
clathrates were prepared by adding small amounts of 
guest (cu 5 ml) to cu 250 mg of desolvated TOT. The 
mixtures were heated to boiling. The hot mother liquor 
was removed and allowed to cool, forming small crys- 
tals of the desired clathrate. The cool mother liquor 
from this mixture was returned to the original mixture 
and the cycle repeated until all of the TOT had been dis- 
solved and recrystallized. The quality of the clathrates 
was confirmed by solid-state I3C CP/MAS NMR. 


A crystal, suitable for x-ray analysis, was grown by 
slow recrystallization of desolvated TOT from acetone. 
The cell constants were deteromined from 25 reflections 
with 20 in the range 80-100 . The intensity data were 
obtained at room temperature on a Nonius diffrac- 
tometer using the 0/20 scan mode. No correction was 
necessary for absorption. Of the 2691 reflections 
measured, 1889 were unique and, of these, 1624 had 
intensities greater than that of the background by 2.5 
standard deviations. Least-squares refinement was 
carried out with NRC-VAX software5' using the 1624 
reflections with weighting factors, w ,  based on counting 
statistics where w =(l/u~,,) ' .  The final R value was 
0-023. 


Solid-state 'H NMR experiments were carried out at 
27.6 MHz on a Bruker CXP-I80 pulse NMR spec- 
trometer using the (n/2-~-~/2-~-acquire) quadru- 
polar echo pulse sequence. 53 The delay between pulses 
was set at 35 p s  using 3 p s  7r/2 pulses and repetition 
times of between 1 and 10 s depending on TI. The tem- 
perature was controlled with a Bruker temperature 
control unit using cold nitrogen gas, a thermocouple 
and an electric heater. The temperatures were accurate 
to within ? 1 K. The spectrum obtained at 77 K was 
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acquired while the NMR coil was fully immersed in 
liquid nitrogen. 


'H TI measurements were carried out for the 
TOT-acetone-& clathrate as a function of tempera- 
ture. Complete measurements were made using the 
inversion-recovery technique in conjunction with the 
quadrupolar echo pulse sequence at 298,236 and 184 K. 
The intensity measurements were all made at the same 
point in the spectrum. The T I S  were calculated using the 
two parameter model: 


[ ( T I  = [,(I - ~ e - " ~ ' )  (8) 
where Z ( T )  is the intensity of the inner peaks of the 
spectrum as a function of the relaxation delay, 7,  and 
I ,  is their intensity in the fully relaxed spectrum. Other 
TI estimates were made at 298, 211, 200, 184, 175 and 
162K by finding the T value that gave a minimum 
signal, T,,~II. The TI value was then obtained from 
equation (8) by substituting Z(T)  = 0 and T = 7nu11. The 
TI estimates made at 298 and 184 K using the null 
method agreed well with those determined by the inver- 
sion-recovery technique. 


I3C CP/MAS experiments used to obtain the 
chemical shielding parameters for the carbonyl carbon 
of the enclathrated I3C enriched acetone were con- 
ducted at 45 - 3 MHz on the same spectrometer. The 'H 
r / 2  pulses were typically 4 ps. Cross-polarization times 
of 3 ms were used with repetition times of 2 s. Four 
spectra were recorded at different spinning rates. The 
rates were chosen to minimize the degree of overlap 
between the acetone carbonyl spinning sidebands and 
any of the resonances or spinning sidebands due to the 
host. The spinning rates were between 2-176 and 
2-389 kHz and were stable to within a few Hz. The 
acetone carbonyl peak, which was the most intense in 
the spectrum, was normalized to unit intensity and the 
intensities of the sidebands were measured as a ratio 
to the centre band. The intensity ratios were used in 
a graphical sideband analysis49 to determine the 
parameters of the chemical shielding tensor for the 
carbonyl carbon of TOT enclathrated acetone at room 
temperature. 


Molecular mechanics calculations were carried out 
using the Maxmin2 force field of the SYBYLS4 software 
package installed on a Silicon Graphics Personal Iris 
computer. Coulombic terms were included with partial 
charges calculated using the Gasteiger-Hiickel option 
provided in the software. 


RESULTS AND DISCUSSION 


Single-crystal x-ray data 


The crystallographic coordinates and thermal par- 
ameters of the host and guest are given in Tables 1 and 
2, respectively, with the numbering scheme of Figure 2. 
It was found to be a typical' 2: 1 P3121 clathrate 


Table 1. X-ray coordinates for TOT-acetone 


Atom X Y Z 


0 1  
0 2  
0 3  
0 4  
0 5  
0 6  
c1 
c 2  
c 3  
c 4  
c5 
C6 
c 7  
C8 
c 9  
c10 
c11 
c12 
C13 
C14 
C15 
C16 
C17 
C18 
C19 
c20 
c 2  1 
c22  
C23 
C24 
C25 
C26 
C27 
C28 
C29 
C30 
C3 1 
C32 
c33 
0 
CA 1 
CA2 


0.4693 (3) 
0.3736(4) 
0.3389(3) 
0.1696(4) 
0.3341(3) 
0.2087(4) 
0.41 21(5) 
0.4116(5) 
0.4511(5) 
0.4998(5) 
0.447 l(5) 
0.4047(5) 
0.3682(5) 
0.3231(6) 
0.2258(6) 
0.4193(6) 
0.37 19(5) 
0.23 14(6) 
0.201 7(5) 
0.1274(5) 
0.07 1q5) 
0.1053(6) 
0.1522(6) 
0.2245(6) 
0.2729(6) 
0.1812(6) 
0.3229(6) 
0.2492(5) 
0.3021(6) 
0.41 18(5) 
0.4348(6) 
0.3510(5) 
0.5394(6) 
0.61 91(5) 
0.5985(6) 
0.6853(6) 
0.7 190(6) 
0.7948(6) 
0.494 l(6) 
0.7736(6) 
0.6873(9) 
0.583917) 


0.8887(3) 
0.7233(3) 
0.8256(3) 
0.7Ooo(4) 
0.9896(3) 
0.8970(4) 
0.7725(5) 
0.7 170(5) 
0.6376(5) 
0.6121 ( 5 )  
0.5865(5) 
0*6115(6) 
0.6894(5) 
0.7 162(6) 
0.6090(6) 
0.7785(6) 
0.7404(5) 
0.7927(6) 
0.8846(5) 
0.8745(6) 
0-7726(6) 
0.9650(7) 
1.0580(6) 
1 .0674(5) 
1.1673(6) 
1.1538(6) 
1.2833(6) 
0.9794(6) 
0.9463(5) 
0.9784(5) 
1.0432(5) 
1.0780(5) 
1.0795(5) 
1.0537(5) 
0- 9882(5) 
0.9611(6) 
0.8968(7) 
1.0727(6) 
0.9527(5) 
0,7736 
0.6873 
0- 6797(8) 


0.09431(11) 
0.05693( 12) 
0.17174(11) 
0.14217(18) 
0- 10553(12) 
0.05056(14) 
0.09096( 19) 
0.13379(18) 
0.13467(19) 
0.09453( 1 8) 
0.17507(22) 
0.21249( 18) 
0.21237(18) 
0.2543 l(18) 
0.27454(19) 
0.28826( 18) 
0.17247(19) 
0.15748(21) 
0.16347(19) 
0.19763(20) 
0-22703(19) 
0.201 66( 19) 
0.17361(23) 
0.13905(21) 
0.10787(21) 
0.07495(20) 
0.13099(24) 
0.13531(18) 
0.06375(21) 
0.03839( 18) 


- O.O0042( 18) 
- 0.01 886( 17) 
- 0.02086( 18) 
- 0.0041 7( 19) 


0.034O9( 19) 
0.05291(19) 
0.02087( 19) 
0.06643(22) 
0.05409(17) 


1/2 
1/2 


0.4838(3) 


with cell dimensions a = b = 13*4612(11) A and 
c = 30*2973(20) A. There are six TOT molecules in the 
unit cell. Each acetone molecule is inside a cage of eight 
TOT molecules. Its carbonyl bond is on the twofold 
symmetry axis of the clathrate cavity. The structure can 
be considered well ordered, with no obvious signs of 
large-scale disorder. The anisotropic thermal par- 
ameters for the methyl groups in both host and guest 
are larger than those for most of the other framework 
atoms, as expected. Other than that, the guest carbonyl 
carbon and oxygen, and also the host carbonyl oxygens 
0 2  and 0 4 ,  exhibit some signs of larger than usual 
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Table 2. Thermal parameters for TOT-acetone 


Atom Ull(U) u22 u33 


0 1  5.9(3) 
0 2  13*5(5) 
0 3  3.8(3) 
0 4  7.9(4) 
0 5  4.6(3) 
0 6  4.9(3) 
c 1  5.7(5) 
c 2  4.2(4) 
c 3  5.7(5) 
c 4  10*1(6) 
c 5  6.5(5) 
C6 6.4(5) 
c 7  5.0(5) 
C8 7.0(6) 
c 9  7.1(6) 
c10  9.9(6) 
c11  4.2(4) 
c12  6.2(6) 
C13 4.4(5) 
C14 4.7(5) 
C15 5-7(5) 
C16 5.3(5) 
C17 5.1(5) 
C18 5.0(5) 
c19  6.4(5) 
c 2 0  12 * 6(7) 
c 2  1 9.6(7) 
c22  4.4(5) 
C23 6.4(6) 
C24 5.1(5) 
C25 6*7(6) 
C26 7.7(6) 
C27 7 *9(6) 
C28 5.5(5) 
C29 4.9(5) 
C30 5.3(5) 
C31 15 *3(8) 
C32 7.8(6) 
c33  6.5(6) 
0 9.9(5) 
CA 1 6*9(7) 
CA2 9.1(8) 


4.5(3) 
4*5(3) 
4.8(3) 
6.5(4) 
5*1(3) 
9.0(4) 
3.7(5) 
3 * 6(4) 
4.7(5) 
7-3(6) 
4*7(5) 
6.7(6) 
6*3(5) 


10.3(6) 
11.5(7) 
11 -0(6) 
4.0(4) 
5-7(6) 
4*7(5) 
7.1(6) 
9 * O(6) 
8.5(6) 
6*6(6) 
4.2(5) 
5.5(5) 


10.2(7) 
5 * 2(6) 
5.0(5) 
3*9(5) 
4*1(5) 
4.7(5) 
6.7(5) 
5.0(5) 
5.2(5) 
4.7(5) 
7.2(6) 


18.7(9) 
10.1(7) 
3.8(4) 
9.9 
6.9 


18.8( 12) 


3.65(24) 
4.9(3) 
4.64(24) 


23 * O(6) 
4.44(23) 
7.1(3) 
5.0(4) 
4.3(4) 
6*0(5) 
7 .9(4) 
7.7(5) 
5.4(4) 
4*5(4) 
4.9(4) 
6.7(5) 
5 * 7(4) 
5.0(4) 
6.5(5) 
5*2(4) 
5.1(4) 
6.1(4) 
5.4(4) 
7.9(5) 
6.7(5) 
9.4(6) 
8.8(5) 


14.2(8) 
4 * 8(4) 
5.1(5) 
3 7(4) 
4.4(4) 


4.5(4) 
4.4(5) 
4.6(4) 
5.4(5) 
7.9(5) 


7.0(4) 


12.4(7) 
3.0(4) 


32*7(13) 
14-O(11) 
19.4( 10) 


thermal motion. Previously this has been interpreted in 
terms of a twofold disorder of the carbonyl oxygens. ” 


Solid-state *H NMR data 


The solid-state ’H NMR spectrum of the TOT-ace- 
toned6 clathrate was obtained as a function of tem- 
perature. The spectra are shown in Figure 3(A). The 
spectrum obtained at 77 K can be well represented by a 
fast motional spectrum [Figure 3(B)]. Those between 
77 and 156 K have distorted line shapes owing to a mol- 
ecular motion occurring on the same time scale as l / ~ .  


The spectra obtained at temperatures above 156 K 
become narrower with increasing temperature. These 
spectra are in the fast motional regime and can be 
simulated [Figures 3(C) and (D)] . 


For a completely rigid acetone molecule, one expects 
an axially symmetric spectrum with AvXX= 
AvYy = 126 kHz and Avzz = 252 ~ H z . ~ ~  For fast sym- 
metric methyl group rotations, one expects the same 
spectrum scaled down by a factor of ;(3 cos2p - 1) 
compared with that of the rigid spectrum, where p is the 
tetrahedral angle between the C-D bonds and the 
rotation axis. For such a motion, the parameters are 
AV;, = Av,!~ = 42 kHz and A& = 84 kHz. The spectral 
parameters observed at 77 K were A& = 35 k 1 kHz, 
Av,!~ = 48 -+ 2 kHz and A& = 83 k 3 kHz. These agree 
well with those measured for pure solid acetone-& at 
77 K. 56*57 The axial asymmetry observed in the spec- 
trum is not uncommon for rotating methyl groups 
attached to carbonyl carbons. 56 It can be accounted for 
if the three sites visited by the deuterons over the course 
of the rotation are inequivalent. This is indeed the case 
for the acetone molecule. The motional narrowing in 
the spectrum obtained at 77 K is therefore due to fast 
methyl group rotation. The V& components of the aver- 
aged electric field gradient tensors are approximately 
parallel to the C-C bonds in the molecule. The other 
components are in and out of the molecular plane, but 
it is not possible to assign their orientations at this 
stage. 


Above 77 K a new molecular motion appears and 
reaches the fast motional regime at 156K. Since the 
averaged spectrum at 156 K is a single powder pattern, 
i.e. it is not a superposition of two, then the motion 
must treat both methyl groups in exactly the same way. 
One such motion is a twofold flip about the carbonyl 
bond. This motion would be consistent with the x-ray 
data since the carbonyl bond was found to be coinci- 
dent with the twofold axis of the cage. A discrete 
twofold flip about this axis does not give rise to disorder 
and would not be expected to show up in the x-ray data. 
The effects on the already averaged ’H NMR spectrum 
at 77 K can be ~alculated.~’ The new averaged tensor 
components, VL,  VJy and V:z, are given by the fol- 
lowing equations: 


v:, = ~ i : .  sin‘ p + viZ cos’ p 
VJy = - V!.  


(9) 
(10) JJ 


where 0,  in this case, is the angle between the C-C and 
carbonoyl bond axes. According to microwave data, s8ss9 
p = 58 . Since the orientations of the V;, and Viy com- 
ponents at 77 K are not known, one must consider two 
possible situations: either ViX is in the molecular plane 
and V,!, is out of the molecular plane ( i  = x ,  j = y ) ,  or 
vice versa ( i  = y , j  = x ) .  Each of these situations leads 
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C27 


c9 


Figure 2. ORTEP diagram of the TOT-acetone clathrate showing the numbering scheme used in the presentation of the x-ray 
coordinates in Tables 1 and 2 


A 
Experiment Simulation 


- 
100 kHz 


to a different spectrum when fast twofold flips occur. If 
the former is true, then the splittings in the fast motion 
limit spectrum are expected to be A&= 2 kHz, 
AvJy = 48 kHz and A& = 50 kHz (q  = 0.92). If  the 
latter is true, then A& = 11 kHz, AvJy = 35 kHz and 
Av& = 46 kHz (7 = 0.52). The parameters for the 
observed spectrum at 156 K were A& = 10.4 2 
0-5 kHz, AvJy = 32.1 f 1 kHz and Av& = 42.5 f 1 kHz 
(7 = 0.51). These parameters do not match either of the 
two situations exactly but are certainly closer to those 
of the latter than the former, suggesting that the Vjy 
and Vix components of the electric field gradient tensor 
at 77 K must be in and out of the molecular plane, 
respectively (see Figure 4). Two of the three parameters 
of the spectrum undergo further averaging at higher 
temperatures (Figure 5 ) .  This is not expected for simple 


Figure3. (A) Solid-state 27.6MHz 2H NMR spectra of 
TOT-acetone-& as a function of temperature. The spectra 
were acquired using the quadrupolar echo pulse sequence. 
(B) Simulation of the spectrum at 77 K using the following 
parameters; ( x )  = 55.3 kHz, = 0.156, Gaussian broaden- 
ing = 1.8 kHz. (C) Simulation of the spectrum at 156 K using 
the following parameters; ( x )  = 27.3 kHz, q = 0-463, Gaus- 
sian broadening = 1.8 kHz. (D) Sirnulation of the spectrum at 
281 K using the following parameters, (x) = 23.3 kHz, 


q = 0.432, Gaussian broadening = 1.8 kHz 
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0 
!t 


v", 


Figure 4. (A) Diagram showing the orientations of the aver- 
aged electric field gradient tensor components, ViX, ViY and 
ViZ,  resulting from fast methyl group rotation. (B) Diagram 
showing the orientations of the averaged electric field gradient 
tensor components, V&, VJy and Vgc, resulting from both fast 
methyl group rotation and fast twofold flips about the 


carbonyl bond 


-- I I 


I 
120 160 200 240 280 320 360 400. 


Temperature (K) 
Figure 5. Plot of the frequency separation between the three 
sets of features in the solid-state 'H NMR spectra of 
TOT-acetone-& as a function of temperature. The splittings 
were measured directly from the spectra. The measurements 
made below 156 K are from intermediate rate spectra where 
the parameters were obvious. The lines were drawn according 
to the four-site model using the best fitting parameters 
described in the text. Notice that one of the components, AuL, 
is independent of temperature 


twofold flips plus methyl group rotations and indicates 
that the motion occurring at temperatures 2 156 K ,  
giving rise to the spectral parameters A&, A& and 
A&, is more complicated than a simple twofold 
rotation about the carbonyl bond. Note that the aver- 
aged A& component for the twofold rotation is par- 
allel to both the carbonyl bond of the guest molecule 
and the twofold axis of the cavity. Further, it is this 
component which remains unchanged above 156 K with 
an average value of 10.3 kHz. This suggests that 
whatever the more complicated motion is it must still 
involve reorientation about the twofold axis, thus 
giving rise to further averaging of only the other two 
components. 


One possible model which takes into account both 
the twofold symmetry and the chirality of the clathrate 
cage is a four-site potential for the rotation of the 
acetone molecule about its carbonyl bond (see 
Figure 6). The sites at Oo and 180" have populations 
(1 + x )  while those at 6" and (180" + 6") have popula- 
tions (1 - x ) .  The energy difference, AE,  between the 
two different types of sites is then given by the 
Boltzman factor: 


(12) 
-- ( l+x)  e A E / R 7  - 
(1 - x )  


Using the spectral parameters at 77 K as the starting 
point, the averaged electric field gradient tensor can be 
calculated: 


(1 + x )  + (1 - x)cos2 6 
ai'l = (cos' pviY + sin2 pviZ) 


2 


(1 - x) + (1 + x)cos2 6 + VA (14) 
2 


0 6 180 780+6 


Rotation Angle 
Figure 6. Representation of the four-site potential describing 
the rotation of the TOT-enclathrated acetone molecule about 


the carbonyl bond 







STRUCTURE & DYNAMICS OF THE TRI-0-THYMOTIDE-ACETONE CLATHRATE 677 


6 


5 - -  


4-- 


3 -- 


a!, = sin' pvjY + cos' pV;, (15) 
(1 - x)sin 6 cos 6 


2 
a;" = as1 = 


x [ - (cos' PVjy + sin' PV&) + ViX1 (16) 
(17) 


where p is the angle between the axis of rotation (the 
carbonyl bond) and the C-C bonds. This tensor can be 
diagonalized to give the spectral parameters directly: 


= a:, = a& = a!z = 0 


v:~ = sin' vjY + cos ' P V;, (18) 


-- 


where 


Q = Jx' sin2 6 + cos' 6 


Note that V:x and hence A& are independent of both 
x and 6 and therefore independent of temperature. 


When the 77 K parameters are substituted with 
@ = 57-6" (chosen to make V& the same as the observed 
component), V:x = - 10.3 kHz, VJy = (10.3 - 80*3Q)/ 
2 kHz and V& = (10.3 + 80.33)/2, from which 
Q = (V& - VJy)/80-3. Unfortunately, since Q contains 
two unknowns, AE and 6, this does not give a unique 
solution at any one temperature. However, the whole 
set of data can be fitted to find the best pair of vtlues 
for A E  and 6. The best fit was obtained for 6 = 63 and 
A E  = 4 . 4  kJ mol-' shown in Figure 6. Considering the 
errors in the data, reasonably close t t s  can also be 
obtained within the limits of 6 = 5 6  , A E = 4 - 0  kJ 
mol-' at one extreme and 6 = 7 5 O ,  AE = 4 . 9  kJ mol-' 
at the other. This leads to estimated errors of 2 loo in 
6 and 20.5 kJmol-' in AE. The fit using this simple 
model is very encouraging, especially when one con- 
siders that 6 and A E  are both likely to have some tem- 
perature dependence as the potential may be affected by 
motions of groups in the host lattice. 


The variable-temperature 'H TI data are summarized 
in Table 3.  The errors are estimated to be 2 5% for the 
T I S  measured by using the inversion-recovery tech- 
nique and & 15% for those estimated by using the null 
signals. An Arrhenius plot of the data is given in 
Figure 7.  The first five data points on the Arrhenius plot 
give a straight line whose slope can be used to obtain an 
activation energy of 13-6 2 0.8 kJmol-'. This barrier 
is much higher than that reported for the methyl grou 
rotation in gaseous acetone-& ( 3 - 0  kJ mol-I). 
Because of the large difference, the activation barrier 
measured here must be due to the reorientation of the 
acetone molecule about the carbonyl bond. The TI 


H 


Table 3. 2H TIS for TOT-acetone-& 


Temperature (K) 


298 
298 
236 
21 1 
200 
184 
184 
175 
162 


TI (ms) Method 


603 
517 


92 
36 
25 
19.3 
19 
20 
29 


Inversion-recovery 
Null 


Inversion-recovery 
Null 
Null 


Inversion-recovery 
Null 
Null 
Null 


k- 


c - 


TOT / Acetone d, 'H TI Data 


24 J 
3.000 4 . m  5n00 6.000 


I m / T  ( I / K )  


Figure 7. Arrhenius plot (In Tl vs 1000/T) of the Tl data for 
TOT-acetone-& 


minimum is 19 2 1 ms at 184 K. I f  it is assumed that 
the correlation time of the methyl group rotation, ~ ~ 1 ,  


is much shorter than that for the reorientation about 
the carbonyl bond, rC2 then the correlation time for the 
molecular reorientation at the TI minimum (ca 184 K) 
is 3.55 ns. 


Solid-state 13C NMR data 


The I3C CP/MAS NMR spectrum of the TOT-acetone 
clathrate is shown in Figure 8. The resonances of the 
host appear as triplets, many of which are completely 
resolved. This indicates that the threefold molecular 
symmetry of the TOT molecule is lost in the solid 
clathrate. The resonances of the carbonyl carbons of 
the TOT host are particularly sharp and indicate that 
the higher than expected thermal parameters observed 
for the cabonyl groups in the crystal structure must 
be due to dynamic rather than static disorder. The 
resonances of the acetone guest appear at 206.6 and 
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I I I . I . I . I . I * I * I . J ~ I .  


PPH 
200 180 160 140 120 100 80 60 40 20 


Figure 8. 45.3 MHz I3C CP/MAS NMR spectrum of the TOT-acetone clathrate at room temperature. The H '  90" pulse was 4 ps. 
The contact time was 3 ms and the relaxation delay was 2 s. The first-order spinning sidebands were suppressed with a pulse sequence 


described by Hemminga and de Jager63 


30.1 ppm from TMS for the carbonyl and methyl 
carbons, respectively. 


In order to confirm the 'H NMR data, the chemical 
shielding tensor of the carbonyl carbon of TOT 
enclathrated [2- 13C] acetone was examined at room 
temperature. Previous have shown that the 
chemical shielding parameters for the carbonyl carbon 
of solid acetone at 8 7 K  are uxr= -58 2 6ppm, 
uyu = - 72 2 6 ppm and uzz = 130 2 6 ppm with respect 
to the isotropic chemical shift, taken to be 0 ppm. The 
u,, component has been shown to be perpendicular to 
the sp2 molecular plane. The other two components are 
parallel and perpendicular to the carbonyl bond in the 
molecular plane. The previous studies were unable to 
assign the orientations to the a,, and a,, components. 
Methyl group rotations will leave this tensor completely 
unchanged. The four-site reorientational motion, on 
the other hand, will cause uz, and one of the other two 
parameters to be averaged. By observing the 13C 
powder spectrum at room temperature it is possible 
to determine the orientation of uXx and a,, at 87 K ,  
depending on which one remains unchanged at room 
temperature. 


Initially, a static I3C CP spectrum of unlabelled 
TOT-acetone was obtained and subtracted from a 
similar spectrum of TOT- [2- 13C] acetone. Since the 
enrichment of I3C was only 12 mol%, the signal-to- 
noise ratio in the difference spectrum was too low to 
make a reliable measurement of the shielding par- 
ameters. Instead, 13C CP/MAS spectra were obtained 
for the enriched sample at slow spinning rates so that 
the graphical sideband analysis of Herzfeld and 


Berger49 could be used to obtain the chemical shielding 
parameters. The shielding parameters obtained from 
this method were uix = - 39 2 6 ppm, u;Y = 
- 53 2 6 ppm and u;, = 92 2 9 ppm with respect to the 
isotropic resonance at Oppm. The line shapes were 
r e c o n ~ t r u c t e d ~ ~ ~ ~ ~  for both the pure acetone at 87 K and 
the enclathrated acetone at room temperature and are 
shown in Figure 9. It is obvious that the uzz component 
is averaged, and therefore the motion is confirmed to 
be out of the molecular plane. The uXx component 
remained essentially unchanged, and therefore its 


Figure 9. (a) Chemical shielding tensor powder pattern for the 
carbonyl carbon of solid acetone. This spectrum was 
reconstructed from the parameters given in the literature. 61s62 


(b) The same tensor for acetone in its TOT clathrate at room 
temperature. This spectrum was reconstructed from the par- 
ameters obtained from the slow spinning experiments 


described in the text 
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0 
I I  


Figure 10. Orientation of the chemical shielding tensor for 
acetone at 87 K 


orientation must be parallel to the carbonyl bond 
(Figure 10). 


Applying the same four-site model used for the 
’H NMR data to the chemical shift tensors gives an 
analogous set of equations: 


(22) 
( 1 - Q )  ( 1 + Q )  


+ UYY - UiX = u,z - 
2 2 


(24) 
( l + Q )  (1 -n )  


+ UYY - a;, = o,, - 
2 2 


Again, there is not a unique solution but the room tem- 
perature results are consistent, within all of the errors, 
with the fit of the *H NMR results. For example, 
one possible solution is as follows: static tensor uxx = 
- 55 ppm, uyy =, - 69 ppm, u,, = 124 ppm, A E  = 4.1 kJ 
mol-I, 6 = 6 9  gives an averaged tensor dX= 
-42.8-ppm, uiY= -55+0ppm, &=97*8ppm.  


Molecular mechanics calculations 
The experimentally determined crystallographic coor- 
dinates of all of the carbon and oxygen atoms of the 
asymmetric unit of the TOT-acetone clathrate were 
entered into the SYBYL54 program. The space group 
symmetry elements were used to generate several unit 
cells. A single acetone molecule with its closest eight 
TOT molecules were selected and all other molecules 
were neglected. This represents an isolated clathrate 


- C  


Figure 11. Depiction of the occupied TOT cage used in the molecular modelling calculations 
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cage with a single guest molecule and is depicted in 
Figure 1 1 .  The protons were generated by the program 
and their positions were calculated to give the entire 
structure a minimum energy. The positions of all of the 
atoms of the cage were then fixed and the enclathrated 
aceto2e molecule was rotated about its carbonyl bond 
in 10 steps. The relative coordinates of the methyl 
groups and the absolute coordinates of the sp2 carbon 


and oxygen atoms of the acetone molecule were kept 
constant. The energy of the system was calculated for 
each rotational step. The energies obtained from these 
calculations were found to depend strongly on the 
O=C-C-H torsion angles of the acetone molecule, 
so the procedure was carried out for four differe2t 
situations: (O=C-C-H)l = (O=C--C--H)z = 0 ; 
(O=C--C-H)l = 30", (O=C-C-H)z = - 30", 


Potential  (kcal/rnol) vs. Rotation Angle 
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850 
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I I I I I 
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i+ I 
R 
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I I I I I 
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(O=C-C-H)l= (Q=C-C-H)z = 60" and 
(O=C-C-H)I = 0 , (O=C-C-H)2 = 60". The 
results of the calculations are shown in Figure 12(a). 
Figure 12(b) is the average energy for the four 
situations depicted in Figure 12(a). Such an average 
crudely accounts for the methyl group rotation in the 
acetone molecule. One can see that the general shape of 
the potential plot is similar to  that used to  model the fit 
to the 'H NMR data (Figure6). Both are twofold 
symmetric and chiral. However, the activation barrier 
determined from the molecular mechanics calculations 
is approximately 20 times that determined from the 2H 
TI data. The unreasonably high value may be the result 
of cumulative errors in the potential functions of the 
410 atoms needed to  model the system. Error may also 
result from the assumptions that the entire cage is both 
isolated and rigid and that the acetone molecule does 
not undergo any translational motion during the course 
of the rotation. 


Qualitatively the calculations justify the choice of 
model used t o  analyze the 2H NMR lineshapes. At the 
same time they emphasize the complexity of the system, 
where the dynamics of the various rotationally mobile 
methyl groups, on both the acetone and the TOT host, 
will clearly affect the overall potential. The ring methyls 
are generally rapid rotors on an NMR time scale at 
all temperatures above 77 K, whereas the isopropyl 
methyls can be expected to  have their motional onset 
temperatures between 100 and 200 K .  In the light of 
these dynamic interactions, plus the larger amplitude 
anisotropic thermal parameters observed for the host 
lattice carbonyl oxygen, it is clear that the guest-host 
potential has a large dynamic component, and that sig- 
nificant coupling between guest and host motions must 
be present. 


(a) 


(b)  


CONCLUSION 


Solid-state NMR, single-crystal x-ray diffraction and 
molecular mechanics calculations were used to  obtain 
a very detailed description of the orientation and 
dynamics of TOT enclathrated acetone. Such a com- 
plete descrbtion cannot be obtained from any of these 


Figure 12. (a) Orientation-dependent potential for the techniques individually. The x-ray data showed that the 
rotation of TOT-enclathrated acetone about its 5arbonyl carbony1 bond of the acetone molecule was coincident 
bond. op (O=C-c-H)1= (O=C-c-H)2 = 0 ; 3 with the twofold axis of the clathrate cavity and that the 


molecule exhibited no large-scale disorder. From both (O=C-C-H), = 30°, (O=C--C-H)z = - 30'; v , 
A ' the *H and I3C NMR results it was concluded that a (O=C-C-H), = (O=C-C-H)z = 60'; 


(O=C-C-H), = Oo, (O=C-C-H)z = 60". (b) Mean 
number of dynamic processes were present. At tem- potential from the curves in (a) 


and 
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peratures 3 7 7  K the methyl groups of  the enclathrated 
acetone undergo rotation at a rates 2 lo7 Hz. Above 
77 K a new slow motion sets in which is primarily a 
twofold flip of  the acetone molecule about the carbonyl 
bond with an activation energy o f  13.6 2 0.8 kJmol- ' .  
F rom the temperature dependence of  the fast  motion 
lineshape, it is clear that  there is a secondary site ener- 
getically less favourable by 4.4 k 0.5 kJ mol-' situated 
63 k 10" away from the favoured site. The general 
shape of the potential was confirmed by using mol- 
ecular modelling calculations, which proved t o  be 
remarkably sensitive t o  the orientation of the methyl 
groups. Quantitative agreement may well be difficult to 
achieve, as account must be  taken of  many dynamic 
H-H interactions in mobile methyl groups. However, 
the approximate calculations do show a twofold chiral 
potential. The acetone clathrate o f  tri-o-thymotide rep- 
resents a simple yet challenging example of how the use 
of complementary techniques such as x-ray diffraction, 
solid-state N M R  and molecular modelling can be used 
t o  define the structure and dynamics of the system. The  
x-ray diffraction results are  needed to define the time- 
weighted average position o f  the guest in the host 
cavity, the NMR da ta  are then needed t o  m a p  the other 
low-energy positions and the t ime scale for  motions and 
the modelling calculations confirm the motional model 
in terms of  a potential calculated from the structure. 


Supplementary x-ray crystal data  available f rom the 
authors on request. 
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STEREOELECTRONIC EFFECTS AT CARBOXYL OXYGEN 
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ImmunoGen, Inc., 148 Sidney Street, Cambridge, Massachusetts 02139, U.S.A. 


AND 
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The recent attempts to evaluate the stereoelectronic effects at carboxyl oxygen using Kemp’s triacid derivatives are 
reviewed. Contexts include metal-ion chelation, acidity measurements, intramolecular general base catalysis and 
nucleophilic substitution. These give a range of 0-8 kcal/mol for the effects, and leave the issue open for more incisive 
experiments. 


One would think that a practitioner with 20 years’ 
experience would be immune to wildly optimistic pro- 
jects, but only a few years ago we were struck by the 
unusual structure of Kemp’s triacid’ and the oppor- 
tunities it provided for studies in molecular recognition. 
The specific issue was stereoelectronic effects at the car- 
boxyl oxygen. The remarkable characteristics of the 
molecule, which features a U-shaped relationship 
between any two carboxyl functions, permits structures 
to be built in which the region of space near the syn 
lone pairs of a carboxyl can be managed. When we set 
out to evaluate these effects, we were sanguine; clean 
incisive experiments would be done, and quantitative 
values could be obtained for such effects. However, as 
we shall see, such work is fraught with ambiguities, 
uncertainties and seductive comparisons. 


The focus of attention is shown in Scheme 1 and was 
described initially and most dramatically by Gandour. 
Given the greater stability of the (Z)-acid vs the ( E ) -  
acid (measured in the gas phase)3 and as supported by 
recent  calculation^,^^^ what factors on the kinetics of 
reactions, that is, 0 values in general base catalysis, can 
be expected in Z vs E lone pairs? What expression 
might this have in binding? As Gandour pointed out, 
enzyme active sites almost invariably6 have the 2 lone 
pairs directed at the active site or substrate. 


Our first attempts involved pK, measurements of the 
diacids derived from the condensation of two equiva- 
lents of Kemp’s triacid 1 with appropriate rigid diamine 


* Author for correspondence. 


spacers (Scheme 2). The spectroscopic characteristics of 
compound 2 (including x-ray evidence) showed an ideal 
intramolecular hydrogen bonded system characteristic 
of carboxylic acid dimers in the gas phase. 


The pKa values were extraordinary,’ the first being 
normal and the second being ca 6pKaunits above it; 
this suggested that the 6pKa units was the price of 
having two Z lone pairs directed at one another. Would 
E lone pairs also show such a difference? It is unlikely 
that anyone will construct a molecule that forces two E 
lone pairs into such an arrangement. * More accessible 
is the face-to-face arrangement presented by two of the 
carboxyls in Kemp’s triacid. Here the difference in pKa 
values is ca 3 units’ and the distance between oxygen 
involved is comparable to, but not exactly the same as, 
that present in 2. The effect, whatever it is due to, also 
appears in the naphthalene version 3. The difference in 
pKa units there was still considerably higher than in the 
corresponding model, the ethanoanthracene derivative 
4 of Golden and Stock.’ Perhaps the differences are in 
solvation; the naphthalene diacid binds alcohols and 
water within its cavity, lo presumably through cooper- 
ative sets of hydrogen bonds as shown. Breaking up this 
network must be different for the two types of acids. 
Indeed, much of the difference between 2 and Kemp’s 
triacid might be due to the ideal hydrogen bond that 
must exist in the monoanion. If this was worth say, 
3-4 kcal (1 kcal = 4.184 kJ) as corresponding situ- 
ations in enzymes are, ” then the difference between 
Kemp’s triacid and 1 is entirely accounted for without 
recourse to arguments concerning stereoelectronic 
effects in carboxyl oxygen. 
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Another, but related, measure of these effects had to difficult to measure, our best estimates were that these 
do with the use of the diacid dianions as microenviron- structures were two or three orders magnitude better 
ments for divalent alkaline earth metal ions (Scheme 3). than imidodiacetate at calcium binding. Such struc- 
Derivatives such as 5 can extract stoichiometric tures, inducing EDTA and dipicolinate, l3  are con- 
amounts of calcium and magnesium ions from aqueous strained by their shapes to involve only the E lone pairs 
solutions into organic solvents. While the solubilities in the complexes. But what would be a fairer com- 
of these molecules made the complexation constants parison? After all, the imidodiacetate involves car- 


H 


Scheme 2 
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5 X=N,CH 
R H, rlkyl 


Scheme 3 
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boxyls at different distances, different degrees of 
rotational freedom and an additional contact point 
represented by the central nitrogen. So, once again, the 
stereoelectronic effect is shrouded by uncertainties. A 
second context in which equilibrium acidities were 
evaluated involved the carboxyl-imidozolium pair. 
This arrangement appears in many enzymes of the 
serine protease and esterase classes.I4 We have 
described how rotational events might be a key feature 
in the redirection of protons within such active sites. l5 


For the issue at hand, we constructed molecules such as 
6a using the acridine spacer (Scheme 4). Comparison of 
the pKa of imidizolium and the carboxylate vs the corre- 
sponding primary amide 6b was made. This is a ‘poor 
man’s’ version of the site-directed mutagenesis exper- 
iments done by Craik et al. l6 The result, a difference of 
1 pKa unit is reasonable, but the nearby acridine 
nitrogen represents a ‘wild card’ in this comparison. In 
a smaller version the simple condensation of histamine 
with Kemp’s triacid gave a construct, 7, in which the 
appropriate intramolecular contacts were made. l7 The 
difference in the appropriate pKa values when com- 
pared with dihydrourocanic acid, again suggests about 
a 1 pKa enhancement provided by the Z lone pairs. 


An alternative, kinetic, approach was also under- 
taken in an attempt to evaluate the significance of these 
stereoelectronic effects (Scheme 5).  Condensation of the 
anhydride acid chloride of Kemp’s triacid with amino 
ketones derived from Dakin-West reactions of amino 


acids gave the appropriate enolizable carbonyl com- 
pounds, 8.’’ These feature hydrogens suspended in a 
region of space accessible to the Z but not E lone pairs. 
Nuclear Overhauser enhancement data suggested C-N 
(imide) bond rotation in the keto acid 8a, it also showed 
that the keto acid 8b was conformationaly biased owing 
to the presence of the bulky isopropyl group. Molecular 
mechanics calculation l9 showed that the approach of 
the carboxylate can be nearly perpendicular to the plane 
of carbonyl as prescribed by Corey and Sneen2’ for 
optimum reaction rate. The intramolecular general 
base-catalyzed reaction (IGBC) was followed by 
deuterium exchange and the comparison was made with 
the corresponding methyl esters 9 using pivalate as the 
base (since the basicity of the privalate is different from 
that of the carboxylate groups in the substrates 8s and 
8b (pKa = 6.40) under identical conditions, bimoiecular 
rate constants were corrected for the basicity using a p 
value of 0.8). Here the appropriate comparison 
involved effective molarities (EMS), which are known to 
be generally low for IGBC-type processes.21 The best 
measurement of the EM for this system was 17 (Table 
l) ,  a modest value but certainly higher than most in 
these situations. Invariably, other cases of carboxylate 
in IGBC systems involve the E lone pairs and the effec- 
tive molarities are generally much less than l.22,23 
Hence in this context a lower limit of 2 kcal is indicated 
for the stereoelectronic effect. 


Because molecular mechanics calculations suggested 
that proton transfers within this system could not reach 
an ideal trajectory, we next examined the xanthene 
skeleton shown in Scheme 6.24 In structure 10 an 


Table 1 .  First-order rate constants, equilibrium acidities and 
effective molarities of the keto acids 


~ 


8a 6 - 6 0  X 6.23 7 . 0  
8b 2.14 x 1 0 - ~  6.23 17-0 


6a x - 0  
6b X = N H  


Scheme 4 


7 
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T 6  = 1 1 8 O  


Scheme 5 


10 


Scheme 6 


idealized, linear intramolecular proton transfer can be 
achieved even though it involves a 12;-membered tran- 
sition state. " The effective molarity here, compared 
with the rate of enolization of the benzoyl derivative of 
2-aminopropanone, was only 0.5 M, but even the 
methylene protons showed intramolecular exchange. 
Modeling shows that the angle and the distance for this 
type of proton transfer lead to an unreasonable looking 
carboxylic acid. Even so, these protons exchange only 
two times slower than those of the methyl group. 
Toward external bases, however, they are 20 times 
faster. Perhaps an 'outer-sphere' reaction, mediated by 
a water molecule, is responsible for the methylene 
exchange. 26 If not, the stereoelectronic effects around 
the carboxyl may not have much of a directional com- 
ponent. This interpretation would be supported by the 


RJo 


98 R = CH2CnHS 
9b R I CH(CH& 


earlier studies of Harper and Bender2' involving ortho- 
substituted benzoic acids. 


Our most recent attempt involved lactonization. 
Unlike proton transfers and metal ion binding, where 
large electrostatic considerations are involved, the cova- 
lent formation of a carbon-oxyen bond could involve 
more directionality. We studied the cyclization of the 
chloro acids 11 (Scheme 7) and their rates2' were ident- 
ical in DMSO compared with the lactonizations 
involving the E lone pairs 12. Since some strain is 
involved in the formation of the three-carbon bridge 
system in l l a ,  the comparison with 12 is compromised. 
These two show about the same cyclization rate, but are 
they really comparable? Who knows if any bimolecular 
reaction can be compared with an intramolecular one? 
For example, in lactonization reactions and other 
nucleophilic processes in which high effective molarities 
are seen, there is invariably a relief of strain in the intra- 
molecular reaction as the non-bonded components on 
the periphery of the reacting canters are fused into a 
ring. In bimolecular cases very different trajectories are 
involved and strain or steric effects are not issues. Intra- 
molecular cases must be very carefully designed, and 
recent studies by Kemp et al. '* involving intramolecular 
acyl transfers define the leading edge of this technology. 


The cases described above can be interpreted to 
support the stereoelectronic effect as being worth any- 
where from 0 to 8 kcal mol-'. Measurements in other 
laboratories29z30 support the low end of this estimate 
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Scheme 7 


but the large range suggests that this physical organic 
study has done its job-it has raised more questions 
than it has answered. 
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Photochromic molecules such as dihydroindolizines (DHI) containing crown ether units can be ‘tuned’, as far as their 
properties are concerned, by supramolecular ion binding. Inclusion of the ion in the crown ether cavity yields a new 
supramolecular species. This species shows special properties of the excited state after guest addition: (a) bathochromic 
shifts of the photochromic crown ethers and also hyperchromic effects in the UV spectra; (b) fluorescence intensity 
of one of the photochromic crown ethers is either increased (crown excitation) or decreased (DHI excitation) after 
addition of alkali metal ions; and (c) in the ground state a large change in reaction rate for the reaction 1,s- 
electrocyclization betaine (coloured form) to dihydroindolizine is observed in the supramolecular complexes. 


INTRODUCTION 


Supramolecular systems have been intensively investi- 
gated recently, and the ‘tuning’ of thermal and photo- 
chemical properties in such species is of great current 
interest. To achieve this goal, supramolecular systems 
may be used to influence both ground-state and excited- 
state properties. For example, binding of crown ethers 
and bipyridinium systems shows interesting selectivity. 
Excited-state properties may be changed by salt effects4 
and chemical reactivity can be controlled in supramole- 
cular systems. ’ The combination of supramolecular 
effects, which can be geared by light switching, is a field 
receiving considerable interest. The systems studied in 
Ref. 6 involve light-sensitive enzymes or enzyme ana- 
logues showing selective binding in the on and off state. 


In this context, photochromic systems may be 
tailored in such a way as to allow supramolecular 
structures to undergo selective ion binding, leading to 
assemblies with new properties.’ Little is known in this 
field, however, and very few studies of supramolecular 
photochromic systems are available. Effects on 
emission data have been studied, but in non- 
photochromic metal ion cryptands. ‘‘-I3 


In this paper, we present (a) tuning of photophysical 
properties of the excited state in supramolecular 
photochromic systems, (b) effects on chemical reactivity 
of supramolecular species and (c) some results of mol- 
ecular modelling studies of the host systems. 


TUNING OF PHOTOPHYSICAL PROPERTIES 


UV spectra/excited state 
The photochromic crown ethers la-f studied are shown 
in Scheme 1. Their synthesis has been reported 
elsewhere.’ 


The photochromism in spirodihydroindolizines 
(DHI) 1 is based on the reaction shown in Scheme 2. 
The conversion 1 -+ 2 is thus a unimolecular photo- 
chromic system. 


The supramolecular effects on the excited state were 
probed with the colourless spirodihydroindolizines 1 
and the coloured form, the betaines 2 by both UV (ab- 
sorption) and fluorescence (emission) spectroscopy. 


Alkali and alkaline earth metal ions were employed 
as guests for the spirodihydroindolizine (1) and betaine 


*Dedicated to Professor H. G. 0. Becker on the occasion of his 70th birthday. 
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Figure 1. Change in UV spectrum of DHI l b  (host) with increasing addition of K + I -  (guest). CDH~ Ib : K +  = 1 : 0.6-1 -4  (0 : no salt 
added) 
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Table 1 .  Effects on UV spectra (A,,,=) of supramolecular ion 
binding of la and 2a [in CHzC12-MeOH (2 : l)] 


~~~ 


l a  2a 


xmax, Amax, L a x  


Cation (nm) Log E (nm) LogE (nm) 


Salt-free 324 4.34 269 4.49 621 459 
Li+ 320 4-29 240 4-66 609 451 
Na+ 355” 4.19 238 4.66 621 458 
K +  351 4.22 264 4.58 624 459 
Rb+ 313b 4.38 252 4-13 623 459 
Mg2’ 354‘ 4.03 264 4.62 605 458 


Sr2+ 358 4.14 264 4-63 615 459 
BaZ+ 361 4.18 264 4.70 605 460 


Cal + 362 4.62 264 4.58 - - 


‘Shoulder 321 nm (10 e=4.24) .  
bShoulder 359 nrn I0 ~ = 4 . 1 9 ) .  
‘Shoulder 277 nm (10 e=4 .58) .  


a t  
4 - 8 8  


2.881 


(2) hosts. The non-complexed photochromic model 
compounds are included in Table 1, which gives the 
spectral data. 


Figure 1 shows a typical example of the effect of 
increasing amounts of ions (see Experimental). The 
complexation of K +  by the photochromic crown ether 
can be seen by the appearance of a new peak at 280 nm 
(arrow; see also Ref. 10a). 


From Figures 1-3 and Table 1, it can be concluded 
that supramolecular effects can be easily detected in the 
dihydroindolizines l a .  In la  a bathochromic shift (with 
the exception of Li+ and Rb’) of the band at 324 nm 
occurs on guest addition (Table 1). In the other photo- 
chromic molecules lb-d only weak changes in the long- 
wavelength region of the spectrum are observed. In l e  
and (see Figure 2) a hyperchromic effect after adding 
metal ions is obvious. In the betaine 2f a hypochromic 
shift is seen (Figure 3). 


Figure 2. Absorption spectra of If in dichloromethane- methanol (2 : 1) with addition of alkaline earth metal ions. Concentrations 
of DHI I f :  salt < 0.01; ligand = If 
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Figure 3. Absorption spectra of 2f in dichloromethane- methanol (2 : 1) after addition of alkali and alkaline earth metal salts. 
Concentration of DHI 2f: salt < 0.1; ligand = 2f 


Emission spectra tation of the T--a* transition of the DHI l b  


alkali metal ions was investigated. The fluorescence 
SUPRAMOLECULAR EFFECTS ON spectra of the complexes l b  + Me+ did not show signifi- 


cant changes in wavelength compared with the spectra 
of the reference compound lb.  Excitation at 260nm REACTIVITY: 1,5-ELECTROCYCLIZATION 
(crown excited) results in a fluorescence maximum at 
X,, = 389 nm, whereas excitation at 394 nm (DHI 
bond) gives rise to fluorescence at Xem = 504 nm. How- 
ever, the fluorescence intensity is enhanced by the 
addition of alkali metal ions if excitation occurs at 
260 nm. Similar results were found by Shizuka et a1.,14 
who reported fluorescence enhancement of dibenzo-18- 
crown-6 after addition of alkali metal cations. Exci- 


Photoinduced ring opening of DHI 1 affords the col- 
oured betaine 2. This molecule can undergo a concerted 
1,5-electrocycIization to give I. Is It was of interest if 
(concerted) cyclization and thus reactivity can be tuned 
by supramolecular effects. To study this problem, l c  
was investigated in the presence of alkali and alkaline 
earth metal ions. The reaction rate for the cyclization of 
the betaine 2 + DHI 1 can be described by the half-life, 
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I I 
h 


t ~ / z  = In 2/k ,  where k = cyclization rate. A slow cycliz- The parameter equals t(/2= 1 if there is no salt or 
ation 2 --* 1 is equivalent to a large t 1 / 2  value. To see supramolecular effect. Table 2 shows the half-lives for 
clearly the effect of added metal ions on the reaction the coloured form 2c (tl/2 = In 2 /k ) .  
rate or tl/2, we introduced a new value, fin: t i /2  = Figure 4 gives plots of the ti12 data at 25 "C. It can 
t1/2(DHI + M"+)/tI/Z(DHI) where 1112 (DHI + M") = be seen that especially K +  and Ba2+ ions produce the 
half-life in the presence of metal (M) ions and largest decrease in t i12 of 2c values [Figure 4(a)]. Alkali 
tl/z(DHI) = half-life in the absence of metal ions. metal ions give rise to larger effects on ti/2 than alkaline 
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Figure 4. Plot of t h  values of coloured species (a) 2c (b) 2e and (c )  2f depending on guest added. 
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Table 1. Half-lives of cyclization of coloured 
betaine 2c to the colourless DHI lc  as a func- 
tion of temperature and added ion concen- 
tration [in CH2C12-MeOH (2 :  1); t ; , ~ :  see 


text] 


(min) 


Cation 25 OC 30 'C 35 " c  


Salt-free 
Li + 


Na+ 
K+ 
Rb' 


2 +  


y ; 2 +  


Ba2+ 


123.0 
117.1 
108.9 
94.4 
98.0 


129.8 
129.1 
114.6 


75.2 45.6 
70.5 37.1 
61.5 35.4 
53.5 32.0 
63.0 37.2 
78.8 48.8 
78.8 48.0 
74.4 44.3 


1.0 


Figure 4. (Continued) 


earth metal ions. Increasing temperature reduces this 
effect. This means that ion binding of K +  and BaZ+ by 
the crown-DHI lc generates a conformational change 
increasing the rate constant for cyclization. The more 
stable the complex, the larger is the effect, as is evident 
from Table 2. 


DISCUSSION 


The properties of the photochromic system DHI 
1 S betaine 2" containing crown ether units can be 


1.5 2 . 0  
ion radii C A I  


affected by ions. The effects on the excited state can be 
seen in the UV spectra of 1. Both bathochromic shifts 
and hyperchromic effects are observed. Alkali metal 
cations cause a fluorescence enhancement. The binding 
of ions in the crown ether cavity is possible in both the 
colourless form 1 and the coloured form 2, as is demon- 
strated by the spectral data. The conformational 
changes due to complexation are most sensitively felt, 
however, in the electrocyclization 2 -+ 1. To understand 
the conformational changes involved, we carried out 
force-field calculations for photochromic DHI 1 and 
their corresponding betaines 2. The results are given in 
Figure 5 .  


Model calculations were performed for with 
diphenyl-crowns such as l g  and the corresponding 
betaine 2g (CHARM calculations were carried out on 
with the program' of Polygen Corp., version 216). As 
the calculations clearly show, metal ions such as K+ or 
BaZ+ can be easily incorporated in the cavity of the 
DHI lg. The crown unit's six oxygen atoms are also 
fairly close to the optimum conformation for binding. 


However, the most relaxed conformation for the 
betaine 2g shows a heavily distorted geometry. Only 
four oxygen of the crown unit are arranged for reason- 
able binding. To have good binding with all oxygens, 
the conformation of 2g has to be altered. 


It is clear that in the betaine 2, not all oxygens of the 
crown are oriented properly for complexation. 
Inclusion of an ion (M"') in the cavity of 2g brings 
about a conformational change, which we believe 
makes the supramolecular structure tighter. This more 
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rigid complex may transfer more easily positive charge 
to the photochromic unit. The positive charge in the 
pyridinium or isoquinolinium group of 2 is thus desta- 
bilized by the positive charge of the cation in the supra- 
molecular crown ether. Higher rigidity and additional 
positive charges in the crown of 2 seem to favour 
1 ,5-electrocyclization. 


CONCLUSION 


It has been shown that the excited state of the photo- 
chromic crown ethers 1 and 2 can be tuned by supramo- 
lecular effects. Ion binding in the photochromic crown 
ethers 1 leads to bathochromic shifts and hyperchromic 
effects in the UV spectra, to changes in the fluorescence 
spectra after addition of ions and to a decrease or 
increase in reaction rates for 1,s-electrocyclization. 


EXPERIMENTAL 


All measurements were carried out ,on a Kontron 
Uvikon 860 spectrophotometer at 25 C. The supra- 
molecular effects of the cations Li+, Na', K', Rb' 
with the DHI host 1 were measured by UV 
spectrophotometry. The following guest alkali and 
alkaline earth metal ions were used in methanolic 
solutions: 


0-10 M Li1.2H20, NaSCN and KSCN, 0.05 M RbI, 
0-  10 M MgBr2 * 6HzO and Ca(SCN)2 * 3Hz0 and 
0.05 M Ba(SCN)2*3Hz0. The counter ions employed 
were chosen to show large (a) polarizability, (b) high 
stability of the complexes and (c) good solubility in 
organic solvents. 


The measurements were carried out using 1 ml of a 
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1 I 
(b) Figure 5 .  (Continued) 


methanolic salt solution, to which 2ml  of a 
1 x 10-4-5 x M crown ethers la-f solution in 
dichloromethane were added and stirred until equi- 
Iibrium was reached (maximum 24 h, room tempera- 
ture, without light). An excess of salt to coronand 1 of 
500 or 250: 1 was employed. The solvent composition 
was therefore methanol-dichloromethane (1 62). 


Fluorescence spectra were measured at 25 C with a 
Hitachi F-3000 spectrofluorimeter. Solutions 
5 x M alkali metal iodides 
(LiIz - 2Hz0, NaI, KI, RbI) were prepared and stirred 
until complexation equilibrium was reached. All 
samples were intensively purged with nitrogen before 
measurement. 


Calculations were carried out using the force-field 
and MINDOJ3 CHARM programs, version 
2.1.89.1031te) 


M DHI plus 2.5 x 


on a Silicon Graphics Workstation. 
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CONFORMATIONAL ANALYSIS OF CALIX [n] ARENES WITH 
CHIRAL SUBSTITUENTS BY USING CIRCULAR DICHROISM 


ATSUSHI IKEDA, TAKESHI NAGASAKI AND SEIJI SHINKAIt 
Department of Organic Synthesis, Faculty of Engineering, Kyushu University, Hakozaki, Fukuoka 812, Japan 


Calix[n]arenes (n = 4 and 6)  bearing chiral substituents (R*) on the lower rim (1.) or on the upper rim (4.) were 
synthesized. The isomers derived from 1, were conformationally immobile and showed different circular dichroism 
(CD) spectra. In the *H NMR spectra the proton signals in R* shifted to higher magnetic field when the lower rim 
is sterically crowded and in the CD spectra a strong CD band appeared. Therefore, the change in the CD spectra is 
rationalized in terms of R*-*.x interactions. In contrast, compound 44 was not conformationally immobilized and 
the CD spectra changed in response to the metal binding to the methoxy oxygens arranged on the lower rim. The 
specific metal interaction enabled the metal binding event to be detected by the CD technique. 


INTRODUCTION 


It is known that four different conformational isomers 
exist in calix [4] arene-25,26,27,28-tetrol derivatives: 
cone, partial cone, 1,2-alternate and 1,3-alternate. ' 
Unmodified calix [4] arene-25,26,27,28-tetrols adopt a 
cone conformation because of strong intramolecular 
hydrogen-bonding interactions whereas 0-alkylated 
derivatives can adopt conformations other than cone 
because of the loss of such strong intramolecular 
hydrogen-bonding interactions. '-' We previously 
reported the synthesis of all possible conformational 
isomers derived from calix [4] arene-25,26,27,28-te- 
trols.' In that work we experienced continuous 
problems because the conformer distribution can be 
determined only by 'H or 13C NMR spectroscopy. '-' 
Because of this limitation, it is difficult to monitor the 


Me 


progress of the reaction. It occurred to us that if the 
conformer distribution can be determined by some 
other easier methods, one could conveniently monitor 
the time dependence of the conformer distribution 
or estimate the conformational isomerism in non- 
deuterated solvents. More recently, we noticed that in 
water-soluble calix [n] arenes bearing chiral substituents 
the circular dichroism (CD) spectra change sensitively 
on guest binding. The spectral change was reasonably 
explained by the conformational change in the host 
calixarene induced by inclusion of guest molecules. This 
finding suggesed the idea that conformational isomers 
bearing chiral substituents would afford different CD 
spectra, from which one could assign the structure of 
conformational isomers. With these objects in mind, we 
synthesized the calix [n] arenes 1-5 and their non-cyclic 
reference compounds bearing chiral substituents. 


l n  
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RESULTS AND DISCUSSION 


CD spectra of conformational isomers of 1, 


It has been established that the oxygen-through-the- 
annulus rotation is inhibited by 0-substituents larger 
than Et. 3*5 We therefore chose the (S)-Zmethylbutyl 
group as a chiral 0-substituent. We could synthesize 
three different conformational isomers of 1 4 ,  that is, 
cone, partial cone and 1,3-alternate. The 'H NMR 
spectra of these compounds were unaffected by tem- 
perature change (CzDzCL, 25-80 "C), indicating that 
these compounds are conformationally immobilized. In 
2, on the other hand, two OH groups are substituted 
with the (S)-2-methylbutyl group but two residual OH 
groups are substituted with a methyl group. Hence two 
1,3-anisole units can still rotate through the annulus. In 
16 the ArCHzAr protons apeear as a singlet resonance 
at 3.82 ppm (C2D2C14, 130 C). This implies that the 
phenyl units are conformationally mobile. Compound 3 
was synthesized as a reference compound. 


When the CD band is observed for l,, two possible 
interactions exist between the chiral centre (R*) and the 
chromophoric *-system. Type A is the interaction of R* 
with its own s-system whereas type B is the interaction 
of R* with the neighbouring *-system distal or prox- 
imal to its own *-system. Typical CD spectra are 
illustrated in Figure 1. 


The results of spectral measurements are summarized 
in Table 1. No perceptible CD band was detected for 
monomeric 3. This means that, apparently, the contri- 
bution of type A is negligibly small. In contrast, a 
strong, negative CD band appeared in cone-14 (Figure 
1). When the conformation is immobilized to cone, the 
contribution of type B is sterically disregarded. There- 
fore, one has to take the contribution of type A into 
account. Then, why is cone-14 CD active and 3 CD 
inactive? In 0-alkylation of calix [4] arene-25,26,27,28- 
tetrols the reactions frequently stop at the disubstituted 
~ tage .~ . ' ' - ' ~  This is due to the steric crowding on 
the narrow lower rim of calix [4] arene. Examination 
of molecular models of cone-14 reveals that (S)-2- 
methylbutyl groups diverge like a skirt below the 
calix [4] arene ring in order to reduce the steric crowding 
and the chiral centre can exist on its own benzene ring 
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Table 1 .  Absorption and CD spectra of L, 2 and 3 in chloroform at 25 "C 


absorption spectrum CD spectrum 


AmaX & Xmax [@I 
Compound" (nm) (cm-' mol-' dm3) (nm) (deg cmz dmol-' 


Cone-14 276.6 2330 286.0 - 1370 
Partial-cone-14 278-6 2010 283.5 - 2250 
1,3-Alternate-14 272.0 2230 276-0 - 455 
16 288.0 3340 281.5 370 
2 270.8 2220 280.5 24: 
3 266.2 387 - 
a 5 .OO mmol dm-'. 
bThe CD band was not detected (8 < 10). 


b - 


I . . . . I . . . . I  


250 300 350 


Wavelength I nm 


Figure 1 .  CD spectra of ln, 2 and 3 in chloroform at 25'C: 
[l.  or 21 =5 .00mm0ldm-~ .  - , Cone-14; -----, partial- 


cone-14; ---.-, 1,3-alternate-14; . * * -. 2; -. .- 3 


with some probability. This is the origin of the CD 
activity in cone-14. In contrast, monomeric 3 can adopt 
many different conformations because of the absence of 
such steric crowding and the chiral-centre-on-the- 
benzene conformation like type A is rather classified as 
an energetically unfavourable conformation. It is cer- 
tain, therefore, that the difference in the steric crowding 
leads to the difference in the CD activity. The above 
explanation is supported by the 'H NMR spectra. As 
illustrated in Figure 2, the 2-methyl protons and 3-CH2 


methylene protons in cone-14 shift to higher magnetic 
field (compared with those in 3). This is due to  the 
shielding effect of the benzene ring current; hence these 
protons exist exactly on the benzene ring with high 
probability. 


Partial-cone-14 showed the strongest CD band among 
three conformers of 14. As the CD spectrum is very 
similar to that of cone-4, the CD activity should arise 
from a type A interaction. Through examination of the 
'H NMR spectrum we noticed that the (S)-2- 


methylbutyl protons in the phenyl unit (C in Figure 2) 
distal to the inverse phenyl unit (A in Figure 2) dis- 
tinctly shift to higher magnetic field (for the assign- 
ment, see Experimental); for example, BH = 0.75 ppm 
for CH3(CH) and 0-83-0.93 ppm for CH3(CH2). 
Examination of x-ray crystallographic studies on 
partial-cone-calix [4] arenes reveals that this phenyl unit 
is significantly 'flattened,' producing serious steric 
crowding on the 0-substituent. It is therefore reason- 
able to consider that the space around the (3-2- 
methylbutyl group in the 'flattened' phenyl unit is more 
crowed than that in cone-4 and the (S)-2-methylbutyl 
group exists predominantly on its own benzene ring to 
reduce the high steric crowding. This conformational 
requirement would induce the upfield shift of the (S)-2- 
methylbutyl protons and afford a strong type A CD 
band. It is also reasonable to consider, therefore, that 
three residual phenyl units (that is, one inverse phenyl 
unit and two phenyl units proximal to the inverse 
phenyl unit) scarcely contribute to the CD activity. The 


OR' 


Flattened 
phenyl unit 


lnversed - 
phenyl unit 
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Figure 2. Shifts of the (S)-2-rnethylbutyl protons (in ppm) from those in monomeric 3 in CDCL, at 25 'C: + denotes the downfield 
shift and - denotes the upfield shift 


fact that the (S)-2-methylbutyl protons in these three 
phenyl units scarcely shift to higher magnetic field 
(Figure 2) is compatible with this explanation. 


1,3-Alternate-14 showed a relatively weak, negative 
CD band. As mentioned above for partial-cone-14, 
three phenyl units other than the 'flattened' phenyl unit 
scarcely contribute to the CD activity. The structure of 
1,3-alternate-14 is basically similar to the combination 
of these three phenyl units. X-ray crystallographic 
studies on 1,3-alternate calix [4] arene derivatives 
indicate that four phenyl units are more or less parallel 
to each other and ample space exists around the 
0-substituents. 16,17 This steric situation would not 
force the (S)-2-methylbutyl group to be expelled from 
the cavity onto the benzene ring. In 'H NMR, in fact, 
a significant upfield shift was not observed for the 
protons near the chiral centre in the (S)-2-methyibutyl 


substituent. Therefore, 1,3-alternate-14 is classified as a 
conformation with weak CD activity. 


The foregoing considerations indicate that the CD 
activity in cone-, partial-cone- and 1,3-alternate-14 is 
reasonably explained according to the route, steric 
crowding on the narrow lower rim -+ expulsion of the 
(S)-2-methylbutyl group onto the benzene ring + 


appearance of the CD band. In other words, the inten- 
sity in the CD band is associated with the contribution 
of the type A interaction. From careful comparison of 
[el with X,,, in the absorption spectra, we found that 
the order of the intensity in [f?] (partial-cone-14 > cone- 
14  > 1,3-alternate-14 > 3) shows good agreement with 
the order of Amax values in the absorption spectra (from 
longer to shorter wavelength; see Table 1). The trend 
suggests that the sterically distorted calix [4] arene has 
the narrow HOMO-LUMO barrier. 
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Me' 
In contrast to 14, 2 resulted in a weak, positive CD replaced with a methyl group. The reduced steric 


crowding is also supported by the absorption spectrum: 
Amax appears at a wavelength shorter than those for 14 
(Table 1). 'H NMR measurements in CDCI3 indicated 
that 2 exists as a mixture of cone and partial cone 
(66 : 34) (see Experimental). As described above, the 


band. This implies that the CD-active origin is different 
from that for 14, that is, the CD activity is not attribu- 
table to a type A interaction. The absence of type A 
interaction is related to reduced steric crowding because 
in 2 two of four bulky (S)-2-methylbutyl groups are 


v- N O 0  


\ I  1 I I  


ArH - 
CH 


iii 
Figure 3 .  'H NMR spectrum of IS (400 MHz, CDzClz, -7O'C) 
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6 


Q 


Figure 4. 'H-' HCOSY spectrum of IS (400 MHz, CDzCL, - 70 "C) 


cone conformation includes only the type A interaction 
for steric reasons. Hence the appearance of the positive 
CD implies that the CD activity cannot be attributed to 
cone-2. These considerations allow us to conclude that 
the weak, positive CD band arises from partial-cone-2. 
The possible R*.-.?r interaction is expected for two R* 
groups and the *-system of the reversed phenyl unit. 
This interaction is classified as type B. We consider that 
this type B interaction also exists in partial-cone-14 but 
is offset by the stronger type A interaction in the 
flattened phenyl unit. 


Compound 16 is conformationally mobile but may 
adopt some favourable conformation over others under 
an equilibrium. The 'H NMR spectrum and 'H-'H 
COSY spectrum (400MHz, CDzClz, -70°C) are 
shown in Figures 3 and 4, respectively. It is clearly seen 
from these spectra that there are three inequivalent 
ArCHzAr methylene protons and each peak corre- 
sponds to two ArCHzAr groups (i.e. integral intensity 
4H: b ~ ,  3.38-3-48, 3.80 and 4.34-4-50 ppm). Also 
interesting is the chemical shift of the terminal methyl 
group: two of six methyl groups shift to unusually high 
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Figure 5 .  Six candidate conformations for I6 


magnetic field (BH = -0.91 ppm in contrast to 
6~ = 0.97 ppm for CH3 in 3: A ~ H  = - 1-88  ppm). This 
supports the view that two of six phenyl units are sig- 
nificantly flattened, throwing the (S)-2-methylbutyl 
group into the cavity. We can suggest six possible con- 
formations which are apparently compatible with the 
above-mentioned observations (Figure 5) .  Examination 
of CPK molecular models suggests that it is sterically 
impossible (because of serious steric crowding) for two 
flattened (S)-2-methylbutyl groups to occupy the same 
side of the calix[6]arene ring (see Figure 5 ) .  Hence, 
conformations (d), (e) and (f) are excluded. If the flat- 
tened phenyl unit A and the proximal phenyl unit B 
were to adopt an anti conformation, the OCHZ methy- 
lene protons in A would be strongly shielded by the 
benzene a-system in B. As shown in Figure 2, this is not 
the case. Hence, conformations (b) and (c) are 
inconceivable. We therefore conclude that the confor- 
mation (a) (i.e. 1,2,3-aIternate) is most energetically 
stable and most reasonable. A similar 1,2,3-aIternate 
conformation was proposed for calix [6] arene esters 
and ethers by Kanamathareddy and Gutsche. '* The 
CPK molecular model for conformation (a) indicates 
that the two terminal methyl groups in A and A '  are 
strongly shielded by the benzene a-systems of inverse B 
and B'  at the 3- and 5-positions. 


The above conformational inspection allows to 
predict that the CD activity for 16, if any, arises from 
a type B interaction which features a positive CD band. 
As shown in Table 1, in fact, 16 gives a positive CD 


band although the [el value is relatively small. We con- 
sider that the small [el is due to the conformational 
mobility. 


The foregoing results consistently indicate that the 
CD activity in 1, is caused by the R* a interaction 
and an intra-phenyl-unit interaction (type A) gives a 
negative CD band whereas an inter-phenyl-unit interac- 
tion (type B) gives a positive CD band. 


CD spectra of 
In contrast to 3, compound 5 was CD active. This is 
because the chiral centre is situated at the a-carbon to 
the benzoyl conjugate system. We noticed that in a 
chloroform-acetonitrile mixed solvent the addition of 
MC104 (M = Li or Na) enhances the [O] value 1.2-1 -3- 
fold (Table 2). Since 5 scarcely interacts with these 
metal ions (confirmed by 'H NMR spectroscopy), this 
change is ascribed to the solvent polarity enhanced by 
these salts. This view is also supported by the solvent 
effect: the [0] value in chloroform is smaller than that 
in chloroform-acetonitrile mixed solvent. 


The ArCHZAr methylene protons in 46 give a singlet 
resonance at 4.00 ppm (CDCls, room temperature), 
indicating that the phenyl units are conformationally 
mobile. The 'H NMR spectrum was hardly changed 
even in the presence of saturated LiC104 or NaC104. 
One can therefore consider that 46 is classified as a poor 
ionophore. In the CD spectral measurement the [el 
value was slightly increased on adding LiC104 or 
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Table 2. Absorption and CD spectra of 4, and 5 in a chloroform-acetonitrile (1 : 1, v/v) mixed solvent at 25 'C 


Absorption spectrum CD spectrum 


Amax(] ','" Xmax(2) "2' (nm) X"" (deg [el cmz 
Additive (nm) (cm- mol-' (nm) (cm- mol-' 


Compound (mol d ~ n - ~ )  dm-') d ~ n - ~ )  dmol - I )  


44 None 263.5 44400 238.5 24400 259 13000 
LiC104 (0.20) 264.0 41700 238.5 24600 257 11500 
LiC104 (0.40) 264.0 40400 238.5 25800 257 9200 
NaC104 (0.20) 264-0 42800 238.5 23000 259 13000 


46 None 261.5 61700 - - 255 15100 
LiC104 (0.40) 262.5 66200 - - 255 15600 
NaC104 (0.20) 261.5 66400 - __ 255 17700 


5 None 260.5 6200 - - 259 2200 
Nonea 261.5 7200 239.5 5900 259 2050 
LiC104 (0.40) 263.0 6300 - - 259 2790 
NaC104 (0.20) 261.0 6500 - - 259 2570 


"Solvent 100% chloroform. 
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Figure 6. Partial 'H NMR spectra of 44 (20 mmol dm-l), (a) in the absence and (b) the presence of LiC104 (200 mmol d n ~ - ~ ) :  
400 MHz, 0 "C, CDC13-CD$N (1 : 1, v/v). The line indicated by the large arrow is ascribable to the aromatic protons in the 


Li+ cone-44 complex 
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NaClO2 (Table 2). The slight increase is therefore 
ascribable to the salt-induced change in the solvent 
polarity. 


We previously found that the conformational 
isomerism in 5,11,17,23-tetra-p-ferf-butyl-25,26,27,28- 
tetramethoxycalix [4] arene is affected by the solvent 
effect. l 9  In particular, the ratio of cone vs partial-cone 
conformer is very sensitive: in polar solvents the cone 
conformer increases while the partial-cone conformer 
decreases. l4 We estimated the conformational 
isomerism in 44 in several solvents by 'H NMR spec- 
troscopy, but the conformer distribution was not v,ery 
sensitive to changes in the solvent polarity: at 0 C, 
cone-44/partial-cone-44 = 0.138 in CDCl3, 0.137 in 
CDClj-CD3CN (1 : 9, v/v), 0.122 in CDCLJ-CD~OD 
(9: 1, v/v) and 0.143 in CDC13-DMSO-d6 (1 : 1, v/v). 
Compound 44 has a dipole moment arising from 
the intramolecular charge-transfer band from Me0 
to COR, which is much stronger than that 
in 5,11,17,23-tetra-p-terf-butyl- 25,26,27,28- 
tetramethoxycalix [4] arene. The above finding suggests 
that if the dipole moment in each phenyl unit is too 
strong, the conformational isomerism becomes less sen- 
sitive to the change in the solvent polarity. 


It is known that 25,26,27,28-tetramethoxy- 
calix [4] arene derivatives bind Li' and the cone- 
partial-cone equilibrium is inclined to the cone confor- 
mation so that four methoxy oxygens can coordinate to 
Li+. 'H NMR measurements established that 44 exists 
as a mixture of cone and partial cone in an 11 : 89 ratio 
in chloroform-acetonitrile (1 : 1, v/v) mixed solvent at 
0 OC. Figure 6 shows the partial 'H NMR spectra for 
the aromatic protons. In the presence of LiC104 a new 
peak appeared at 7-91 ppm, which was assignable to 
the Li' * cone-44 complex. Assuming the formation of a 
1 : 1 complex, the binding constant ( [Li' * cone- 
441 / [ Li'] [cone-44]) was estimated to be 


1 . 5 }  


-0.51 


250 300 350 


Wavelength I nrn 


Figure7. CD spectra of 44 (4.00mmoldm-') in 
CHC13-CH3CN (1 : 1 ,  v/v) at 25 'C: . . , no additive; ----, 


400 mmol dm-3 LiC104; --, 200 mmofdm-' NaC104 


3.17 dm3 mol-'. On the other hand, the 'H NMR spec- 
trum of 44 was hardly affected by added NaC104. This 
indicates that the ionophoric cavity in 44, composed of 
four ethereal oxygens, shows high selectivity toward 
Li+. 


As shown in Table 2, the [O] value is significantly 
decreased by added LiC104 but not by added NaC104 
(Figure 7). This implies that the Li' scone-44 complex 
has a smaller [B] than cone-44 (and probably than 
partial-cone-44). As described for 5, the CD band is 
strengthened when the intramolecular charge transfer is 
facilitated in polar solvents. In the Li+ * cone-44 com- 
plex, the electron-donating ability of Me0 is suppressed 
through the Li+.-.OMe interaction and therefore [O] is 
decreased. This specific situation permits the detection 
of the metal binding by the change in the CD spectrum. 


CONCLUSIONS 


This study on chiral calixarenes has demonstrated that 
the CD spectra are sensitively affected by the conformer 
structures. Although the CD spectra did not change 
so dramatically as observed for chromogenic 
calixarenes, 20921 we believe that the present method 
will become potentially important in chiral guest 
recognition by chiral calixarenes. 


EXPERIMENTAL 


Materials. The methods for the synthesis of confor- 
mational isomers from calix [4] arene-25,26,27,28- 
tetrols were described previously. We applied these 
procedures to the synthesis of 14 .  


25,26,27,28-Tefrakis [(S)-2-methylbutoxy] calix- 
[q arene (cone-14). Calix [4] arene-25,26,27,28-tetrol 
(0-70 g, 1 -65 mmol) was dissolved in DMF (20 ml) and 
treated with oil-dispersed NaH (net 60%; 1 ~ 0 6  g, 
26.4 mmol). After the addition of (S)-2-methylbutyl 
bromide (5*00g,  33.1 mmol), the reaction mixture was 
heated at 60 C for 8 h. NaH was decomposed by the 
addition of methanol. The mixture was diluted with 
1 -0 mol dmW3 HCl and the solution was extracted with 
chloroform. The chloroform layer was separated, 
washed three times with water and dried over MgS04. 
The solution was evaporated to dryness and the residue 
was purifed by column chromatography [siiica gel, 
chloroform-hexane (1 : 5, v/v)] m.p. 116-117 C, yield 
58%; 'H NMR (CDCI3, room temperature), 6~ = 0-92 
and 1-01 (CH3, t and d,  3H each), 1.09-1-22 and 
1.58-1.79 (CCHzC, m, 1H each), 1-86-1.99 (CH, m 
IH), 3.64-3.74 and 3.78-3.88 (OCH2, m, 1H each), 
3-17 and 4.49 (ArCHzAr, d, 1H each), 6.50-6.60 
(ArH, m, 3H). Analysis: found, 
C 81 -70, H 9-24; calculated for C40H4804, C 81 -77, 
H 9.15%. 
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Partial-cone-14 and i,3-alternate-h. Calix [4] arene- 
25,26,27,28-tetroI (0-70 g, 1 *65 mmol) and (S)-2- 
methylbutyl brfmide (5.0 g, 33.1 mmol) were allowed 
to react at 70 C in DMF (40ml) in the presence of 
Cs2C03 (21 a6 g, 66-2 mmol). After 24 h, (S)-2- 
methylbutyl bromide (S-Og, 33-1 mmol) was added 
and the reaction was continued for a further 24 h. After 
cooling, the reaction mixture was diluted with 
1 a 0  m ~ l d r n - ~  HCl and extracted with chloroform. The 
organic layer was washed once with 10% sodium 
thiosulphate and twice with water and dried over 
MgS04. The solution was concentrated to dryness, the 
residue being recrystallized from chloro- 
form-methanol. 1,3-Alternate-l4 was isolated from 
this solution whereas partial-cone-14 was obtained by 
concentration of t!e filtrate and cooling. 1,3-Alternate- 
14: m.p. 133-135 C, yield 29%; IR (Nujol), no V O H ;  


'H NMR (CDC13, room temperature), 6~ = 1 *01 and 
1-14 (CH3, t and d, 3H each), 1.27-1.38 and 
1.58-1 -70 (CHzC, m, 1H each), 1.97-2.10 (CH, m, 
IH), 3.4-3.6 (OCHz and ArCHzAr, m, 4H), 6.6-7-0 
(Arh, m, 3H). Analysis: found, C 81 *52, H 9.11; calcu- 
lated for C48H&4, C 81.77, H 9.15%. The ArCHzAr 
methylene protons in 1,3-alternate conformers usually 
appear as a singlet r e s~nance . '~~  In 14, on the other 
hand, they appeared as a multiple resonance probably 
because of distortion of the calix [4] arene ring induced 
by bulky 0-substituents. Partial-cone-14: m.p. 
159-161 'C, yield 28%; 'H NMR (CDCl3, room tem- 
perature), 6 ~ = 0 * 7 5  (CH3, d,  3H), 0.83-0.93 (CH3 
and one of CCHzC protons, m, 4H), 0.95-1 *07 (CH3, 
m, 9H), 1-09-1 * 15 and 1.20 (CH3, m and d, 6H and 
3H), 1.23-1.44 (CCHzC, m, 4H), 1-59-1.76 (CCHZC 
and CH, m, 4H), 2-02 and 2.05-2.17 (CH, m, 2H and 


Figure 8. NOE peak intensities with respect to Hendo in 
Ar(pheny1 unit B)-CHl-Ar(phenyl unit C) of partial-cone-14 


(CDCI,, room temperature) 


lH), 3.03-3-12 and 4.16-4.23 (ArCHzAr, m, 2H 
each), 3.16-3-23, 3-36-3-42 an& 3.46-3.54 (OCHZ, 
m, lH,  1H and 3H), 3.56-3.72 (OCH2 and ArCHzAr, 
m, 7H), 6.01-6.08, 6.97-7.06 and 7-23-7-28 (ArH, 
m, 2H, 4H and 2H) 6.38 and 6.78-6.87 (ArH, t and 
n, 2H each). Analysis: found, C 81.67, H 9.22; calcu- 
lated for C48H~04,  C 81.77, H 9.15%. The assign- 
ment of the 'H NMR spectrum for partial-cone-14 was 
achieved with the aid of 2D 'H-'H COSY. We con- 
firmed on the basis of NOE that (S)-2-methylbutyl 
protons in phenyl unit C (see Figure 2) appears at the 
highest magnetic field (Figure 8). 


3 7,38,39,40,41,42-Hexakis [(S)-2-methylbut- 
oxy] calix [6] arene (16). Calix- 
[6] arene-37,38,39,40,4 1,42-hexols (1.17 g, 
1.84 mmol), (S)-2-methylbutyl bromide (10.0 g, 
66.2 mmol) and K2CO3 (22-9 g, 166 mmol) were 
allowed to react in a manner similar to that described 
for partial-cone-14 and 1,3-alternate-l4: m.p. 
2569259 OC, yield 64%; 'H NMR (CDClZCDC12, 
130 C), 8 ~ = 0 - 7 4  and 0.84 (CHzC, m, 1H each), 
(CH3, d and t 3H each, 1.11-1.25 and 1.43-1.56 
(CCH2C, m, 1H each), 1.65-1-76 (CH, m, IH), 
3.33-3.41 and 3.44-3.52 (OCH2, m, 1H each), 3.91 
(ArCHzAr, s, 2H), 6.65 and 6.84 (ArH, t and d, 1H 
and 2H). Analysis: found, C 81 -66, H 9.04; calculated 
for c72H960.5, C 81.77, H 9.15%. 


25,27-Bis [(S)-2-methylbutoxy] calix [4] arene-26,28- 
dio/ ( 6 ) .  Calix [4] arene-25,26,27,28-tetrol (0.70 g, 
1.65 mmol) and (S)-2-methylbutyl bromide (5.0 g, 
33.1 mmol) were allowed to react in THF 
(30 m1)-DMF (3 ml) in a manner similar to that 
described for cone-14. In this mixed solvent the reactjon 
stopped at the disubstituted stage: m.p. 242-243 C, 
yield 54%; 'H NMR (CDCl3, room temperature), 
6 ~ = 1 - 0 4 a n d 1 . 3 1  (CH3,tandd,6Heach), 1.46-1-58 
and 1.75-1.89 (CCHzC, m, 2H each) 2.03-2.16 (CH, 
m, 2H), 3.74-3.89 (OCHZ, m, 4H), 3.32-3-41 and 
4.25-4.38 (ArCHzAr, m, 4H each), 6.65, 6.72, 
6.89-6.93 and 7.03-7.08 (ArH, t, t, m and m, 2H, 
2H, 4H and 4H), 8.01 (OH, s, 2H). Analysis: found, 
C 80.86, H 7-89; calculates for C38H4404, C 80.82, 
H 7.85%. The 'H NMR data indicate that the product 
is 1,3-disubstituted 6 .  The difficulty with tetra-0- 
substitution is ascribed to high steric crowding on the 
narrow lower rim. 


25,26- Bis [(S)-2-methylbutoxy] -26,28-dimeth- 
oxycalix[4] arene (2). Compound 6 (0.40 g, 
0-71 mmol) in THF (20 m1)-DMF (2 ml) was treated 
with oil-dispersed NaH (net 60%; 0-23 g, 5.67 mmol) 
and reacted with methyl iodide (4-02 g,  28.3 mmol) at 
reflux temperature for 20 h. The work-up is similar to 
that described for partial-cone-14 and 1 ,3-alternate-14: 
m.p. 177-179"C, yield 55%;  'H NMR (CDCL,, 
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- lO"C), 6~ =0*94-1.03 [CH3 (cone) and CH3 
(partial-cone P.c.), m, 9H], 1.07 and 1 - 11 [CH3 (P.c.), 
dd, 3H], 1-20 [CH3 (cone), d, 6H1, 1 *23-1.46 [CHzC 
(cone) and CCHzC (P.c.), m, 3H1, 1.47-1.56 [CHZC 
(P.c.), m, 0-5H1, 1-67-1.77 [CHzC (cone) and CHzC 
(P.c.), m, 2*5H], 1.90-2-05 [CH (cone) and CH 
(P.c.), m, 3H], 3.00 [OCHs (P.c.), s, 1*5H], 3.12 and 
3.20 [ArCHzAr (P.c.) and ArCHzAr (cone), d, 1H and 
2H1, 3.26-3-33 and 3.39-3.45 [OCHZ (P.c.), m, 
0.5H each], 3.48-3-55 [OCHZ (cone), m, 2H], 
3-55-3-78 [OCHZ (cone),OCHz(p.c.),OMe (p.c.)and 
ArCHzAr (P.c.). m, 6.5H1, 3-93 [OCH3 (cone), s, 
6H1, 4-07 and 4.11 [ArCHzAr (P.c.), dd, lH] ,  4.36 
and 4.39 [ArCHAr (cone), dd, 4Hl,6-22-6*35,6.50, 
6.88-7.02, 7.10, 7.18 and 7.27-7.33 (ArH, m, t, m, 
d,  d and m, 7H, lH,  4H, lH, 4H and 1H). Analysis: 
found, 
C 80.96, H 8.15; calculated for C40H4@4, C 81-04, 
H 8.16%. 


2,6-Dimethyl [(S)-2-methylbutoxy] benzene (3). This 
compound was synthesized from 2,6-dimethylphenol 
(3-36 g, 27.5 mmol) and (S)-2-methylbutyl chIoride 
(8.6 g, 0-83 mol) in DMF at 55 "C in the presence of 
KzCO3 (57.1 g, 0.418 mol): b.p. 123-124 "C/7-2 Torr, 
yield 74%; IR (neat), no VOH; 'H NMR (CDC13, room 
temperature), 6~ = 0.97 and 1-08 (CH3, t and d, 3H 
each), 1.22-1-37 and 1.56-1-69 (CCHzC, m, 1H 
each), 1.81-1 -93 (CH, m, lH), 2.27 (ArCH3, s, 6H), 
3.51-3.56 and 3.59-3-65 (OCH2, m, 1H each), 
6.86-6.92 and 6.99 (ArH, m and d, 1H and 2H). 
Analysis: found, C 81.29, H 10.40; calculated for 
C13H200, C 81.20, H 10.48%. 


5,11,17,23-Tetrakis [(S)-2-methyIbutanoyfl calix [4] 
arene-25,26,2 7,28- tetrol (7 ) .  (S)-2-Methylbut ano y 1 
chloride (2-84 g, 23.6 mmol) and AICI3 (3.14 g, 
2-35 mmol) were stirred in nitrobenzene for 30 min at 
room temperature under a stream of nitrogen. 
Calix [4]arene-25,26,27,28-tetrol (2.00 g, 4.71 mmol) 
was added and the mixture was heated at 70 "C for 2 h. 
After cooling, the mixture was diluted with ice-water 
(300 ml) and extracted with chloroform. The organic 
layer was washed twice with water. Evaporation of the 
solvent resulted in viscous brown oil, which was crystal- 
lized from chloroform-methanol. Finally, the solid 
product was recrystallized from chloroform-methanol: 
m.p. 264-265OC, yield 65%; IR (Nujol) UOH 


3160 cm- ', uc=o 1670 cm-'; 'H NMR (CDC13, room 
temperature), 6~ = 0.85 and 1 10 (CH3, t and d, 3H 
each), 1.35-1-48 and 1.67-1-79 (CCHzC, m, 1H 
each), 3.22-3-33 (CH, m, lH), 3.60-3.86 and 
4.17-4.44 (ArCHzAr, m, 1H each), 7.77 (ArH, s, 
2H), 10-13-10-27 (OH, bs, 1H). Analysis: found, C 
75.66, H 7.35; calculated for c48HS608, 
C 75.76, H 7.42%. 


5,11,17,23-Tetrakis [(S)-2-methylbutanoya -25,26, 
27,28-tetramethoxycaIix [4] arene (44). This compound 
was synthesized from 7 (0.50 g, 0-66 mmol) and methyl 
iodide (3.73 g, 26.3 mmol) in DMF (30 ml) at 60 "C for 
5 h in the presence of CSZCO~ (8.56 g,  26.3 mmol). The 
work-up is similar to that described above. Finally, the 
product was reyystallized from chloroform-methanol: 
m.p. 191-192 C, yield 88%; IR (Nujol), no V O H ,  


vc=o 1670cm-'; 'H NMR (CDCl3 room tempera- 
ture), &=0*62-2.02 (CH3 and CCHzC, m, 32H), 
2.92-3.14 [OCH3 (P.c.) and CH, m, 4.7H1, 3-27 
[ArCHzAr (P.c.), d, 1*8H], 3.36 [ArCHzAr (cone), d, 
0.4H1, 3.40-3.55 (CH, m, 2H), 3.71-3.86 [OCH3 
(P.c.) and ArCH2Ar (P.c.), m, ll.7H1, 3-91 [OCH3 
(cone), s, 1.2H1, 4.07 [ArCHzAr (P.c.), d, 1 -8HJ ,  
4.40 [ArCHzAr (cone), d, 0*4H], 7.26 [ArH (P.c.), d, 
1*8H],  7.43 [ArH (cone), s, 0.8H1, 7-55 [ArH (P.c.), 
d, 1-8H],  7-79 [ArH (P.c.), s, 1*8H], 7.98 [ArH 
(P.c.), s, 1.8HI. Analysis: found, C 76.44, H 7.86; cal- 
culated for C52HWO8, C 76.44, H 7.90%. 


5,l I ,  17,23,29,35-Hexakis [(S)-2-methylbutanoyI] 
calix [a arene-3 7,38,39,40,41,42-hexols (8). Calix- 


1.57 mmol), (S)-2-methylbutanoyl chloride (1.23 g, 
10.2 mmol) and AIC13 (1.36 g, 10-2 mmol) were 
allowed to react in a manner similar to that described 
for 7: m.p. >305"C, yield 31%; 'H NMR (CDC13, 
room temperature), 6~ = 0.88 and 1.16 (CH3, t and d, 
3H each), 1-42-1 -54 and 1.71-1 *84 (CHZC, m, 1H 
each), 3.29-3.40 (CH, m, 2H), 7.87 (ArH, s, 2H), 
10.47 (OH, bs, 1H). Analysis: found, C, 75.38, H, 
7.33; calculated for C72H84012'0'4 CHsOH, C 75.34, 
H 7.47%. 


[6] arene-37,38,39,40,41,42-hexols (1 -00 g, 


5,1I, 17,23,29,35-Hexakis [(S)-2-methylbutanoyfl- 
3 7,38,39,40,41,42-hexamethoxycalix [a arene (46). 
Compound 8 (0.50 g ,  0.438 mmol), methyl iodide 
(3.73 g, 26.3 mmol) and Cs2CO3 (2.57 g) were allowed 
to react in a Fanner similar to that described for 44: 
m.p. 240-241 C, yield 84%; IR (Nujol), no VOH, VC=O 


1680 cm-'; 'H NMR (CDCl3, room temperature), 
6 ~ = 0 - 8 3 a n d  1*90(CH3, t andd ,  3Heach), 1-32-1.45 
and 1.64-1.76 (CHzC, m, 1H each), 3-12-3.23 (CH, 
m, lH), 3.29 (OMe, s, 3H), 4.00 (ArCHzAr, s, 3H), 
7-61 (ArH, s, 2H). Analysis: found, C 76.29, H 8.01; 
calculated for C78HW012, C 76.44, H 7.90%. 


2,6-Dimethyl-4- [(S)-2-methylbutanoyfl phenol (9). 
This compound was synthesized from 2,6- 
dimethylphenol (1 -00 g, 8.19 mmol), (S)-2- 
methylbutanoyl chloride (1.18 g, 9-82 mmol) and 
AICl3 (1 * 3 1 g, 9-82 mmol) in CSZ at reflux temperature 
for 2 h. The work-up is similar to that described for 7. 
Finally, the product was purified by column ch!omatog- 
raphy (Si02, eluent chloroform): m.p. 71-73 C, yield 
13%; IR (Nujol), VOH 3370, Y C = O  1650 cm-'; 'H NMR 
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(CDC13, room temperature), BH = 0.89 and 0.16 (CH3, 
t and d, 3H each), 1-30-2.02 (CHzC, m, 2H), 2.30 
(ArCH3, s, 6H), 3-00-3-64 (CH, m, lH), 5.19 (OH, s, 
lH), 7-65 (ArH, s, 2H). Analysis: found, C 75.32, H 
8.66; calculated for C13H1702, C 76.06, H 8.35%. 


2,6-Dimethyl-4- [(S)-2-methylbutanoyfl anisole (5).  
Compound 9 (0.21 g, 1.02 mmol), methyl iodide 
(1  *45 g, 10.2 mmol) and K2CO3 (11-41 g, 10.4 mmol) 
were allowed to react ino a manner similar to that 
described for 44: b.p. 150 C/5 mmHg; IR (Nujol), no 
V O H ,  V C = O  1675cm-'; 'H NMR (CDCI,, room tem- 
perature), 6H = 0.89 and 1.16 (CH3, t and d, 3H each), 
1.36-1.55and 1.68-1.89(CCH2C,m, lHeach), 2.32 
(ArCH3, s, 6H), 3.25-3.42 (CH, m, lH), 3.75 (OMe, 
s, 3H), 7-62 (ArH, s, 2H). Analysis: found, C 75.62, 
H 9.00; calculated for C14HZ002-0-02CHC13, C 75-62, 
H 9.06%. 


REFERENCES 


1. C. D. Gutsche, Calixarenes. Royal Society of Chemistry, 


2. C. D. Gutsche, B. Dhawan, J. A. Levine, K. Hyun and L. 


3. K. Araki, K. Iwamoto, S. Shinkai and T. Matsuda, Chem. 


4. K. Iwamoto, K. Araki and S .  Shinkai, J.  Chem. Soc., 


5 .  K. Iwamoto, K. Araki and S. Shinkai, J. Org. Chem. 56, 


6. K. Iwamoto, K. Araki and S. Shinkai, Tetrahedron 47, 


Cambridge (1989). 


J. Bauer, Tetrahedron 39, 409 (1983). 


Lett. 1747 (1989). 


Perkin Trans. I 161 1 (1991). 


4955 (1991). 


4325 (1991). 


7. L. C. Groenen, J.-D. van Loon, W. Verboom, S. 
Harkema, A. Casnati, R. Ungaro, A. Pochini, F. Ugoz- 
zoli and D. N. Reinhoudt, J.  Am. Chem. SOC. 113, 2385 
(1 99 1). 


8. C. Jaime, J.  de Mendoza, P. Prados, P. M. Nieto and C. 
Sanchez, J.  Org. Chem. 56, 3372 (1991). 


9. T. Arimura, H. Kawabata, T. Matsuda, T. Muramatsu, 
H. Satoh, K. Fujio, 0. Manabe and S. Shinkai, J .  Org. 
Chem. 56, 301 (1991). 


10. J.-D. van Loon, A. Arduim, L. Coppi, W. Verboom, A. 
Pochini, R. Ungaro, S .  Harkema and D. N. Reinhoudt, J. 
Org. Chem. 55, 5639 (1990). 


1 1 .  L. C.  Groenen, B. H. M. Ruel, A. Casnati, P. 
Timmerman, W. Verboom, S. Harkema, A. Pochini, R. 
Ungaro and D. N. Reinhoudt, Tetrahedron Lett. 32,2675 
(1991). 


12. K. Iwamoto, K. Fujimoto, T. Matsuda and S. Shinkai, 
Tetrahedron Lett. 31, 7169 (1990); 32, 830 (1991). 


13. P. J .  Dijkstra, J .  A. Brunink, K. E. Bugge, D. N. 
Reinhoudt, S. Harkema, R. Ungaro, F. Ungozzolit and E. 
Ghidini, J.  Am.  Chem. Soc. 111, 7567 (1989). 


14. K.  N o  and M. Hong, J. Chem. SOC., Chem. Commun. 
572 (1990). 


15. S. Shinkai, T. Otsuka, K. Fujimoto and T. Matsuda, 
Chem. Lett. 835 (1990). 


16. J.  L. Atwood and S. G .  Bott, Top. Inclusion Sci. 3, 199 
(1991). 


17. K. Fujimoto, N. Nishiyama, H. Tsuzuki and S. Shinkai, 
J.  Chem. Soc., Perkin Trans. 2 643 (1992). 


18. S. Kanamathareddy and C .  D. Gutsche, J .  Org. Chem. in 
press. 


19. S. Shinkai, K. Iwamoto, K. Araki and T. Matsuda, Chem. 
Lett. 1263 (1990). 


20. H. Shimizu, K. Iwamoto, K. Fujimoto and S. Shinkai, 
Chem. Lett. 2147 (1991). 


21. Y. Kubo, S. Hamaguchi, K .  Kotani and K. Yoshida, 
Tetrahedron Lett. 32, 7419 (1991). 












JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 5,  711-714 (1992) 


BINDING OF LITHIUM ION ISOTOPES WITH REDOX-ACTIVE 
MACROCYCLIC AND MACROBICYCLIC CROWN ETHERS 


ZHIHONG CHEN AND LUIS ECHEGOYEN* 
Department of Chemistry, University of Miami, Coral Gables, Florida 33124, U.S.A. 


Three anthraquinone-containing crown ether macrocycles and one macrobicycle were reduced coulometrically to their 
corresponding anion radicals under vacuum. The resulting anion radical solutions in CHlClt were stirred with an 
excess of a solid 6LiC10~7LiC104 mixture of known isotropic composition in order to form the appropriate Li+ 
complexes. After equilibration, the solution was separated from the excess solid and the (6Li+]/[7Li+] ratio was 
determined by atomic absorption spectrometry. The values were converted into the corresponding separation factors 
(a) after division by the original composition ratio of the solid mixture. The values were in the range 1.04-1.18. 
Except for one compound, 2, all of the reduced systems studied exhibited a much larger Q value than the 1.057 
reported for 12.crown-4 at O°C in a liquid-liquid extraction system. 


INTRODUCTION 
The idea of using cyclic polyethers and cryptands as 
agents for the discrimination of metal ion isotopes is 
not new. The first report of such an application using 
crown ethers appeared over 25 years ago for calcium 
isotope separations.2 Although some work is still on- 
going in this general area, the most comprehensive 
account of the subject was published in 1985.3 The 
present level of effort in this area seems to be low. 


The largest separation factor (a) reported for a 
627Li+ separation system employing a crown ether is 
1 ;057, which was obtained using 12-crown-4 (12-C-4) at 
0 C in a two-phase extraction e~pe r imen t .~  Industrial- 
scale processes for lithium isotope enrichment that use 
mercury amalgam and lithium salt exchange technolo- 
gies have a values which are only barely above 1 .05.5 
Therefore, synthetic ligands such as the crowns and the 
cryptands may play an important role in the separation 
of metal ion isotopes, especially if a value enhance- 
ments can be achieved via chemical and electrochemical 
fine tuning of the structures and properties of the 
crowns and cryptands. 


In a related development, we recently reported6 a 
notable difference in the cyclic voltammetric behavior 
of the complexes of 1 with 6Li+ or 7Li+. In a 75:25 
CH2C12-CH3CN solvent mixture it was possible to 
detect a 12 2 3 mV difference in the corresponding 
reduction potentials of these isotopic complexes. The 
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potential for the 7Li+ complex was cathodically shifted 
relative to that for the 6Li+ complex. Such a potential 
difference was converted into an a value of 1 -6  2 0.2 
in favor of the lighter isotope.6 Stated more directly, 
the 6Li+ complex of 1 is 12 mV easier to reduce than is 


1 


its 7Li+ counterpart. Therefore, the unpaired electron 
in the anion radical attaches itself to the lighter complex 
preferentially, with an equilibrium factor of 1.6. Such 
a large a value is theoretically provocative and poten- 
tially very important for real applications involving 
metal ion isotope separations. 


Two other relevant (although widely different) lines 
of observation need at least to be mentioned in this 
introduction. One is the characterization of in vivo and 
in vitro differential effects of 6Li+ and 7Li+ in bio- 
logical tissues. When equal doses of 6Li+ and 7Li+ are 
administered to rats, the animals receiving 6Li+ are 
initially less active than those receiving 'Li+.'= It has 


Received 3 March 1992 
Revised 22 April 1992 







712 Z. CHEN AND L. ECHEGOYEN 


also been observed that 6Li+ is transported across the 
membranes of human erythrocytes 5-8% faster than 
'Li+.7b It thus seems likely that lithium isotope effects 
play an important biological role and these may be 
related to their differential transport across cell mem- 
branes. Such a situation suggests that specific binding 
and transport processes exist and that these are poten- 
tially useful within the context of lithium isotope separ- 
ations. This is not an unreasonable idea in view of the 
fact that the naturally occurring ionophore monactin 
has been shown to exhibit differential binding towards 
the isotopes of Na+.7e 


The second line of observation is related to equi- 
librium isotope effects associated with electron transfer 
reactions.*-" Stevenson and co-workers' have 
accumulated considerable evidence to support the idea 
that larger than expected equilibrium isotopic effects 
are present in the solution electron affinities of a variety 
of organic compounds. One example that illustrates 
their findings is represented by the reaction shown 
below. When the number of deuterium atoms ( x )  in the 
benzene ring is equal to the number of 13C atoms ( y )  
and both are equal to zero, then the equilibrium con- 
stant is 1 by definition. Using ESR spectroscopy, 
Stevenson and co-workers have shown that the devi- 
ation of Kes from l is a function of x and y .  When 
y = 0 and x = 1,2,3 or 6, Keq values are 0.86, 0.55, 
0-37 and 0.26, respectively. These monotonically 
decreasing values of Keq show that successive increases 
in deuteration of the benzene group disfavor the for- 
mation of the correspondingly heavier anion radical ion 
pair. Further heavier isotope substitution with I3C 
( x  = y = 6 )  results in Kes = 0.10. Although theoretical 
explanations are still lacking, these unusual isotopic 
effects have now been confirmed by many methods such 
as ESR, NMR, mass spectra, cyclotron resonance and 
cyclic voltammetry. *-I1 


In order to test the validity of the voltammetric 
results described previously6 and to explore the poten- 
tial isotopic fractionation properties of reducible crown 
ethers and cryptands, compounds 1-4 were reduced to 
their corresponding anion radicals and reacted with a 
solid salt mixture containing 6t7LiC104. These results 
are presented here. 


2, n=O 
3, n=l  


0 


4 


EXPERIMENTAL 


Solvents and reagents. Acetonitrile (Aldrich) was 
refluxed over CaH2 under a dry nitrogen atmosphere 
and stored over PzO5 under vacuum until needed. 
Dichloromethane (HPLC grade, Aldrich) was dried 
over CaHz under vacuum. 'LiC104 (99.984%) and 
6LiC104 (95.5%) were prepared from the isotopically 
pure lithium metals. 


Atomic absorption spectrometry. Atomic absorption 
spectra were measured with a Varian SpectrAA-300 
spectrometer. An air-acetylene flame was used at flow 
rates set by the instrument. The emission sources used 
were a natural hollow-cathode lamp and an enriched 
6Li hollow-cathode lamp. The lamps were operated at 
10 mA. The spectral band pass was set at 0.2 nm for 
the 670.8 lithium line. 


Stock solutions (100 mM) of the isotopic standards 
were prepared by dissolving the 6Li- and 'Li-enriched 
LiC104 in deionised water. Isotopic standard solutions 
were prepared by quantitative dilutions of these stock 
solutions to 0-01-0-04 mM. 


Calibration was accomplished by plotting the ulti- 
mate absorbance ratio of each of the isotopic standard 
solutions against the 6Li abundance in the sample, fol- 
lowing well established procedures. l2 This method is 
known as the 'ultimate absorbance-ratio technique' and 
the theory behind it can be found elsewhere.I3 The 
plotted ratios are obtained by extrapolation of the 
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linear portion of the total lithium concentration vs 
absorbance ratio curves for each standard to zero con- 
centration. l 2 3 l 3  Isotopic compositions of sample sol- 
utions were determined by comparison of their ultimate 
absorbance ratios with those of the isotopic standards. 
The main advantage of this method is that the results 
do not depend on the total lithium concentration in the 
sample solutions. The uncertainty of the final cr values 
determined using this method is 5-6'7'0. 


Sample preparation. Typically, about 10 mg of the 
ligand (1-4) and enough tetrabutylammonium per- 
chlorate (TBAP) (or TBAPF6) are added to compart- 
ment B of the apparatus shown in Figure 1 in order to 
make a 10 mM ligand and a 0.1 M supporting electro- 
lyte solution after solvent addition. There is a high- 
vacuum stopcock between E and the vacuum line, 
which allows removal of the complete system from the 
line. 


The same amount of the supporting electrolyte is 
then added to compartment A. The working and 
counter electrodes were both platinum mesh and a silver 
wire was used as a pseudo-reference in the B compart- 
ment. A 1 mL volume of aqueous solution containing 
20 mg of a mixture of 6LiC104 and 7LiC104 (of known 
composition) was added to D. The system was then 
coupled to the vacuum line via E and evacuated until all 
of the water had been evaporated. The final pressure 
was about mmHg. Approximately 5 ml of acetoni- 
trile were then vapor-transferred directly through the 
vacuum line, keeping the system under vacuum at all 
times. After the ligand and supporting electrolyte had 
dissolved, controlled potential bulk electrolysis was 
conducted using a BAS- 100 electrochemical analyzer. 
The reduction potential was maintained at - 1.0 V. 
Electrolysis was continued until the current dropped to 


E 


A B C D 
Figure 1 .  Diagram of the glass apparatus used to generate the 
anion radicals of ligands 1-4 under high vacuum and also to 


react them with 6LiC104-7LiC104 


10% of its original value. The solution in B (which con- 
tained the anion radical of the ligand and TBA' as a 
counter cation) was then transferred to C, from where 
the acetonitrile was removed by distillation through the 
vacuum line. Dichloromethane was then added by 
vapor transfer directly into C and the newly formed sol- 
ution was transferred to D and allowed to react with the 
solid salt mixture for 30 min while vigorously stirred. 
The solution, which now contained 6Li+ and 'Li' com- 
plexed to the anion radical of the ligand, was 
transferred back to C through the frit that separates C 
and D. The excess of solid salt remained in the D com- 
partment. Oxygen was then bubbled through the 
CHzCl2 solution and the 6*7Li+ was extracted into water 
(300 ml total) by repeated washes. The samples used for 
the isotopic atomic absorption spectrometric analyses 
were prepared directly from these water extracts. 


the four ligands have been reported previously. 14- l6 


Ligands 1-4. The syntheses and characterizations of 


RESULTS AND DISCUSSION 
Most isotopic separation experiments conducted with 
crown ethers and cryptands involve biphasic extraction 
systems, typically chloroform-water. The total metal 
ion concentration in the aqueous phase is relatively high 
while the ligand concentration in the organic phase is 
relatively low. Therefore, after extraction of the iso- 
topes into the organic phase and attainment of equi- 
librium, the isotopic ratio measured in the organic 
phase relative to the original ratio in the aqueous phase 
represents directly the a value, since the relative ratio 
remains essentially unchanged for the water phase. The 
equation defining a is 


(9 ['~i']  org. 


a= (-9 [7Li+] aq. 


This definition can also be applied to a heterogeneous 
system such as that used in this work. Instead of the 
isotope ratio in the aqueous phase, one can substitute 
the corresponding ratio in the solid salt sample. Thus 
the a value is defined as the lithium isotope ratio 
measured in the organic phase relative to the original 
solid salt sample ratio. Treated in this manner the data 
yielded the a values presented in Table 1. 


Even when taking into consideration the degree of 
uncertainty of these measurements, the (Y values for all 
of the Iigands studied, except 2, are much larger than 
previously reported for any crown ether or cryptand 
system. Assuming the maximum experimental error on 
these measurements leading to the lowest possible a 
values, compound 4 would still exhibit an a of 1 * 1 1 ,  
much larger than the 1.057 value reported for 12-C-4.4 
Under a similar assumption, compound 1 would have a 
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Table 1. Isotope separation 
factors ( a )  determined for 


ligands 1-4 


Ligand aa 


1 1-16 2 0.07 
2 1.04 2 0.06  
3 1.15 2 0.07 
4 1.18 -+ 0-07 


"Values are for [ 6 ~ i + 1 / [ 7 ~ i + ]  


value of 1.09 and 3 would have a value of 1 -08. There- 
fore, all of these ligands are better lithium isotope dis- 
criminators than 12-c-4, even when considering 
experimental uncertainties. As does 12-C-4, all of these 
favor extraction of the lighter lithium isotope. 


Within experimental error, compounds 1, 3 and 4 
exhibit essentially the same a value. At present, it is not 
entirely clear why 2 behaves so differently. One possible 
explanation is that the polyether ring of 2, which is con- 
siderably twisted owing to the strain resulting from its 
small size and the rigidity imposed by the anthra- 
quinone group, is not able to interact well with the 
cation. This seems to be evident when CPK models are 
constructed. The oxygen atoms are simply unable to 
adopt a favourable conformation to interact well to 
complex the lithium cation. The other three compounds 
possess more flexibility and are able to interact more 
strongly with the lithium cation isotopes. 


It is not difficult to rationalize why these systems 
exhibit more favorable a values than the simple crown 
ethers by simply invoking the added ionic interactions. 
It is well known that the magnitude of an isotopic frac- 
tionation reaction depends critically on the type of 
chemical bond of the investigated species involved in 
the process. Larger isotopic fractionation are found 
for exchange reactions where the isotopes are covalently 
bound than in the cases where they are ionically 
bound.3 An excellent example of this is presented in 
Ref. 3, p. 83. Although complexation of Li' by the 
reduced ligands in the present cases is not covalent, the 
added intramolecular ion-pair formation must con- 
tribute significantly to strengthening the interaction 
between the cation and the crown ether. It is therefore 
reasonable to argue that the increased strength of the 
interaction results in a more pronounced isotopic dis- 
crimination effect. 


Whether or not there is some kind of 'anomalous' 
effect due to the presence of the unpaired electron in 
these systems is not clear yet. Stevenson et a/. lo recently 
pointed out that there are p:onounced environmental 
(solvent) effects on the AG value for the electron 
transfer reaction between an anion radical and its per- 
deuterated analogue. These effects are larger than can 
be accounted for on the basis of standard theories. 


Further work is in progress in order to establish if 
anomalous isotopic behavior is being observed with 
these reducible macrocycles and macrobicycles. 
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RELATIVE HOMOLYTIC STRENGTHS OF N-H BONDS IN 
CYCLIC AND ACYCLIC DIACYLHYDRAZIDES, IMIDES AND 


HYDRAZOIC ACID 


M. J. BAUSCH,* B. DAVID, V. PRASAD, L.-H. WANG AND A. VAUGHN 
Department of Chemislry and Biochemistry, Southern INinois University-Curbondule, Carbondale, Illinois 62901 -4409, U.S.A. 


With the aid of a thermochemical cycle consisting of acidity and new redox data in dimethyl sulfoxide (DMSO) 
solution, homolytic N-H bond dissociation energies (ABDE values) relative to acetamide (1) (where the N-H BDE 
for 1 is defined as 0 kcal mol-') were determined for diacetamide (O), biuret ( + I ) ,  3,3-dimethylglutarimide (-3), 
diacetylhydrazine ( -  16), 4,4-dimethylpyrazolidine-3,5-dione ( - 25), 4-dimethylurazole (- 291, hydrazoic acid (- 19, 
succinimide ( -  15) and 1,2-dimethylurazole (- 13) (all values in kcal mol-'). These ABDE data provide (a) additional 
evidence for the minimal N-H bond weakening effects of adjacent carbonyl groups, (b) evidence for relatively large 
N-H bond weakening effects of adjacent -NHC(O)R moieties in both cyclic and acyclic hydrazides and (c) evidence 
suggesting that urazolyl radicals are more stable than pyrazolidinedionyl radicals, relative to their hydrogenated 
precursors. Inserting the appropriate acidity and redox data for hydrazoic acid into a thermochemical cycle that 
includes a constant that permits comparison of DMSO solution BDEs with gas-phase BDEs yields estimates of 93 kcal 
mol-' for the homolytie strengths of the N-H bonds present in succinimide and H-N3. The DMSO N-H BDE 
determined in this way for H-N3 is in remarkable agreement with a determination of its gas-phase value, whereas 
the DMSO N-H BDE for succinimide places it intermediate between three published estimates of its gas-phase value. 


INTRODUCTION 


Organic radicals in which unpaired electron density for- 
mally resides on divalent nitrogen are an important 
class of reactive intermediates. One of the more direct 
ways of evaluating the stabilities and reactivities of 
nitrogen-centered radicals is to examine the energetics 
of various N-H bond homolyses. Published gas-phase 
N-H bond-strength data include homolytic enthalpic 
bond dissociation energies (BDEs) for H2N-H 
(107 kcal mol-'), H3CNH-H (100 kcal mol-'1, 
(H,C)2N-H (92 kcal mol-'), F2N-H (76 kcal mol-') 
and C6H5NH-H (88 kcal mol-') (1 kcal= 4.184 kJ). 
That N-H bond strengths are comparable to C-H 
bond strengths can be inferred from comparing the 
aforementioned N-H BDEs with gas-phase C-H 
BDEs for H3C-H (105 kcal mol-I), H3CCHz-H 
(101 kcal mol-'), (Hd&CH-H (99 kcal mol-I) and 
C6H5CH2-H (88 kcal mol-I). On the other hand, 
whereas a pair of a-F substituents weaken the N-H 
bond in H2N-H by ca 30 kcal mol-', C--H BDE data 
for F2CH-H (101 kcal mol-') indicate that similar 
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replacement of hydrogen with fluorine weakens the 
C-H bond in H3C-H by only 4 kcal mol-I (the 
uncertainty in most gas-phase homolytic BDEs is cu 
2 kcal mol-I). 


Among the most studied of all nitrogen-centered 
radicals are imidyl' and hydrazy13 radicals. Despite the 
voluminous literature associated with the chemistry of 
imidyl and hydrazyl radicals, little is known about the 
homolytic strengths of N-H bonds present in the 
parent imides. Recently, BordwellO determined N-H 
BDEs [in dimethyl sulfoxide (DMSO) solution] for the 
appropriate bonds present in several acyl- and sulfonyl- 
hydrazides [DMSO solution BDEs for hydrazyl N-H 
bonds present in hydrazides G-NHNH2 and 
G'-NHN(CH3)2, including G=CH3C(O)-, 
PhC(0)- and PhSO2- (82, 81 and 81 kcalmol-I, 
respectively) and G'=PhC(O)- and PhSO2- (82 and 
80 kcal mol- ', respectively), are given in Ref. 41. This 
paper describes the results of our investigations of the 
DMSO solution homolytic strengths of (imide) N-H 
bonds in diacetamide, 3,3-dimethylglutarimide, suc- 
cinimide, 1 ,Zdimethylurazole, and related imides, 
(hydrazyl) N-H bonds in diacetylhydrazine, 4,4- 
dirnethylpyrazolidine-3,5-dione, 4-dimethylurazole, 
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and related diacylhydrazides and the N-H bond in 
H-N3 (hydrazoic acid). The relative homolytic bond 
strengths for these species were evaluated with the aid 
of thermochemical cycles. 


RESULTS AND DISCUSSION 


The use of thermochemical cycles consisting of 
acid-base and redox data permitted straightforward 
comparisons of the homolytic strengths of chemical 
bonds present in several varieties of solution phase 
organic m o l e ~ u l e s . ~ ~ ~  As shown in the equation 


ABDE(N-H) = 1.37ApKa(N-H) + 23*06AEox(N-) 
(1) 


relative homolytic bond dissociation energies (A BDEs) 
for labile N--H bonds can be obtained by comparing 
(a) the N-H equilibrium acidities for the species at 
hand and (b) the Eo, values for the conjugate bases 
(N-)  derived from the relevant nitrogen acids. It has 
been demonstrated empirically that relative BDEs 
obtained via equation (1) can be converted into 'ab- 
solute' BDEs that agree with gas-phase enthalpic BDEs 


if a constant (ca 56 kcal mol- ' )  is added to its right- 
hand side, in both aqueous6" and DMS06b solution. 


Acidity and redox data necessary to evaluate the rela- 
tive homolytic strengths of N-H bonds present in 
seven imides, nine diacylhydrazides, hydrazoic acid, 
and acetamide are listed in Table 1. All of the data in 
Table 1 were collected in DMSO solution. Inspection of 
the data reveals that the N-H BDEs for acetamide and 
diacetamide are approximately equal. These data 
provide further confirmation of the minimal effect that 
adjacent carbonyl groups have on the homolytic 
strengths of N-H bonds, since Bordwell et al. " have 
shown that the solution-phase N-H BDE for ace- 
tamide is approximately equal to the gas-phase N-H 
BDE for ammonia. Mindful of the fact that the ABDEs 
in Table 1 reflect changes in both the stability of the 'ni- 
trogen acid' (N-H) and the incipient nitrogen-centered 
radical (N - ) derived from the nitrogen acid, it seems 
likely that the stabilization afforded N .  by adjacent 
carbonyl groups is offset by the stabilization afforded 
N-H by the same carbonyl moieties, in both acetamide 
(1) and diacetamide (2). ABDE data for biuret (3) 
indicate a minimal bond strengthening effect due to  the 


Table I .  DMSO solution pK, values (25 'C) and relative acidity constants (ApK,) for substrates 1-18, oxidation potentials 
[Eortn ~ H+ )] and relative oxidation potentials (A&) for the conjugate bases derived from substrates 1-18 and relative N-H 


homolytic bond dissociation energies (ABDE) for 1-18 


APK: Eow ~ H I' A E , , ~  ABDE' 
Substrate (n) pKa" (kcal mol- ')  (V) (kcal mol-I) (kcal mol I) 


Acetamide (1) 
Diacetamide (2) 
Biuret (3) 
3,3-Dimethylglutarimide (4) 
Diacetylhydrazine (5) 
Di benzoyl hydrazine ( 6 )  
4,4-Dimethylpyrazolidine-3 ,5-dione (7) 
4-Dimethylurazole (8) 
4-Phenylurazole (9) 
4-(4-Methoxyphenyl)urazole (10) 
4-(4-Methylphenyl)urazole (11) 
4-(3-Chlorophenyl)urazole (12) 
4-(4-Chlorophenyl)urazole (13) 
Hydrazoic acid (14) 
Succinimide (15) 
Hydantoin (16) 
I-Methylhydantoin (17) 
1,2-Dimethylurazole (18) 


25.54 
17.9' 
20.1 
17.3' 
16.7' 
13.6 
13.5' 
12. 38,9 


11.4R 
11.3' 
10.4' 
10.6' 
7.91' 


14.7" 
15.08.9 
14.7'' 
12.3t.' 


11 .08,9 


(0.0) 
- 10.8 


-7.8 
-11.6 
- 12.1 
- 16.3 
- 16.4 
- 1 8 . 1  
- 19'9 
- 19.3 
- 19.5 
- 20.7 
-20.4 
-24.5 
- 15.2 
- 14.8 
- 15.2 
- 18.4 


0.734 
1.18 
1 . 1 1  
1.12 
0.56 
0.65 
0.36 
0.27 
0.34 
0.31 
0.32 
0.40 
0.36 
1.14 
0.74 
0.74 
0.73 
0.96 


(0.0) 
+ 10.4 
+ 8.8  
c 9 . 0  
- 3.9 
-1.8 
-8 .5  
- 10.6 
- 9 . 0  
-9 .7  
- 9-5  
- 7 . 6  
-8 .5  
+ 9 . 4  
+0.2 
+ 0.2 


0-0  
+ 5.3  


(0.0) 
0 


+ 1  
- 3  
- 16 
- 18 
- 25 
- 29 
- 29 
- 29 
- 29 
- 28 
- 29 
- 15 
- 15 
- 15 
- 15 
- 13 


References for the acidity data, if  published previously, are given. 
bAt  2S°C, I pK, unit is equal to 1.37 kcal mol- ' .  Therefore, for a given substrate n, where n possesses two acidic protons, ApK. (kcal 
molV')= 1.37[pKaI,,-25.5], where 2 5 . 5  is the pK, for acetamide in DMSO solution. If n possesses one acidic proton, ApK, (kcal 
m o l - l ) =  I.37[pKa,., - 25.81. Negative ApK, values signify that the molecule in question is a stronger acid than acetamide. 
'For electrochemistry conditions, see Experimental. The EolI,, . H+)  value for acetamide is taken from Ref. 4. 
'At 2SoC, I V is equal to  23.06 kcal mol- ' .  For the anion derived from a given substrate n ,  AE,,(kcal mol - ' )=  23.06[E,,I,,- ~ - ) - 0 . 7 3 ] ,  where 
0.73 is the E,, value for the anion derived from acetamide in DMSO solution. Negative AE,,, values signify that the anion in question is easier 10 


oxidize than the conjugate base derived from acetamide. 
'ABDE values were determined with the aid of equation (1). Positive ABDE values signify that the bond in question is stronger than the analogous 
bond in acetamide. 
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replacement of H3C- in 2 with HzN-; slightly larger 
bond strengthening effects result when H3C- in 
H3CC(0)NH2 and H3CC(S)NH2 is replaced with 
HzN-. ' I  The pK, and, to a lesser extent, the ABDE 
data are therefore consistent in suggesting that electron- 
donating substituents G, when present as in 
G-C(O)NH2, act to strengthen (in both heterolytic and 
homolytic senses) the amide N-H bond. 


Further inspection of the data in Table 1 reveals that 
cyclization of diacetamide (2), forming 3,3- 
dimethylglutarimide (4), results in 3 kcal mol-' 
weakening of the imide N-H bond. Effects of this 
magnitude are not surprising in the light of similarly 
small changes in C-H BDEs (<3 kcal mol-I) for 
the following acyclic-cyclic pairs of molecules: 
dimethyl malonate-Meldrum's acid, pentane-2,4- 
dione-dimedone and pentan-3-one-cyclopentanone. I' 


2 3 4 


Diacylhydrazine N-H bond strengths 


Arylhydrazyl radicals are among the most widely 
studied of all organic radicals, in part due to their 
remarkable persistence. Bordwel14 has determined that 
the a-amino substituents in H3CC(O)NHNH2 and 
PhSOzNHNH2 weaken (in a homolytic sense) the N-H 
bonds in the parent amides HSC(O)NH2 and 
PhSOzNHz by ca 25 kcal mol-l, a difference that, from 
a thermodynamic perspective, certainly accounts for a 
good portion of the kinetic stability exhibited by 
hydrazyl radicals. In order for a given hydrazyl radical 
to display kinetic stability (i.e. persistence), the radical 
must possess (a) substantial delocalization of the 
unpaired electron, (b) steric congestion in the vicinity of 
the unpaired electron and (c) substitution appropriate 
to prohibit disproportionation. l3  In elegant studies, 
Pirkle and GravelL4 examined the chemistry of 
diacylhydrazyl radicals derived from urazoles and 
pyrazolidine-3,5-diones. Urazolyl radicals possessing 1 - 
a-cumyl and 1-fert-butyl substituents were isolated, and 
as such were the first hydrazyl radicals to be isolated in 
which the hydrazyl nitrogens lack a directly bonded 
aromatic group. The isolation of the appropriately sub- 
stituted urazolyl radicals indicates that radicals derived 
from selected urazoles can be classified as persistent 
hydrazyl radicals. Analysis of the homolytic strengths 
of N-H bonds found in variously substituted urazoles 
with the aid of equation (1) thus seemed feasible, since 
the demonstrated persistence of selected urazolyl 
radicals seems likely to result in near optimum cyclic 


voltammetric (CV) oxidations of the respective urazo- 
lide anions. In addition, DMSO acidity data for the 
urazoles and related species are readily accessible. *,' 


Acidity and redox data in Table 1 allow the determi- 
nation of the ABDE data for diacetylhydrazine (5), 
dibenzoylhydrazine (6), 4,4-dimethylpyrazolidine-3,5- 
dione (7) and 4-dimethylurazole (8). Inspection of the 
A BDE data for diacetylhydrazine reveals that the 
adjacent -NHC(O)CH3 moiety weakens the N-H 
bond in acetamide by about 16 kcal mol-', a result in 
sharp contrast to the near-zero bond weakening effect 
due to -C(O)CH3 (i.e. diacetamide ABDE = 0). ABDE 
for dibenzoylhydrazine ( -  18 kcal mol-I) is of a similar 
magnitude to that of diacetylhydrazine. The 
-NHC(O)CH3 and -NHC(O)Ph substituents thus 
have large bond-weakening effects on adjacent N-H 
bonds, in both heterolytic and homolytic reactions. 


5 6 


7 8 


Further inspection of the ABDE data in Table 1 
reveals that (a) the N-H bond in 4,4- 
dimethylpyrazolidine-3,5-dione (7) is about 
9 kcal mol-' weaker than the N-H bond in diacetyl- 
hydrazine (5) and (b) the N-H bond in 4- 
dimethylurazole (8) is about 4 kcal mol- ' weaker than 
the N-H bond in 4,4-dimethylpyrazolidine-3,5-dione 
(7). The ABDE data for diacetylhydrazine (S), 
4,4-dimethylpyrazolidine-3,5-dione (7) and 4-dimethyl- 
urazole (8), and the inferences (these inferences 
assume that the changes in the N-H BDEs for 5, 
7 and 8 are due mainly to changes in the stabilities of 
the radicals 5 - H e ,  7 - H .  and 8 - H . )  that can be 
drawn from these data (i.e. that 8 - H is more stable 
than 7- He and that 7 -  H -  is more stable than 
5 - H ) are supported by spectroscopic and kinetic 
analyses of these and related species. First, EPR spectra 
for urazolyl radicals indicate that the unpaired electron 
is delocalized over the entire heterocycle. l4  Evidently, 
the cyclic nature of the urazoles forces the two acyl 
groups into a coplanar relationship that facilitates 
delocalization of the unpaired electron over the entire 
heterocycle. On the other hand, it is likely that the 
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p-orbitals located on the adjacent nitrogens in diacetyl- 
hydrazine are not coplanar, since NMR data for 1,2- 
dibenzyl-l,2-methoxycarbonylhydrazine indicate a n  
orthogonal relationship between the two acyl groups in 
this species. I s  Second, EPR spectra for pyrazolidine- 
dione radicals indicate that the unpaired spin density is 
present mainly on the hydrazyl nitrogens. l4 Finally, 
a-cumylpyrazolidinedione radicals have been observed 
to be less persistent than a-cumylurazole radicals, an 
effect ascribed to the presence of the imide nitrogen in 
the urazoles.14 


The fact that the ABDE data for diacetylhydrazine 
(5), 4,4-dimethylpyrazolidine-3,5-dione (7) and 4- 
dimethylurazole (8) confirm previous assertions l4 
regarding the relative stabilities of the radicals derived 
from these species attests to  the viability of homolytic 
bond strength evaluations via equation (1). 


EPR spectra I4 also indicate that unpaired spin 
density is not appreciably delocalized into the N-4 
phenyl of the 1,4-diphenylurazolyl radical. It is there- 
fore not unexpected that there is essentially no change 
in the N-H BDEs for the five variously substituted 4- 
arylurazoles 9-13: the 4-C1, 3-C1, 4-CH3 and 4-CH3O 
substituents have minimal interaction with the unpaired 
electron (Table 1). 


Hydrazoic acid, succinimide and hydantoin imide 
N-H bond strengths 


Also listed in Table 1 are acidity and redox data 
necessary to  determine the ABDE (in DMSO) for the 
N-H bond in H--N3, relative to acetamide. The data 
suggest that the N-H bond in H-N3 is about 
14 kcal mol- '  weaker than the N-H bond in ace- 
tamide. With the incorporation of the 56 kcal mol-'  
constant in the right hand side of equation ( I ) ,  it can be 
estimated that the 'absolute' DMSO solution BDE for 
H-N3 is 93 kcal mol-I, a value in remarkable agree- 
ment with a determination of the gas-phase BDE for 
H-N3 (92 2 5 kcalmol-')L6 [the N-H BDE in 
H-N3 was previously determined to be 
79-4  kcalmol-I (Ref. 17)]. Also listed in Table 1 are 
acidity and redox data that allow A BDE determinations 
for succinimide (15), hydantoin (16), 1- 
methylhydantoin (17) and 1,2-dimethylurazole (18) 
( -  15, - 15, - 15 and - 13 kcal mol-I, respectively). 
That the imide N-H bond in succinimide is ca 10 kcal 
mol-l stronger than a hydrazyl N-H bond in 4,4- 


dimethylpyrazolidine-3,5-dione (7) is not surprising in 
light of the apparent localization of the unpaired 
spin density (ca 60%) on the I4N imide nitrogen in 
15 - H * , the succinimidyl radical. On the other hand, 
the data suggest that the imide N-H bonds in 15-18 
are ca 12-15 kcal mol-' weaker than the imide N-H 
bonds in diacetamide (2) and 3,3-dimethylglutarimide 
(4). 


The observed 10 kcal mol-' difference in N-H 
BDEs for 4,4-dimethylpyrazolidine-3,5-dione (7) and 
succinimide (15) is well outside the estimated uncer- 
tainty in each value (estimated to  be ? 2 kcal mol-', see 
Experimental). Differences in the N-H homolytic 
bond strengths for succinimide (and also 16-18) and 
3,3-dimethylglutarimide are perplexing, and are prob- 
ably best rationalized by invoking a stereoelectronic 
effect associated with the five-membered heterocycles 
15-18. It is important to note that the ApK, data for 
diacetamide (2), 3,3-dimethylglutarimide (4) and suc- 
cinimide (15) ( -  10.8, - 11.6 and - 15.2, respectively) 
indicate a moderate heterolytic N-H bond-weakening 
effect when comparing the five-membered heterocycle 
15 with the larger cyclic [3,3-dimethylglutarimide (4)] 
and acyclic [diacetamide (2)] imidyl relatives. We are 
currently examining the structures and energetics of 
various amides, imides and their corresponding anions 
and radicals via ab initio techniques. These studies are 
aimed at  attaining a greater understanding of the rela- 
tive heterolytic and homolytic N-H bond strengths in 
species such as 7, 15 and 16-18. 


The succinimide ABDE data are especially interesting 
in the light of previous estimates of the resonance 
energy and stability of the succinimidyl radical. On the 
basis of the observed 22 kcal mo1-I bond-weakening 
effect of two RC(0)  groups on the 0-0 bond strength 
in HzO2, Walling19 estimated that the resonance energy 
of the succinimidyl radical is greater than 
17 kcal mol-I. In arguments based in part on the expec- 
tation that the BDE for the N-N bond in the suc- 
cinimide dimer (i.e. a pair of succinimidyl radicals 
bound at N) should be 0 kcalmol-I, Dauben and 
McCoy2' estimated that the resonance energy of the 
succinimidyl radical is ca 30 kcal/mol-'. On the other 
hand, Hedaya et ~ 1 . ' ~  observed that the succinimide 
dimer was recovered unchanged after (a) treatment (in 
a sealed tube) for 24 h at 400-500 OC, (b) treatment for 
48 h at 230 "C while refluxing in a 3 :  1 mixture of 
diphenyl ether and tetralin and (c) treatment for 40 h in 


0 0 
H A N / (  H,C. 4 


",C" -c( 
I N-H 


YH 0 0 


1 5  1 6  1 7  1 8  
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refluxing chlorobenzene in the presence of excess of 
bromine. Therefore, they estimated that the N-N BDE 
in the succinimide dimer is about 60 kcal mol-' and 
that the N-H BDE in succinimide is about 
100 kcal mol-' .  


The acidity and redox data for succinimide listed in 
Table 1, combined with the use of the 56 kcal mol-' 
constant in equation (1),6b yield an estimate of 
93 kcal mol-'  for the N-H BDE for succinimide (15). 
As always, the irreversible nature of the oxidation 
potential for the succinimide nitranion demands 
caution in the interpretation of the ABDE data. Never- 
theless, the demonstrated usefulness of equation (1) 
and related cycles' combined with the constancy in 
the imide N-H ABDE data for succinimide (15), 
hydantoin (16), 1-methylhydantoin (17) and 1,2- 
dimethylurazole (18) provide support for the listed 
values. 


CONCLUSIONS 


The data presented in this paper suggest that (a) there 
are similarities in the stabilities of the radicals derived 
from diacetamide and acetamide (2 - H - and 1 - H - , 
respectively), relative to diacetamide and acetamide (2 
and 1, respectively); (b) cyclization t o  six-membered 
heterocycles has little effect on  the heterolytic and 
homolytic strengths of imide N-H bonds (i.e. diace- 
tamide and 3,3-dimethylglutarimide A BDE values are 
within 3 kcal mol-' of each other); (c) cyclization to  
five-membered heterocycles weakens both the hetero- 
lytic and homolytic strengths of imide N-H bonds, 
since the ABDE value for succinimide is 15 kcal mol-'  
more negative than that for diacetamide; (d) adjacent 
-NHC(O)R moieties (as in diacetylhydrazine) weaken 
N-H bonds by cu 15 kcal mol-'; (e) radicals derived 
from cyclic diacylhydrazines are more stable than those 
derived from acyclic diacylhydrazines, relative to  their 
hydrogenated precursors; and (f) urazolyl radicals are 
more stable than pyrazolidinedionyl radicals, relative to  
their hydrogenated precursors. Points (e) and (f) are 
in agreement with spectroscopic and kinetic data 
published by Pirkle and Gravel. l 4  


EXPERIMENTAL 


Substrates 1-6 and 15-17 are all commercially 
available (Aldrich) and were crystallized to  literature 
melting points prior to use. Potassium azide (14 - H + )  
was purchased from Aldrich and used as received. The 
syntheses of 7-12 and 18 were described previously.' 


Dimethyl sulfoxide was purified and potassium dim- 
sylate was synthesized as described by Matthews et ul. " 
EtdN'BFi was recrystallized from acetone and was 
allowed to  dry at 110 "C under vacuum prior to  dissolu- 
tion in DMSO. 


All of the pKa values in Table 1 have been published 
previously (references for these values are listed in 
Table l ) ,  except for biuret (3) and dibenzoylhydrazine 
( 6 ) .  The method used to  determine the pKa values for 
3 and 6 was identical with that described 
previously. 9a*'Z Biuret was equilibrated vs 9- 
benzylfluorene ( ~ K H A  = 2 1.4) lo and carbazole 
( ~ K H A  = 19-9), '' whereas dibenzoylhydrazine was equi- 
librated vs 9-fluorenone-4-chlorophenylhydrazone 
(PKHA = 14.15)'' and 9-fluorenone-2,4-dichloro- 
phenylhydrazone ( ~ K H A  = 11 -98). '' Standard devi- 
ations within a run (each consisting of at least three 
titration points) were generally less than 0.06 pK unit. 


Dimethyl sulfoxide electrochemistry: 0.1 M 
Et4N+BFi electrolyte; P t  working and Ag/AgI refer- 
ence electrodes [ferrocene/ferrocenium = + 0.875 V (vs 
Ag/AgI) as internal standard, values corrected to 
NHE,, by subtracting 0.125 V] (the conversion of 
redox data collected using a n  Ag/AgI reference elec- 
trode into data that are relative to  NHE,, has been 
described p r e v i o ~ s l y ~ ~ ~ ' ~ ~ ' ~ ) .  In the argonated electro- 
chemical cell, the nitranions were present in 1-2 mM 
concentrations, with the exception of the succinimide 
nitration. The CV wave for the succinimide nitranion 
was not fully resolved at 1-2 mM concentration; there- 
fore, higher concentrations (cu 5 mM) were employed 
for this species. The E,, values in Table 1 are the anodic 
peak potentials for the irreversible oxidations of anions 
derived from 2-18, as  reported by a BAS lOOA electro- 
chemical analyzer, and are the averages of several runs 
for each compound. The reproducibilities of the E,, 
values are Q25 mV (cu 0 .5  kcal mol-I). The uncertain- 
ties in the pKa values (? 0.1 pKa unit) in Table 1, com- 
bined with the irreproducibilities and irreversible nature 
of the E,, values in Table 1, suggest overall uncertain- 
ties in the ABDE values of cu 2 kcal/mol-'.Sa*6 
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REDUCTION OF 1-BENZYL-3-CYANOQUINOLINIUM ION BY 
PHOSPHONATE: SOLVENT EFFECTS IN PROPAN-2-OL-WATER 


MIXED SOLVENTS 
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Rate constants (k,) were determined for the reduction of 1-benzyl-3-cyanoquinolinium ion by phosphonate dianion 
in mixed solvents consisting of propan-2-01 and water. The reduction product was mostly l-benzyl-3-cyano-1,4- 
dihydroquinoline with a trace of the 1,2-isomer. The solvent properties were varied by increasing the fraction of water 
in the mixed solvent, which increases the polarity of the solvent. Increasing the proportion of alcohol makes the 
solvent a better electron pair donor. The higher fraction of propan-2-01 in the mixed solvent gives rise to a substantial 
increase in kl. A quantitative comparison of the solvent effect on this reaction with the solvent effects on related 
reactions suggests a solvent Bransted a value of 0.45. This suggests that the PO; unit of the transition state 
interacts only weakly with the solvent although the final oxidized product is phosphate. 


INTRODUCTION 


Because of the importance of nicotinamide adenine 
dinucleotide (NAD + ) in biochemical reduction and 
oxidation transformations, the mechanisms of these 
reactions has generated a great deal of interest and 
debate. I , '  Such reactions formally involve transfer of a 
hydride equivalent from a hydride donor (NADH) to a 
substrate which is a hydride acceptor, or the chemical 
reverse of this process. The mechanism of these 
reactions is thought to be a direct hydride transfer (one- 
step r e a ~ t i o n ) ~ - ~  without high-energy intermediates, 
although the transfer of the proton and the two 
electrons may not be perfectly coordinated. 'J 


A large number of studies, using a variety of struc- 
tural analogues of NAD', have been carried out to 
explore various aspects of the mechanism. The most 
widely studied NAD + models are quaternary nitrogen 
heterocyclics such as quinolinium ions, 9-  acridinium 
ions9-L3.15 and phenanthridinium ions, lo- 1331s in 


* Author for correspondence. 


addition to pyridinium ions. 9 - 1 5  Among these, quino- 
linium compounds and pyridinium ions have been 
explored in greatest detail. When quinolinium ions are 
reduced, they produce either 1 ,2-dihydroquinoline 
or 1 ,4-dihydroquinoline, or both. Bunting and 
Fitzgerald reported that 1,4-dihydroquinoline is the 
thermodynamically controlled product in the reaction 
of C-3-substituted 1-methylquinolinium cations with 
OH - when the substituents are CONH2, COOCH3, 
CN and NO2, whereas 1,2-dihydroquinoline is the 
kineticaIly controlled product (Scheme 1). 


This is also true of the hydride-transfer reactions. 
The first-formed 1 ,2-dihydroquinoline isomerizes to 
1,4-dihydroquinoline in the presence of the corre- 
sponding cation by hydride transfer. l4 In general, 3- 
substituted quinolinium cations produce exclusively 
1,4-dihydroquinoIines when they react with NADH 
analogues, 9 -  13,15 but 1.2-dihydro- and 1,4- 
dihydroquinoline derivatives are produced by 
0 ~ - 1 7 - 1 9  BHI'4919 and BH3CN-.20 


The effect of the solvent on the rate constant can help 
in elucidating the reaction mechanism. In fact, it has 
been very useful for some nucleophilic substitution 
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CH3 
Scheme 1 


In this paper we describe the reduction 
of 1-benzyl-3-cyanoquinolinium cation (Q + ) by 
phosphonate in mixed solvents consisting of propan-2- 
01 and water [equation (l)] . The rate constant for this 
reaction is designated k2. We examine the solvent effect 
on kz by varying the ratio of propan-2-01 to water from 
1 : 1 by volume to pure water. 


BZ 


For this study the acid dissociation constants of 
H3PO3, Kal and Ka2, were needed in each of the 
solvent mixtures, and they were measured [equations 
(3) and (4)]. The KR+ of the quinolinium ion [equation 
(S)] was also measured in each solvent. The equilibrium 
constant for the reduction of the quinolinium ion, Kes, 
could not be measured for the reaction shown in 
equation (2), KZ can be equated to KR+IKa,. 


Kz Q' + HP0:- + HzOt , QOH + HzPOF (2) 


The reaction shown in equation (2) resembles that 
shown in equation (1) in many respects. The solvent 
effect on kz will be compared with that on Kz. 


RESULTS 
Reduction of 1-benzyl-3-cyanoquinolinium cation (Q' ) 
by phosphonate in a propan-2-01-water mix- 
ture gives phosphate and l-benzyl-3-cyano-l,4- 
dihydroquinoline with a trace (< 1%) of the 1,2-isomer. 
The identity of the main product was easily determined 
from its characteristic electronic spectrum, which has 
the maximum absorbance at 329 nm.9 The rate of the 
reaction was measured spectrophotometrically by 
observing the growth of product absorption ato340 nm 
in the propan-2-01-water solvent system at 25 C. The 
interpretation of the results was complicated by the fact 
that both reactants are involved in acid-base reactions. 


Phosphonic acid is a diprotic acid. When phosphonic 
acid dissociates, it loses a proton from one of the 
hydroxyl groups with the first dissociation constant, 
Ka,. Then the resulting conjugate base loses the second 
proton from the other hydroxyl group with the second 
dissociation constant, Kal, as shown in equations (3) 
and (4). 


HPOz(0H) 2 HP0:- + H +  (4) - 
The two pKa values of phosphonic acid in aqueous 
propan-2-01 solution are listed in Table 1. The K, values 
are expected to increase as the water content of the 
solvent increases owing to the increase in the dielectric 
constant and solvation of the ions by water. This expec- 
tation was realized. For both Kal and Ka2 there is a 
good linear correlation of pK, with the percentage (by 
volume) of propan-2-01 in the mixed solvents, as shown 
in Figure 1. We know of no theoretical reason why 
these plots should be linear, but their linearity is very 
useful for interpolation and comparison. As expected, 


Table 1. Dissociation constants of phosphonic acid in various 
propan-2-01-water mixed solvents 


Propan-2-o1:water (v/v) PKa, a PKa, a 


50: 50 2.35 7.45 
40 : 60 2.27 7.21 
30 : 70 2.21 1.19 
20 : 80 2.09 6.97 
10:90 2.04 6.75 
0: 100 1.98 (2.00)b 6.57 ( 6 ~ 5 9 ) ~  


aThe scatter of replicate measurements is ca kO.01. 
bAt 18OC; from R. C. Weast (ed.), CRC Handbook of Chemistry and 
Physics, 61st ed., p. D-167. CRC Press, Cleveland, OH (1980-81). 


0 10  20 30 40  5 0  6 0  


Volume % of '2-propanol 


Figure 1. Correlation of pKa, and pKa2 with volume percen- 
tage of propan-2-01 in the mixed solvents 
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the slope is much larger for Ka2 than for Ka, 
(1.75 x for pKal, 7 . 6 x  for PKa,). Each 
value shown is the average of 2-4 determinations. The 
average deviation from the mean PKa is less than 0.01. 
The measurement of the reaction rates was carried out 
in the solution of pH 7.0-8.7. In this pH range 
phosphonic acid is almost entirely in the form of the 
mono- or dianion. On the other hand, the oxidant, Q +, 
is a pseudo-acid. Its reaction with water and propan 
-2-01 is represented in equation ( 5 ) .  The equilibrium 
constant for the reaction is designated KR+. 


(5) 
KR * 


In the present system, R may be either H or isopropyl. 
We believe, however, that for the most part, R is likely 
to be H owing to the bulk of the isopropyl group. The 
acidity of Q' is also solvent dependent. In contrast to 
phosphonic acid, the KR+ value is expected to decrease 
as the solvent is made more aqueous, because there is 
no change in charge type and the alcohol, which has 
two unshared pairs of electrons and only one hydroxylic 
proton, is a better solvent for H +  than water.26 


The values of ~ K R +  of Q' in the various solvents are 
listed in Table 2. They change in the expected way. Like 
the pKa values, ~ K R +  correlates linearly with the 
percentage of propan-2-01 the mixed solvent, as shown 
in Figure 2. The ~ K R +  values are the averages of two 
sets of experiments which produced 16-20 ~ K R +  values 
from 5-6 buffer solutions. The absorbance was 
measured at two wavelengths for each solvent (305 and 
330 nm). The average deviation from the mean value 
did not exceed 0.04. In the pH range for the measure- 
ment of the rate of reduction, the oxidant, Q + ,  is 
significantly hydroxylated. At pH > 7 the first ioniza- 
tion of phosphonic acid is complete, but the second is 
not. Taking all the foregoing into account, the kinetics 
were assumed to be described by Scheme 2. 


Following this scheme, the rate constant k2, can be 
obtained from the equation 


Q t + R O H v  QOR + H +  


Table 2. Pseudo-acidity of Q' in 
various propan-2-01-water mixed sol- 


vents 


Propan-2-01 :water (v/v) PKR+' 


80 : 20 
50: 50 
33 : 67 
25 : 75 
20: 80 
0: 100 


5.11 
5.81 
6.55 
7-08 
7.41 
7.82 


a The scatter of replicate measurements is ca 
k0.04. 


c - 8.0 


7.0 


PK,+ 
6.0 


5.0 


0 20  4 0  6 0  8 0  100 


Volume % of 2-propanol 


Figure 2. Correlation of ~ K R +  of Q' with volume percentage 
of propan-2-01 


HzP03= HP0:- + H+ 
Q' + H2O = QOH + H+ 


Q' + HP0:- + HzO 2 QH + H2POT + H'  
Scheme 2 


where UH is the activity of H + ,  r+  is the mean activity 
coefficient of the solution described under Experimental 
and r -  and rz- are the activity coefficients of the mono- 
and dianion of phosphonate. The values for KR+ and 
Ka2 which were not determined experimentally but were 
needed for calculation of kz were obtained from inter- 
polations using the plots shown in Figures 1 and 2. The 
values of kz which were calculated using equation (6 )  
are given in Table 3. The kinetic measurements were 
repeated at least four times for each solvent. The 
average deviation from the mean is less than 1 % of the 
value in each case. The plot of k2 as a function of 
phosphonate concentration over a factor of 4 showed a 
slope for unity. As with the equilibrium constants, 


Table 3. Rate constant for the reduction of Q.' by 
phosphonate in various propan-2-01-water mixed solvents 


Propan-2-01 : water (v/v) 


50 : 50 
33:67 
25 : 75 
20 : 80 
17 : 83 
14:86 
13 : 87 
11:89 
10: 90 
0 :  100 


63.02 
21.84 
12.06 
7.84 
6.81 
6.31 
5.82 
5 .56  
5 .07  
3.43 


'The scatter of replicate measurements is cu k I % .  
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- 1  .o  


- 1 . 4  


-1.8 


1% k2 
-2.2 


-2.6 


-3.0 


Volume % of 2-propanol 


Figure 3. Correlation of log k2 with volume percentage of 
propan-2-01 


log k2 was found to be a linear function of the volume 
percentage of propan-2-01 from 0 to 50%. The plot is 
shown in Figure 3. 


EXPERIMENTAL 


Materials. Q' was prepared from the reaction of 3- 
cyanoquinoline with a two- to bhreefold excess of 
benzyl bromide by heating at 120 C for 30 min with 
stirring. The crude product was recystallized from 
absolute ethanol to give a >70% yield. This is an 
improvement on the high-temperature, solvent-free 
method described previously. l 3  A stock solution of 
phosphonate of p H  = 7 was prepared from aqueous 
phosphonic acid solution by adding a small, predeter- 
mined volume of 5 M NaOH. The concentration of the 
phosphonic acid was determined by titration with stan- 
dard NaOH solution. Propan-2-01 (commercially pur- 
chased, spectroscopic grade) was distilled from 97% 
HzSOJ (ca 0.2% by volume) to remove any basic 
impurities which might be present in the alcohol. Water 
was distilled once and then redistilled from a small 
amount of 97% HzS04. 


Measurements. Rate constants were determined 
spectrophotometrically . The temperature of the 
reacting solution was maintained at 25 -0 5 0.1 "C by 
the temperature-regulated cell compartment in the spec- 
trophotometer. All rate constants were measured with 
the reducting agent in at least 500-fold excess. Pseudo- 
first-order rate constants, kobs ,  were obtained from the 
equation. 27 


k o b s  = h [ A o  - A m ) ] / ( A ,  - A m ) ]  (7) 
where A,  is the absorbance at time t of 1,4- 
dihydroquinoline at 340 nm, which increases as the 
reaction proceeds; i t  was monitored for at least four 
half-lives. Rate constants and A ,  values were obtained 


from the experimental data by a program which 
minimizes the sums of the squares of the differences 
between measured and recalculated At values. The pK, 
values of phosphonic acid were determined electro- 
metrically in various combinations of propan-2-01 and 
water by using an automated potentiometric titrimeter 
with a glass electrode and a saturated calomel electrode 
as reference. The phosphonic acid was 0.05 M at the 
beginning of the titration and the titrant was 0.1 M 
NaOH in the same solvent. 


Assuming that the activity coefficients of ions are 
given by the Debye-Huckel equation and the activity 
coefficient of HsPO3 is unity, Ka, = uHr4 and 
Ka2 = a ~ r z - l r -  = aH exp(3 In r?) at  the end-points.28 
The required r, values were obtained from equation 
(8).29 The solvent correction of the pH for each mixed 
solvent was determined by measuring the p H  values of 
four standard solutions of HC104 whose concentrations 
were between and 1 0 - 4 ~  in each solvent. The 
activity coefficients in those solutions were assumed to 
be unity. The correction was obtained by averaging the 
difference between measured and theoretical p H  values. 
The equilibrium constants, KR+,  for the reaction of Q' 
with the mixed solvents were determined from the 
spectra of  the Q' in a series of buffer solution with p H  
values between 4 and 10 and, in most cases, in 
5 X M NaOH. The KR+ values were obtained from 
equation (9) in which r+ is the activity coefficient 
obtained from the Debye-Hiickel equation as given in 
equation (8). '' 


- A  Z 2  I 1'2 
log r, = 


1 + Baf"Z 


Parameters A and B were calculated by taking the 
dielectric constant for each solvent, which was obtained 
by linear interpolation of known values of the dielectric 
constant for pure solvents, 30 Z is the ionic charge, a is 
relatcd to ion size or hydrated diameter and a value of 
8.5 A was used3' and I is the ionic strength. 


DISCUSSION 


In the kinetic scheme, phosphonate dianion is repre- 
sented as the only reducing agent for simplicity. We 
believe that phosphonic acid does not act as a reductant 
of quinolinium ion. Phosphonate monoanion does 
reduce quinolinium ion, but we d o  not believe that it is 
an important reactant under the present conditions. It 
has been reported that the dianion and monoanion of 
phosphonic acid have the rate constants of 9 - 6  x lo7 
and 25 * 3, respectively, for the reduction of halogens. 32 
This indicates that the dianion is more reactive than the 
monoanion by a factor of > LO6. If this factor is main- 
tained for the reduction of quinolinium ion, the rate 







SOLVENT EFFECTS IN PROPAN-2-OL-WATER 213 


constant contributed by the monoanion would be negli- 
gible since the concentrations of monoanion and 
dianion are comparable at our operating pH values. We 
measured the rate constants of the two reactions in a 
solvent consisting of propan-2-01-water (1 : 4, v/v). The 
rate constant for the dianion is much larger than that 
for the monoanion by a factor of > lo6. 33 Thus, at the 
lowest pH used in this work, the monoanion accounts 
for much less than 1% of the total rate. We therefore 
neglected it. 


The reaction rate constant is increased when the 
percentage of propan-2-01 in the mixed solvent is 
increased. It is about 20 times larger in propan-2- 
ol-water ( l : l ,  v/v) than in pure water. As noted above, 
the reaction shown in equation (2) is very similar to that 
shown in equation (1). It has the same reactants; the 
products are of the same charge type and similar struc- 
ture. As shown in Figure 4, log K2 is a substantially 
linear function of the volume percentage propan-2-01 in 
our mixed solvents, from 0 to SO%, with a slope of 
5-74 x because log KR+ and log Ka2 are both 


linear with respect to the volume percentage of propan- 
2-01, with slopes of 3.64 x lo-' and - 1.74 x and 
K2 = K R + I K ~ ~ .  We assume that log Keq would be also 
linear with respect to the percentage of propan-2-01, 
with the same slope as log K2, 5.74 x lo-*. Since log k2 
is linear with respect to the percentage of propan-2-01, 
with a slope of 2.61 x 


(10) 
can be applied. A value of 0.45 is obtained for a. This 
is in contrast with the Branstad cr value of 0.63 
obtained by introducing substituents into the benzyl 
group. 33 Possible reaction mechanisms are shown in 
Scheme 3. 


In both of these mechanisms hydride is transferred 
from P to C in the rate-limiting step, and the POT unit 
is interacting with water. Metaphosphate ion, PO 7, is 
a known species in the gas phase.36 In hydroxylic sol- 
vents, the incipient metaphosphate ion is apparently 
trapped before it is fully formed. 37938 Nevertheless, as 
seems to be common in reactions where a 


the Bransted 
log k =  a log K +  C 


metaphosphate unit is transferred, the total transition 
state binding of the metaphosphate unit is 
We believe that such circumstances are responsible for 
the present observations. The two protons of H2P04 
are much more acidic than the two protons of HzO. The 
interaction of H2P04 with solvent makes a larger nega- 
tive contribution to the system free energy as the 
alcohol content of the solvent becomes larger. How- 
ever, the conversion of the H20 portions to H2PO; 
portions is very incomplete at the transition state, so the 
solvent effect is incompletely realized, leading to a low 
Brmsted a value. The metaphosphate unit is not 
thought to be an intermediate in this reaction, but its 
interaction with the solvent is thought to be weak at the 
transition state. Both mechanisms in Scheme 3 are con- 
sistent with this suggestion. Each would produce 


0 10 20 30 40  50 60 metaphosphate in the rate-limiting step if water were 
Volume % of 2-propanol omitted. We conclude, therefore, that the meta- 


phosphate unit is weakly bound in the transition state, 
but we cannot distinguish between mechanisms (i) and 


1.5 7 


1.0 7 


0.5 : 
1% K* : 


0.0 : 


-0.5 : 


-1.0 : 


- 1  5 ~ " " " " ' " " ' ' ' " ' " " ' " " ~ ' " ' ~ ~  


Figure 4. Correlation of log Kz with volume percentage of 
propan-2-01 (ii) in Scheme 3. 


HPO,' 


Bz 


Scheme 3 
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APPENDIX 
Derivation of equation (6) from Scheme 2 is as follows: 


r a t e = k ~ [ Q + ]  [HPO;-]r+rz- (A-1) 
From equation (5), 


KR+ = ( [ Q ' l s l -  [ Q ' l ) a ~ / [ Q + l ~ +  ( A 4  
where aH = [H+lr+ and [QORI = [Q'Ist - [Q'l . 
From equation (A-2), 


(A-3) [Q'I = [Q']s ta~/(KR+r+ + aH) 
From equation (4), 


Ka2 = [HPO:-l r 2 - -  aH/ ([H3PO3] St [HPO:-] )r-  


(A-4) 
where IH2POTI = [H3P031st - [HPOj-I . 
From equation (A-4), 


[HPO$-l = Ka2[H3P03] ,I/ (Ka2 + a ~ r z - l r - )  (A-5) 
Substitution of equations (A-3) and (A-5) into equation 
(A-1) gives 


kobs = k2 ( a ~ /  (KR+r+ + OH 11 ( Ka2 [H3PO,I SI 
r'r2.4 (Ka2 + a ~ r z - / r -  1) (A-6) 


From equation (A-6), 


k2 = kbs((KR+r+ + aH)(Ka2 + a ~ f 2 - / f - ) ] /  
[H3PO3I S~Ka2a~r+r2-  (A-7) 


When both the numerator and denominator in equation 
(A-7) are multiplied by r- /r2- ,  equation (6) can be 
obtained. 
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BIPHASIC KINETICS AND FLIP-FLOP BEHAVIOUR OF 
VESICLES OF FLUOROCARBON AMPHIPHILES WITH A 


1,3-D1SUBSTITUTED GLYCEROL STRUCTURE 


KANGNING LIANG AND YONGZHENG HUI* 
Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences, 345 Lingling Lu, Shanghai 200032, China 


Fluorocarbon amphiphiles with a 1,3-disubstituted thioglycerol structure form stable unilamellar vesicles. The 
fluorocarbon bilayer of an amphiphile which has an ammonium salt as head group is an ‘insulator’ for the permeation 
of hydroxide anions. In the presence or absence of a fluorocarbon nucleophile, hydrolysis of a probe amphiphile 
carrying a cleavable p-nitrophenyl ester group in the vesicle under alkaline conditions shows a pattern of biphasic 
kinetics, in which the fast and slow reaction can be attributed to the hydrolysis of probe molecules at outer and inner 
surfaces of vesicles, respectively. The fact that the slow rate constant always remains constant at 0.25 min-’ at 
25 ‘C ,  independent of the pH of the system and of concentration of the nucleophile, indicates that the slow process 
is an outward flip-flop process of probe molecules within the fluorocarbon domain. 


INTRODUCTION 


The movement of lipophilic molecules in or between 
cells, which includes diffusion in the membrane plane, 
spontaneous movement between membrane surfaces 
and migration across a membrane (flip-flop), has 
important effects on life processes. Some workers have 
studied the transverse diffusion and exchange move- 
ment and flip-flop behaviour in phospholipid 
liposomes. The results showed that the lateral diffu- 
sion of membrane lipids is strongly dependent on the 
fluidity and composition of the host membrane, but 
bears little relationship to the chemical composition of 
diffusing species. However, the exchange between mem- 


branes depends strongly on the length and composition 
of the hydrophobic chains of phospholipids (i.e. 
hydrophobicity). Although some work on the flip-flop 
of phospholipids in liposomes has been reported, the 
flip-flop behaviour in fluorocarbon vesicle systems has 
not been investigated. Fluorocarbon amphiphiles 
possess surfactant behaviours very different from those 
of corresponding hydrocarbon amphiphiles. 5 - 8  


Recent work in this laboratory has been directed 
towards fluorocarbon amphiphiles with a 1,3- 
disubstituted thioglycerol structure and their vesicles. 
The amphiphiles have the structures shown in Scheme 
1. Vesicles formed from 1 and 2 have good stability 
owing to the strong hydrophobic interaction between 


CI (CF~)~CH~CH~SCHZ X = OCCH&(CH3)3 Br- (1) 
I 


CH-OX X = OC(CH2)2COOH (2) 


C ~ ( C F ~ ) ~ C H ~ C H Z S L H ~  X = OC(CH~)~COOC~H~--NO~-JI (3) 


thionucleophile: CI(CF~)&H~CHZSH ( 4 )  


Scheme 1 
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fluorocarbon chains. In this work, the permeability of 
vesicles 1 and 2 for hydroxide ion was studied. The 
fluorocarbon amphiphile 3 has a cleavable head group. 
The different location of 3 in the outer or inner 
monolayer of vesicle 1 affects their reactivities under 
attack of hydroxide ion or nucleophiles and it may 
provide an alternative means of studying the flip-flop 


(u u -  s o n i c a t i o n :  


process of amphiphiles under vesicular conditions. 4 


RESULTS AND DISCUSSION 


The characterization of vesicles of 1 and 2 has been 
reported elsewhere.’ Vesicles of 1 and 2, prepared by 
sonication as also mentioned previously, have 
diameters in the ranges 60-100 and 100-300nq, 
respectively, with a membrane thickness of 40-50 A 
corresponding to a monolamella structure. The vesicles 
are very stable and they can survive at room tempera- 
ture for several weeks without change. Theyhase tran- 
sition temperature for the vzsicle of 1 is 60 C and that 
for the vesicle of 2 is 71.8  C. 


The permeability of hydrocarbon vesicles and lipo- 
some bilayers for hydroxide and other ions has been 
investigated using a variety of methods. ’‘-I4 Thymol 
blue, a pH-sensitive probe, was chosen for measuring 
the permeability of our systems. Thymol blue- 
encapsulated vesicles were prepared by sonication of 
the amphiphiles in thymol blue solution and then 
removal of the dye in solution by gel filtration with 
Sephadex G-50. In the presence of potassium 
hydroxide, the absorbance change of thymol blue 
encapsulated in the vesicles (monitored at 590 nm, A,,, 
for the salt form) is given in Figure 1. No observable 


100 200 300 
T i m e  (min) 


Figure 1 .  Measurement of permeability of vesicles of 1 for 
hydroxide ion. Temperature, 25 ’C; concentration of KOH, 


5 x 1 0 - ~  M 


absorbance change for vesicle 1 was found up to 
300 min. 


Generally, the permeation for proton or hydroxide 
could be explained by either ‘hydrogen-bond band’ 
(‘water wire’) or a ‘weak acid’ hypothesis. It is con- 
sidered that water is slightly soluble in phospholipid 
bilayers. Therefore, protons and hydroxide ions can be 
transferred rapidly through bilayers by hydrogen-bond 
rearrangement. Fendler and Tundo l4 reported a fast 
permeation rate of 10-4cms-’ of proton and 
hydroxide anions through liposome bilayers. 
Fluorocarbon compounds are more hydrophobic than 
their hydrocarbon analogues, which limits the water 
content in their bilayers and hence rules out the exist- 
ence of a ‘hydrogen-bond band’ in the fluorocarbon 
vesicle bilayer of 1. The result for vesicle 1 indicates 
that the bilayer of 1 is an ‘insulator’ for hydroxide ion. 


OH- 


Rf- + R f ‘ C O e N O ,  Rf‘COSRf + O - G N O ,  


Rf‘COSRf + OH-* RfS- + Rf‘COOH 
Scheme 2 .  Thiolate nucleophile-catalysed hydrolysis of 3 in inner monolayer of vesicle of 1 through the flip-flop process 
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According to the weak acid hypothesis, the vesicle 
formed by 2, a weak acid, should be permeable to 
hydroxide anion to some extent, which was confirmed 
by the present results. 


When a covesicle of 1 and 3 is formed, the probe 
molecules 3 should be homogeneously distributed in the 
outer and inner layers as illustrated in Scheme 2. w- 
Chloro- lH, lH,2H,2H-perfluorododecanethiol(4) acted 
as a nucleophile to catalyse the hydrolysis of 3 under 
basic conditions (the PKa of heptanethiol in vesicles of 
dioctadecylmethylammonium chloride is 9.5.  l5 If we 
use the same value for our nucleophile, 4 exists mainly 
as the thiolate conjugate base within the pH range 
9.25-10.35 under which our kinetic experiments were 
conducted). As mentioned previously, the bilayer of 1 
is an ‘insulator’ for hydroxide ion, hence the only way 
for probe 3 located in the inner monolayer to be hydro- 
lysed is by flip-flop into outer monolayer (Scheme 2). 
Therefore, so-called biphasic kinetics appear. l6 As 
shown in Figure 2 ,  a fast reaction which is complete 
within a few minutes is followed by a slower reaction 
which requires 30 min for completion. The fast reaction 
apparently obeys first-order kinetics, with a rate cons- 
tant kf = 7.9 min-’. 


If the slow process shown in Figure 2 reflects the 
hydrolysis of 3 in the inner monolayer through an 
outward flip-flop mechanism, the kinetic process should 
obey the following equation: 


where Ai and A, are the moieties of p-nitrophenyl ester 
3 in the inner monolayer and outer monolayer, respec- 
tively, P is the hydrolytic products of 3 and k,, ki and 
k are the rate constants of outward and inward flip-flop 
and esterolysis of 3, respectively. 


As the fast and slow reactions are both independent 
processes, they can be treated separately: 


Fast reaction: 
k 


A:----+ P 


ln[Akl = -kt+ln[Af,] ,  (3) 
Slow reaction: 


(4) 


where A! represents 3 in the inner monolayer and A: is 
3 in outer monolayer produced by the outward flip-flop. 
For k s k, s ki and [AQ [A:], equation (4) can be 
simplified to 


( 5 )  
ke k 


A! - A: ---+ P 


and with an approximate treatment, we have the 
equation 


(6) [PI = [A11 , [ 1 - exp( - kot )I 


I 
1 2 3 4 5  


time (min)  


Figure 2. Catalytic hydrolysis of 3 in vesicle of 1 by thiolate 
nucleophile 4 under basic conditions (pH 9.80). Temperature, 
2 5 . 0 ° C .  Concentrations: 1, 8 . 4 ~  ~ O - ’ M ;  3, 1 . 4 ~  W 3  M; 


nucleophile 4, 1.9 x M 


where [Aa, is the concentration of 3 in inner 
monolayer before reaction. Therefore, the appearance 
of the p-nitrophenolate ion from p-nitrophenyl ester 3 
in the inner monolayer also obeys first-order kinetics. 
The rate constant k, (i.e. k,) corresponding to the flip- 
flop rate of 3 was calculated to be 0.25 min-’. It can 
be seen that the flip-flop of double-fluorocarbon chains 
is a slow process. 


Because the rate constants of fast reactions in the 
outer monolayer are much higher than those of the slow 
reactions in the inner monolayer, it is reasonable simply 
to take the ratio of A;,, and A;,,, the maximum 
absorbances of the fast and slow reaction, respectively, 
as the equilibrium constant of 3 between two 
monolayers: 


K = k,/ki = A kax/A ;ax = 1 * 28 


The molar ratio, 1.28:1, of molecule 3 in the outer 
monolayer to that in inner monolayer can be calculated 
from the respective A,,, values of the fast and slow 
reactions shown in Figure 2, which is very close to the 
area ratio, 1.20:1, of the outer to the inner wall for 
vesicles of 1 calculated from the vesicle diameter and 
thickness. 


In the absence of a nucleophile, the results of the pH 
dependence of the simple alkaline hydrolysis of 3 in 
vesicles of 1 were as shown in Figure 3. At pH < 9.8, 
the hydrolysis is a monophasic process, which indicates 
that the rate of hydrolysis of 3 in the outer layer is slow 
enough to be comparable to that of the outward flip- 
flop of 3 and so only one process can be observed. 
However at pH > 10.06, the hydrolysis becomes a 
biphasic process and the rate constant of hydrolysis of 
3 in the outer layer is several times faster than that of 
the flip-flop of 3, so that it is possible to differentiate 
kinetically the fast from the slow process. The pH 
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c, 1.6' 
c 
c, 
u1 
C 


0 0 . 8 .  


dependence of the fast reaction shows a typical pattern 
of specific alkaline hydrolysis, but the slow reaction is 
independent of the pH of the system with a constant 
rate constant of 0.25 min-' at 25 "C. 


Figure 4 shows clearly that the variation in 
nucleophile concentration only influences the fast and 
not the slow reaction of the biphasic process. The 
fluorocarbon nucleophile 4 can be solubilized into the 
fluorocarbon vesicle bilayer and catalyse the esterolysis 
of 3 by its conjugate base under basic conditions. For 
the fast reaction, the dependence of the rate constant, 
kf, on the concentration of the nucleophile shows a 
typical pattern of a micellar solubilization system, " i.e. 
it first shows certain binding characteristics and then the 


typical specific , alkaline kfp hydrolysis 


/ 
flip-flop 
controlled 
hydrolysis 


9.0 9 . 4  9.8 10.2 


PH 


Figure 3 .  pH depentence of the hydrolysis of 3 in vesicle of 1. 
Temperature, 25.0 C. Concentrations: 1, 8.4 x M; 3, 


I . ~ x ~ o - ~ M  


1 2 r  - 
d 
I 10' c 


0 4 8 12 16 20 


Nucleophile 4 ( 10'4M) 


Figure 4. Influence of concentration of nucleophile 4 on the 
biphasic kinetics of hydrolysis of 3 in vesicle of 1 at pH 9.80. 
Temperature, 25.0'C. Concentrations: 1, 8 .4  x lo--' M; 3, 


1 . 4 ~  1 0 - 3 ~  


gradual increase in nucleophile concentration results in 
first-order kinetics. It is noteworthy that the change in 
nucleophile concentration does not influence the rate 
constant of the slow reaction, remaining constant at  
0.25min-' at 25OC, which is the same as those of 
simple alkaline hydrolyses. The fact that the slow rate 
constant is not influenced by pH and the presence of the 
thiolate nucleophile confirms that the rate-determining 
step for the slow reaction is the flip-flop process of 
probe 3. 


EXPERIMENTAL 


Synthesis of 4.  w-Chloro-lH, lH,2H,ZH-perfluoro- 
dodecanyl iodide (17*7g, 30 mmol) was placed in a 
250 ml round-bottomed flask and 6.0g (79 mmol) of 
thiourea and 130 ml of anhydrous ethanol were added. 
The mixture was heated under reflux for 40 h. After the 
solution had been concentrated to a small volume, a 
solution of potassium hydroxide (9.0g) in water (50 ml) 
was added. The reaction mixture became dark brown 
with an unpleasant odour. The mixture was refluxed for 
4 h, then ethanol was evaporated and the residue was 
neutralized with 10% HzS04. Steam distillation of the 
reaction mixture gave 4 (10*9g, 73%) as a white solid. 
The product showed one spot on TLC (1:4 diethyl 
ether-light petroleum). M.p. 30 "C. 'H NMR (CDCI3): 
6 2-68 (2H, rn; CH2S), 2.40 (2H, m, CFZCH~) ,  1.53 
( lH,  t,  SH). F NMR (CF3COOH as external stan- 
dard): 6 9 - 2  (2F, s, ClFZ), -37.0 (2F, s, CHZCF~) ,  
-44.0 [12F, t, (CFZ)~] .  


Synthesis of 1 .  To a solution of 4 (4.97 g, 10 mmol) 
in benzene (20 ml) was added sodium hydride (0.24g, 
10 mmol). The mixture was stirred for 3 h at 35 O C ,  then 
a solution of 2,3-epoxypropyl chloride (0.463 g, 
5 mmol) in benzene (10 ml) was added drogwise. The 
resulting mixture was stirred for 5 h at 35 C, poured 
into saturated ammonium chloride (10 ml), and 
extracted with diethyl ether. The organic layer was 
washed with water, dried ( N ~ z S O ~ ) ,  filtered and con- 
centrated. The solid residue was crystallized from 
benzene to give 1,3-di-S-(w-chloro-lH, iH,2H,2H-per- 
fluorododecyl)-l,3-dithiogly~erol (3.57 g, 68%) as a 
white solid, m.p. 101-103 C. 'H NMR (CDCI3): 6 
3.88 ( lH,  m, CHO), 2.78 [8H, m, (CHZSCHZ)~],  2-45 
[4H, m, ( C F Z C H ~ ) ~ ] .  "F NMR (CF3COOH as the 
external standard): 6 9.3 [4F, s, (CFZCI)~], -36.5 


(KBr, cm-I): 3600-3 100. Analysis: calculated for 
C Z ~ H I ~ O F ~ Z S Z C I Z ,  C 26.33, H 1.34, S 6.10; found, 
C 26.36, H 1 *06, S, 6.17%. 


To a solution of above 1,3-disubstituted glycerol 
(1 -05g, 1 a 0  mmol) in THF (10 ml) containing pyridine 
(0*17g, 2.10 mmol) was added dropwise a solution of 
bromoacetyl bromide (0.40g, 2.0 mmol) in THF 
(5 ml); a white solid appeared immediately. After 4 h, 


[4F, S, (CFzCHz)z], -43.8 [24F, t,  (CFz)iz). IR 
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TLC showed the complete reaction of starting material. 
The usual work-up gave a yellow solid whic! was 
crystallized from light petroleum (b.p. 60-90 C) to 
afford a pale yellow solid (0*82g, 72%). 'H NMR 
(CHC13): S 5.11 (lH, t, CHO), 3.85 (2H, s, CHzBr), 
2.83-3.04 [8H, m, (CHZCH~S)~] ,  2.44 [4H, m, 
( C H ~ C F Z ) ~ ] .  IR (KBr, cm-'): 1740. 


The above pale yellow solid (0.5g) was dissolved in 
anhydrous acetone (5 ml) and transferred into a 10 ml 
sealed tube, then cooled with an acetone-dry-ice bath. 
After trimethylamine (3 ml) had been added, the tube 
was sealed and the mixture was allowed to react for 
18 h at room temperature. The reaction mixture was 
filtered and the solid was washed with cold acetone, 
then crystallized from acetone t,o give 1 (0*25g, 48%) 
as white crystals, m.p. 178-180 C. 'H NMR (CDCl3): 
6 5-16 (3H, m, CHOOCCHzN'), 3.70 (9H, s, 
N+Me3), 2-88 [8H, m, (CH~CH~S)Z] ,  2.46 [4H, m, 
( C H Z F ~ ) ~ ] .  IR (KBr, cm-I): 1745. Analysis: calculated 
for C Z ~ H ~ ~ O Z N F ~ ~ S ~ C I ~ ,  C 27.35, H 1.97, N 1.14; 
found, C 27.25, H 1.85, N 1.14vo. 


Synthesis of 2.  A 0 - 5 g  (0.42 mmol) amount of the 
1,3-disubstituted glycerol was dissolved in 5 ml of dry 
pyridine containing 10 mg of 4-dimethylaminopyridine. 
To the solution was added 0.20g (2 mmol) of succinic 
anhydrtde, then the mixture was heated in a sealed tube 
at 120 C for 3h  and cooled. Pyridine was removed 
under reduced pressure. The solid residue was dissolved 
in diethyl ether, washed with 1% H2S04 and water, 
dried (Na2S04), filtered and concentrated. The residue 
was recrystallized from benze%e to give 2 (0.48 g, 88%) 
as white crystals, m.p. 78-79 C. 'H NMR (CDCI3): 6 
5.12 ( lH,  t, CHO), 2.87 (8H, m, ( C H Z S C H ~ ) ~ ] ,  2.68 
(4H, m, CHzCHz), 2.42 [4H, m, (CF2CHz)zI. IR 
(KBr, cm-I): 3600-3000, 1740, 1715. 


Synthesis of 3. To 10 ml of ethyl acetate containing 
3.4g (2.96 mmol) of 2 in a 25 ml round-bottomed flask 
was added 0.42g (3.0 mmol) of p-nitrophenol. After 
the solid had completely dissolved, 0.62 g (3 a 0  mmol) 
of (dicyclohexylcarbodiimide was added. The mixture 
was placed in a refrigerator for 0.5 h and then kept at 
room temperature overnight. The precipitate was 
filtered and washed three times with ethyl acetate. The 
combined filtrate was washed several times with water 
and dried over anhydrous sodium sulphate. The solvent 
was stripped to give a solid which was then recrystal- 
lized twice from a!solute ethanol to afford 2.1 g (57%) 
of 3, m.p. 59-61 C. 'H NMR (CDCl3): 6 7-34-8.08 
(4H, m,ArH), 5.14(1H, t, CHO), 2.80-3.00[12H, m, 
( C H Z C H ~ S C H ~ ) ~ ] ,  2.41 (4H, m, OCCH2CH2CO). IR 
(KBr, cm-I): 1730(s), 1770(s), 1525(s). Analysis: 
calculated for C33H2,06NF32S2Clz, C 31 -39, H 1 *67, 
N 1.10; found, C 30.90, H 1-44, N 1.36%. 


Generation of vesicles. Typically, covesicles of an 


amphiphile and a probe compound were prepared by 
sonication of their mixture for several minutes with the 
microprobe of a JC-Chu Li Ji sonicator at 120 W, pH 
7.0 and 80 OC. 


The thymol blue-encapsulated vesicle was prepared 
by sonicating the amphiphile in thymol blue solution 
for 2 min, then the vesicle solution was eluted through 
a Sephadex G-50 column (65 cm x 1.5 cm i.d.) at 
1 ml min-''using doubly distilled water for the vesicle 
of 2 and 0.001 M potassium chloride solution for the 
vesicle of 1. Fractions were collected at intervals of 
3 ml, and their visible absorption was measured at 
430 nm. 


Kinetic study. The esterolytic reaction was normally 
initiated by mixing the vesicle solution with aqueous 
sodium hydrogen carbonate-sodium carbonate buffer 
at 25 O C ,  and it was followed at 410 nm on a Perkin- 
Elmer Lambda 5 UV-visible spectrophotometer. The 
temperature was controlled by a digital controller. 


The reaction of thymol blue encapsulated in vesicles 
was initiated by mixing 3 ml of vesicle solution with 
0-05 ml of 0.300 M potassium hydroxide solution. The 
reaction was followed at 590nm on a Perkin-Elmer 
Lambda 5 UV-visible spectrophotometer. When the 
measurements were finished, absorption spectra were 
taken immediately: the solution was sonicated at room 
temperature for 2 min at 120 W to destroy the vesicular 
structure and its absorption spectrum was recorded. 


ACKNOWLEDGEMENT 


This work was supported by the National Natural 
Sciences Foundation of China. 


REFERENCES 


1. Y. Lange, in Physical Chemistry of Lipids, edited by D. 
M. Small (Handbook of Lipid Research, Vol. 4, (edited by 
D. J. Hanahan), Chapt. 13. Plenum Press, New York 
(1986). 


2.  J. W. Nichols, Biochemistry 24, 6390 (1985). 
3. T. E. Thompson, in Molecular Specialization and Sym- 


metry in Membrane Function, edited by A. K. Solomon 
and M. L. Karnovsky, p. 78, Harvard University Press, 
Cambridge, MA (1978). 


4. P. J.  Quinn, Prog. Biophys. Mol. Biol. 381 (1981). 
5 .  E. 0. Schwartz and W. G. Reid, Int. Eng. Chem. 56, 26 


6.  P. Mukerjeeand A. Y. S. Yang, J.  Phys. Chem. 80, 1388 


7. T. Kunitake, Y. Okahata and S. Yasunami, J .  Am. Chem. 


8 .  J.-H. Gu, S.-M. Luo, H.-K. Kong and Y.-Z. Hui, Acta 


9. K. Liang, Y. Hui, Acta Chim. Sin. to be published. 


Deamer, Biochim. Biophys. Acta 596, 393 (1980). 


(1 964) 


(1976). 


SOC. 104, 5547 (1982). 


Chim. Sin. (Engl. Ed.) 230 (1988). 


10. J. W. Nichols, M. W. Hill, A. D. Bangham and D. W. 







720 K .  LIANG AND Y.  HUI 


1 1 .  J .  Gutknecht, Biochem. Biophys. Acta 898, 97 (1987). 16. (a) R. A. Moss, T. F. Hendrickson and G. 0. Bizzigotti, 
12. J .  Gutknecht, Proc. Natl. Acad. Sci. USA 84, 6443 J .  Am.  Chem. SOC. 108, 5520 (1986); (b) R. B. Moss, S. 


(1987). Bhattacharya and S. Chatterjee, J. Am.  Chem. SOC. 111, 
13. Y .  Okahata, N. Iizuka, G. Nakamura and T. Seki, J. 3680 (1989). 


Chem. Soc., Perkin Trans. 2 1591 (1985). 17. J .  H. Fendler and E. J .  Fendler, Catalysis in Micelles and 
14. J .  H. Fendler, P .  Tundo, Acc. Chem. Res. 17, 3 (1984). Macromolecular Systems. Academic Press, New York 
15.  I .  M. Cuccovia, R. M. V.  Aleixo, R .  A. Mortara, P. B. (1 975). 


Filho, J .  S. Bonilha, F. H.  Quina and H. Chaimovich, 
Tetrahedron Lett. 3065 (1979). 












JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 5 ,  19-32 (1992) 


GENERATION AND REARRANGEMENT OF 
SPIROCYCLOPROPANE-SUBSTITUTED 2-NORBORNYL CATIONS 


WOLFGANG KIRMSE,* HEINZ LANDSCHEIDT AND ANNETTE SCHLEICH 
Fakultat fur Chemie, Ruhr-Universitat Bochum, W-4630 Bochum, Germany 


Access to spiro(bicyc1o [ 2.2.1 ] heptane3,l '-cycloprop-6-yl) derivatives was gained from the alkene 
spiro(bicyclo [ 2.2.1 ] hept-Cene-2,l '-cyclopropane via separation of positional isomers. Spiro(bicyc1o 12.2.1 ] -2,l' - 
cycloprop-exo-6-yl) p-toluenesulphonate (10) and spiro(bicyc1o [2.2.1] heptane-2,l'-cycloprop-exod-yl) trifluoro- 
acetate were found to solvolyse faster than the analogous exo-2-norbornyl esters, as predicted by theory. Ion-pair 
recombination, with the formation of tricyclo [4.2.1.@*'] non-3-yl p-toluenesulphonate, accounts for previous 
failures to assess the true reactivity of 10. An intervening bridged carbocation (3), labelled with deuterium, was shown 
to achieve equivalence of C-1 and C-6 prior to ring expansion. The rate of the formal Wagner-Meerwein 
rearrangement is estimated to be of the order of molecular vibrations, thus supporting the symmetrical bridged 
structure of 3. Methyl substitution at C-6 was found to direct nucleophilic attack exclusively to the tertiary carbon, 
and ring expansion preferentially to the secondary carbon. An equilibrating pair of 6(1)- 
methylspiro(bicyc1o [ 2.2.1 ] heptane3,l' -cycloprop-6-yl carbocations is thought to explain these observations most 
reasonably. 


INTRODUCTION 


Much effort over the past 40 years has been expended 
on studies of the 2-norbornyl cation.' The evidence 
supporting a symmetrically bridged structure of the 
2-norbornyl cation in non-basic media,2 in the solid 
state3 and in the gas phase4 is now overwhelming. The 
effect of substituents on the structure and reactivity of 
the 2-norbornyl cation has mostly been probed in solvo- 
lytic systems. Thus, electronegative substituents at C-6 
were found to reduce (i) the rate of solvolysis of ex0-2- 
norbornyl sulphonates, (ii) the exolendo rate ratio5= 
and (iii) the apparent rate of the Wagner-Meerwein 
rearrangements. The data suggest a gradual change in 
mechanism from strong, to weak, to no participation 
(from ka to kc and ks). The operation of electronic 
effects in 2-norbornyl systems has been viewed in dif- 
ferent ways. Grob's success in correlating rates with (TI 


led him to conclude that substituents at C-6 control 
solvolysis rates by the inductive effect only. According 
to Grob, the substituent interacts with C-2 through the 
back lobe of the a(C-R) orbital, without involving the 
C-6-C-1 bond. On the other hand, Schleyer and co- 
workers' interpret the effect of 6-R in terms of the 
(de)stabilizing interactions present in the bridged struc- 
ture of the intermediate. 


*Author for correspondence 


Although different principles are involved, these 
models are not readily distinguished by experiment. 
In each case, deactivating effects are predicted for 
all a-withdrawing substituents at C-6, including 
methyl. 'b99v10 Divergent results are anticipated, how- 
ever, for spiroanellation of a cyclopropane ring at C-6. 
The inductive model predicts that the - I  effect of 
cyclopropyl" should reduce the rate of ionization of 1 
relative to em-2-norbornyl-X (cf. 2). In contrast, 
theoretical studies suggest that the bridged ion 3 should 
be stabilized relative to the parent 2-norbornyl cation. 'b 
The conductimetrically measured kt for l-OTso( 1/250 of 
exo-2-norbornyl tosylate in 80% EtOH at 70 C )  seems 
to support the inductive model. lo We suspect that ion- 
pair recombination may have been a complicating 


I 2 


3 
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factor in these studies. As a result of the present 
reinvestigation we report that 1-OTs and 1-OCOCF3 
solvolyse in fact faster than the analogous 2-norbornyl 
derivatives. We have also introduced a deuterium label 
to probe the degeneracy of the intervening 
carbocation(s). 


RESULTS 


Esters of spiro(bicyclo r2.2.11 heptane-2,l'- 
cyclopropane~-exo-6-ol (9). Rates of solvolysis 


Syntheses of 1 require at some stage the separation of 
2,5- and 2,6 positional isomers. Fischer et al. l2  separ- 
ated the hydroxy acetates 5 by liquid chromatography 
(LC). The cyclopropane ring was then attached to  
the site of the hydroxy group in three steps, via 6. lo 
We found it more convenient t o  start from 7, the 
[4 + 21 cycloadduct of cyclopentadiene to methylene- 
cyclopropane. l 3  Hydroboration of 7 afforded the 
isomeric ex0 alcohols 8 and 9 (55 :45, 67% yield), 
which were separated by high-performance LC (HPLC) 
(Scheme 1). Tosylation of 9 at  -20 to O°C provided 


the analogous tosylate 10, while tosylation at ambient 
temperature proceeded with rearrangement to give 11. 
Crystalline 10 was found t o  rearrange slowly on 
standing, even in a refrigerator. Ion-pair recombina- 
tion, yielding 11, is also a major pathway in the solvo- 
lysis of 10 in 80% EtOH, additional products being 13a 
and 13b (16 : 84). Rate constants at 15-22 "C were esti- 
mated from the decrease in 10 against an internal stan- 
dard, measured by HPLC (Table 1). Solvolysis of 10 is 
negligible under these conditions but proceeds at 70 "C 
at  a rate similar to that previously reported for 10. lo 
The true solvolysis rate of 10 is now seen to  exceef that 
of exo-2-norbornyl tosylate by a factor of 8 (25 C). 


The limited stability of 10 and the complications 
caused by ion-pair recombination prompted us to  study 
less reactive esters of 9. The p-nitrobenzoate 12a was 
readily prepared but was found to solvolyse in 2,2,2- 
trifluoroethanol (TFE) with exclusive formation of 9, 
i.e. by acyl-0 cleavage. In contrast, the trifluoroace- 
tate 12b was well behaved, giving rise to 13c and 13d 
(89 : 11). The rearrangoed trifluoroacetate 13d was not 
converted to 13c at 70 C. Rate constants for the solvo- 
lysis of 12b in TFE at 60-70 "C were estimated by gas 
chromatography (GC) (Table 1). For comparison, the 


4 


9 10 11 


\ /  
1Za : R=p-O*NC6Hd 


b : R=CF3 


Scheme 1 


13 







SPIROCYCLOPROPANE-SUBSTITUTED 2-NORBORNYL CATIONS 21 


Table 1. Rate constants for solvolyses of 10-12 and of 2-norbornyl (Nb) reference compounds 


Solvent 
Temperature k x  lo4 AH* A S *  


Substrate ("C) W') (kcalmol-l)a (calmol-'K-')a 


80% Ethanol-water 


97% Trifluoroethanol-water 


10 15-0 
18-0 
21.5 
25.0b 


exo-2-Nb-OTsC 25.1 
11 62.4 


71.9 
80.4 


12b 64.2 
67.9 
68.5 
70.0' 


exo-2-Nb-OCOCF3 101.5 
107.6 
111.4 
114.3 
70.0' 


5.56 f 0.22 20.8 - 1.1 
8.42 f 0.40 


12.5 f 0.8 
19.3 
2.37 22.0 - 1.2 
1 . 7 8 f  0.02 24.6 -2.5 
4.75 t 0.02 


12.43 k 0.05 
0.75 f 0.02 
1.02 f 0.01 
1.07 f 0.01 
1.21 
0.42 f 0.01 24.4 - 11.2 
0.72 f 0.02 
1.04 f 0.03 
1.26 f 0.02 
0.019 


1 cal = 4. I84 J. 
Extrapolated from other temperatures. 
From Ref. 5 .  


solvolysis of exo-2-norbornyl trifluoroacetate was 
studied by the same technique. Extrapolation of the 
data reveals that the solvolysis of 12b in TFE is acce- 
lerated by a factor of 64 relative to that of ex0-2- 
norbornyl trifluoroacetate. 


Dediazoniation of spiro(bicyc1o [ 2.2.1 ] heptane-2,l' - 
cyclopropane)-6-diazonium ions (23,24). Degeneracy 
of the intermediate(s) 


For further insight into the ring expansion reaction 
leading from spiro(norb0rnane-2,l' -cyclopropane) 
substrates to brendane products, we generated the inter- 
mediate carbocation(s) from diazonium ion precursors. 
Our first approach was by way of the tosylhydrazone 
19, derived from the ketone 17. The mixture of 
alcohols, 8 and 9, obtained by hydroborations of 7 was 
oxidized to give a mixture of the ketones 14 and 17. 
Separation of the ketones by HPLC was easier than 
separation of the alcohols. Pure 17 was then converted 
into the tosylhydrazone 19 (Scheme 2). The photolysis 
of tosylhydrazone anions is known to generate diazo 
compounds, l4 which are protonated by hydroxylic sol- 
vents to give diazonium ions and products derived 
the re f r~m. '~  Irradiation of 19 in 0.2M NaOH 
afforded 13a as the major product, along with minor 
amounts of 7 and 25 (Table 2). While 7 and 13a have 
been prepared by unequivocal routes, lo the structural 
assignment of 25 rests mainly on spectral data. In par- 
ticular, the 'H NMR spectrum points to the cyclo- 
propane ring (four distinct protons absorbing at 6 0.29, 


0.47, 0.58 and 0.72) and to the bicyclo[3.1.1] heptane 
skeleton (W coupling of endo-6-H and endo-7-H, 
J =  7.5 Hz). The a-proton (2-H; 6 = 3.57) is shielded 
by the cyclopropane ring and couples only to one 
vicinal proton ( J =  5 Hz). 


Precedent with norbornanone tosylhydrazone16 sug- 
gests that the photolysis of 19 should generate mixtures 
of the epimeric diazonium ions 23 and 24. In order to 
elucidate the individual reaction patterns of 23 and 27, 
we studied the nitrous acid deamination of the amines 
15 and 21, respectively. Aminoboration of 7 provided a 
mixture of 15 and of the 5-amino isomer (53 : 47), which 
was separated by HPLC of the trifluoroacetamides. A 
mixture of 21 and 15 (86 : 14) was obtained by reduction 
(Na-EtOH) of the oxime 18. HPLC of the trifluoroace- 
tamides afforded pure 22, which was hydrolysed to give 
21. From the results of the nitrous acid deaminations 
(Table 2), it can be seen that 9 and 25 arise from the 
endo-diazonium ion 24, whereas the exo-diazonium ion 
23 gives 299.8% of 13a. The product distributions 
indicate that the tosylhydrazone 19 reacts predomi- 
nantly by way of the endo-diazonium ion 24. 


The deuteriated diazonium ions [6-2H] -23 and 
[6-'H] -24 were generated by photolysis of the tosylhy- 
drazone 19 in 0 . 2 ~  NaOD-D20, and the products 
['H]-13 and [2H]-25 were isolated from the reaction 
mixture. The broad 2H NMR signal of [2H] -13a was 
resolved into two peaks of equal intensity by addition 
of Eu(fod)3. The deuterium was located by means of 
I3C NMR spectroscopy. The I3C NMR spectrum of 13a 
displays three peaks due to tertiary carbons at 6 52.42, 
36.48 and 35.98. The low-field signal may be safely 
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15 X = H  17 X = O  
16 X=COCF3 18 X=NOH 


21 X - H  
22 X=COCF, 


23 24 


13a 9 
Scheme 2 


25 


Table 2. Dediazoniation reactions of 23 and 24 the deuterium is equally distributed between C-6 and 
C-7 of ['H]-13a. In the 'H NMR spectrum of ['H]-25, 


Product the signal of 1-H at  6 2.53 was missing, as was the 
distribution (") coupling of 2-H with 1-H. Thus the deuterium resides 


exclusively at C-1 of ['H]-25. The distribution of 
13a 25 deuterium indicates that different intermediates are Precursor, conditions 


19, 0.2 M naOH, hv 88.4 2.4 9.2 involved in the formation of 13a and of 25 (see below). 
15, NaN02, aq. HC104 (pH 3 .7 ) ,  Et2O 99.8 0.2 - 
21, NaNOt, aq. HC104 (pH 3.7) .  Et2O 86.8 3 . 3  10.7 


assigned to  C-7, the only tertiary carbon @ to  
the hydroxy group." In the 13C NMR spectrum of 
['HI -13a, triplets (1 : 1 : 1) originating from deuteriated 
carbons were recorded at 6 51 '69 and 36-01. The corre- 
sponding singlets were reduced in intensity and shifted 
upheld to  6 52-03 and 36.31, respectively, owing to  the 
isotope effect of /3-'H. l8 We conclude, therefore, that 


6(1)-Methylspiro(bicyclo [ 2.2.1 ] heptane3,l' - 
cyclopropd-yl) cations (29) 
Methyl substitution at C-2 has a profound influence on 
the structure and reactivity of the 2-norbornyl cation. 
Hyperconjugative stabilization by methyl predominates 
in the tertiary ion whereas u delocalization plays a 
minor role. We were intrigued to  see how analogous 
methyl substitution affects the spiro tricyclic cation 3. 
Wittig methylenation of the ketone 17, followed by 
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oxymercuration of the alkene 26, afforded the tertiary 
exo-alcohol 30. Solvolysis of the p-nitrobenzoate 27 in 
methanol was found to proceed without rearrangement. 
Predominant formation of the methyl ether 31 attests to 
SN1 reactivity of 27 even in strongly nucleophilic media. 
We infer, therefore, that the major product obtained 
from 27 in aqueous organic solvents, the tertiary exo- 
alcohol 30, arises from the carbocation 29a. The ter- 
tiary endo-alcohol 28 (prepared by addition of methyl 


lithium to 17) was not detected in the reaction mixtures, 
but the isomeric brendanols 32 and 33 were present in 
minor amounts (Scheme 3 and Table 3). 


Acid-catalysed hydration of 26 provided a more con- 
venient access to 32 and 33. The hydration conditions 
slowly convert 30 into 32 and 33, but do not equilibrate 
the brendanols. Downfield shifts, due to 0-OH, of a ter- 
tiary carbon in the I3C NMR spectrum of 32, and of a 
quaternary carbon in the "C NMR spectrum of 33, 


t 


+..x ... 
OH 


28 


&OR 


30 R = H  
31 R=CH3 


26 27 ' 


29a 29b 


32 


Scheme 3 


Table 3. Products derived from 29 


33 X = O H  
34 X = I  
35 X = H  


Product distribution ('70) 


Precursor, conditions 
~~ ~ 


30 31 32 33 


- - 27, MeOH, 5 d reflux 16.0 84.0 


27, dioxane-Hz0 (7 : 3), 12 h reflux 82.1 - 4.6 13.3 
26, dioxane-0.5 M HzS04 (7 : 3), 40'C: 


27, acetone-HzO (1 : l), 12 h reflux 85.5 - 4.3 10.2 


30 min, 17% conversion 30.8 - 13.8 55.4 


14 h, 100% conversion - - 16.7 83.3 
90 min, 63% conversion 29.5 - 11.3 59.2 
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served to assign the structures of the isomers. The 
assignment was confirmed by replacing the OH group 
of 33 with hydrogen, by way of the iodide 34. The Cv 
symmetry of the hydrocarbon 35 is evident from its I3C 
NMR spectrum. We note that the tertiary carbon of the 
cation 29 is the exclusive site of solvent capture whereas 
the intramolecular alkyl shift terminates preferentially 
at the secondary carbon. 


DISCUSSION 


Solvolyses of 10 and 12b, as well as extrusion of 
nitrogen from the em-diazonium ion 23, proceed with 


virtually complete rearrangement to give 3-brendanol 
(13a). The dediazoniation of the endo-diazonium ion 
24 is different, leading to 9 and 25 in addition to 13a. 
Detailed studies of norbornane-endo-2-diazonium ions 
(39) have provided evidence for inverting solvolytic 
displacement (ks) as a minor reaction path.16 The 
formation of 9 from 24, clearly bypassing the stage 
of a carbocation, is thought to proceed analogously. 
Another minor reaction path ( k ~ )  of 39 is participation 
of C-7, generating the unsymmetrically bridged ion 37. 
Charge distribution and ring strain in 37 favour 
nucleophilic attack at C-2, leading to endo-2- 
norbornanol (38) rather than to bicyclo [3. I .  1 J heptan- 


36 37 38 


39 4 0  


4 1  42 41’ 


43 44 45 46  


47 48  49 5 0  
Scheme 4 
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2-01 (36). The balance is improved by a methyl group 
at C-1: the 7-bridged ion 44, generated from 43, gives 
rise to 2-methylbicyclo [3.1.1] heptan-2-01 (45) and 1- 
methyl-endo-2-norbornanol (46) in a 1 - 1 : 1 ratio. I 9  


With the 5-norbornene-endo-2-diazonium ion (47)  as 
the precursor, the 7-bridged species 48 proceeds to give 
bicyclo [3.1.1] hept-3-en-2-01 (50) exclusively, owing to 
the allylic stabilization of 4920 (Scheme 4). Not surpris- 
ingly, 24 follows a similar course, leading to 25 by way 
of a cyclopropyl carbinyl cation. 


In the following discussion, we focus on the 6,2- 
carbon shift which transforms spiro(norbornane-2,l' - 
cyclopropyl) cations (3) into 3-brendyl derivatives (13). 
Whereas 6,2-hydride shifts have been observed with a 
wide variety of 2-norbornyl cations, analogous alkyl 
migrations appear to be limited to spirocyclopropane 
substituents. For instance, the generation of 6,6- 
dimethyl-2-norbornyl cations (51) by solvolysis 9,10 or 
deamination2' fails to induce 6,2-methyl shifts. A deep- 
seated reorganization of 51 does occur under stable ion 
conditions (S~FS-SO~CIF, - 110 "C). However, the 
tertiary cation thus formed was identified by NMR as 
55, rather than 54.22 We are forced to conclude that the 
sequence of 3,2-H, 6,2-H and 3,2-Me shifts, proceeding 
via 52 and 53, is energetically more favoured than the 
6,2-Me shift, 51 -+ 54 (Scheme 5). A degenerate 6,2- 
methyl shift, 57 S 57', has been invoked to account for 
racemization in the acid-catalysed formation of lactone 
58 from optically active S623 (Scheme 6). However, the 
lack of an analogous yet exoergic shift, 60- 61, in 
the lactonization of 5924 argues strongly against the 
purported mechanism. Attempts to promote 6,2-alkyl 
shifts by relief of ring strain were also unsuccessful. 
Exploratory studies of 62, the cyclobutane analogue of 
3, gave no evidence of ring expansion, leading to 63. It 
has been noted previously that cyclobutane is virtually 
inert toward electrophiles whereas cyclopropane has 
substantial reactivity. 25 The parent P-cyclopropylethyl 
system shows both kinetic and stereochemical evidence 


for partial cyclopropyl participation to form a sym- 
metrical intermediate which opens to a cyclopentyl 
derivative, 26 analogous to the current case. 


The ring expansion of spiro(norbornane-2,l' - 
cyclopropanes) was first described by Adam and 
co-workers. 27 They reported that addition of p-  
toluenesulphenyl chloride to 7 afforded the brendane 
derivatives 64 and 65. Similar results were obtained on 
treatment of the oxirane 67a and of the aziridine 67b 
with acids (Scheme 7).27b In the formation of 65 and 
69, the 6,2-alkyl shift is preceded by Wagner-Meerwein 
rearrangement. However, the influence of the 
heteroatoms on product ratios is difficult 
to assess. In the present study, the parent 
spiro(norbornane-2,1' -cycloprop-6-y1) cation (3), mini- 
mally disturbed by deuterium, is shown to achieve 
equivalence of C-1 and C-6 prior to ring expansion. The 
enhanced rates of solvolysis of 10 and of 12b, relative 
to analogous 2-norbornyl esters, must then be taken as 
evidence that 3 is lower in energy than the 2-norbornyl 
cation. In principle, label distributions cannot distin- 
guish symmetrical bridged ions from rapidly equili- 
brating unsymmetrical species. The case of 3, however, 
is particularly favourable for kinetic analysis. Since vir- 
tually no spirotricyclic products (e.g. 9) are found, the 
rate of solvent capture (close to diffusion-controlled, 
ks = 109-10'0 lmol-'s- ') must be slower by a factor 
of at least lo2 than the rate of ring expansion, which is 
thus estimated as k, = 10"-1012 s-'. On the other 
hand, the formal Wagner-Meerwein rearrangement 
must proceed ca 100 times faster than ring expansion, 
in order to achieve an even distribution of the label. For 
the rate of the formal Wagner-Meerwein rearrange- 
ment, we arrive at an estimated k , =  10'3-1014 s-', 
within the range of molecular vibrations. These argu- 
ments support the symmetrical bridged structure of 3. 


In contrast, the product pattern obtained from the 6- 
methyl derivative 29 is most reasonably interpreted in 
terms of two distinct cations, 29a and 29b. As a result 


51 52 53 


54 55 
Scheme 5 
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of hyperconjugative stabilization, the tertiary cation 
29a undergoes nucleophilic substitution, 29a + 30, 
faster than ring expansion (29a + 32) (Scheme 3). The 
secondary cation 29b, on the other hand, is expected to 
behave very much like 3, i.e., ring expansion (29b + 33) 
is much faster than solvent capture (not observed). The 
small concentration of 29b in equilibrium with 29a 
would thus be compensated by the enhanced rate of 
rearrangement, resulting in an excess of 33 over 32. 
Although partial bridging in both 29a and 29b is likely, 
our data are difficult to reconcile with a single inter- 
mediate, i.e. a hybrid of 29a and 29b. 


CONCLUSION 


Spiro(norbornane-2,l' -cycloprop-6-yl) esters (10 and 
12b) solvolyse faster than the analogous 2-norbornyl 
derivatives. The kinetic data confirm the stabilizing 
effect of spirocyclopropyl substitution at C-6 of the 2- 
norbornyl cation which was predicted from theory. 8b 
The intervening carbocation 3 achieves equivalence of 
C-1 and C-6 prior to the ring expansion (6,2-alkyl shift) 
leading to 3-brendyl products. The estimated rate of the 
formal Wagner-Meerwein rearrangement is of the 
order of molecular vibrations, thus supporting the sym- 
metrical bridged structure of 3. Methyl substitution 
at C-6 disturbs the parent system substantially. 
Nucleophilic attack now occurs exclusively at the ter- 
tiary carbon (C-6) whereas the secondary carbon (C-1) 
is the preferred terminus of ring expansion. These 
observations point to the intervention of two distinct 
cations (29a and b), rather than to a single bridged 
intermediate. 


EXPERIMENTAL 


General. Melting points were determined on a Kofler 
hot-stage apparatus and are uncorrected. 'H NMR 
spectra were obtained at 80 MHz (Bruker WP 80) and 
400 MHz (Bruker AM-400). 'H (61 -42 MHz) and 13C 
(100.61 MHz) NMR spectra were recorded on a Bruker 
AM-400 spectrometer. Chemical shifts in CDCI3 are 
reported in 6 (ppm) relative to tetramethylsilane as an 
internal standard, unless indicated otherwise. GC was 
performed by the use of a Siemens Sichromat equipped 
with glass capillary columns. Varian Aerograph 920 
instruments equipped with packed glass columns were 
used for preparative GC (PGC). HPLC was carried out 
with LDC (Milton Roy) chromatographs with refrac- 
tometric or UV detection. 


Spiro(bicycl0 t2.2. I ]  heptane-2, I '-cycloprop-exo-6-yl) 
p-toluenesulphonate (10). Diborane, generated from 
sodium tetrahydroborate (20-3 g, 0.54 mol) and boron 
trifluoride etherate (70.2 g, 63 ml, 0.50 mol) in diglyme 
(400mI) was introduced with oa slow stream 
of nitrogen into a cooled (0 C) solution of 


spiro(bicyc1o [2.2.1] hept-5-ene-2,l '-cyclopropane) (7)13 
(20.0 g, 0.17 mol) in diethy1 ether (70 ml). The mixture 
was stirred for 1 h at 0 C and for 1 h at room tempera- 
ture. Ice (50 g) was added slowly, followed by 3 M 
NaOH (150 ml) and 30% HzOz (120 ml). The reaction 
was stirred at room temperature for 1 h and then 
extracted with diethyl ether (3 x 200 ml). The combined 
organic extracts were washed with aqueous FeS04 
and brine, dried (MgS04) and concentrated in vacuo. 
Distillation of the residue afforded a mixture of 
spiro(bicyc1o [2.2.1] heptane-2,l' -cyclopropane)-exo-5- 
01 (8) and -ex0-6-01 (9) (55:45, GC), b.p. 
98-101 "C/lO Torr, (1 Torr = 133.3 Pa), yield 17.4 g 
(76C70), which was separated by HPLC (Polygosil60-10- 
CIS, water-acetonitrile, 3:8). 8: 'H NMR, 6 0.22 
(m, lH), 0-30-0.38 (m,2H), 0.50 (m, lH), 1.01 (dd, 
J =  12.5, 2 Hz, endo-3-H), 1.25 (ddd, J =  13,4,2 Hz, 
exo-6-H), 1.39 (d, J = 4  Hz, 1-H), 1-50 (dd, 
J =  12.5,5 Hz, exo-3-H), 1 . 5 5  (d,br, J =  9.5 Hz, syn- 
7-H), 1-64 (dd, J =  9.5 ,2  Hz, unti-7-H), 1.70 (s, br, 
OH), 1-98 (ddd, J =  13,6.8,2 Hz, endo-6-H), 2.21 (d, 
J =  5 Hz, 4-H), 3.88 (d, J =  6.8 Hz, 5-H). Analysis: 
calculated for CsH140, C 78.21, H 10-21; found, C 
78.55; H 10.11%. 9: 'H NMR, 6 0.17 (m, lH), 0-32 
(m, lH), 0.38-0.48 (m, 2H), 0.92 (dd, J =  12, 2 Hz, 
endo-3-H), 1.26 (m, exo-5-H), 1.31 (s, 1-H), 
1.43-1.54 (m, exo-3-H and syn-7-H), 1.57 (dd, 
J = 9 - 5 , 2  Hz, anti-7-H), 1.70 (ddd, J =  13,6*8,2 Hz, 
endo-5-H), 2.28 (t. J =  4 Hz, 4-H), 2-65 (s, br, OH), 
3.95 (d, J =  6.8 Hz, 6-H). I3C NMR, 6 9.0 (t), 14.4 (t), 
21 -8  (s), 35.7 (t), 37-9 (d), 40.3 (t), 42.1 (t), 53.2 (d), 
73.6 (d). Analysis: calculated for C9H140, C 78-21, H,  
10-21; found, C 78.22, H 10.22%. 


To a solution of 9 (0.80 g, 5 . 8  m5ol) in anhydrous 
pyridine (10 ml) was added at 0 C with stirring 
p-toluenesulphonyl chloride (1.2 g, 6 .4  mmol). After 
30 min at 0 OC, the reaction mixture was maintained at 
-2OOC for 3 d. Ice (20 g) and concentrated HCI 
(10 ml) were then added with stirring. After 10 min, the 
mixture was extracted with diethyl ether (3 x 30 ml). 
The combined extracts were washed with saturated 
aqueous NaHCO3 solution and water, dried (MgS04) 
and evaporated in vucuo. HPLC (Polygosil 60-5-CN, 
hexane-diethyl ether, 8:2) of the residue gave 
unreacted p-toluenesulphonyl chloride (37%), 11 
( 2 - 5 % ,  see below) and 10 (60.5%); m.p. 
57-5-58.5 OC; 'H NMR, 6 0.22-0-50 (m,4H), 0.95 
(d, br, lH), 1.25-1.95 (m, 6H), 2.20 (m, lH), 2.42 (s, 
3H), 4.68 (dd, J = 6 , 3 - 5  Hz, IH), 7.28 (AA', 2H), 
7-75 (BB',2H). On standing, and on attempted 
recrystallization, 10 was found to rearrange with for- 
mation of 11. The 'H NMR spectrum reported by 
SchaffnerIob is similar to ours, whereas her m.p. 
93-94.6 "C lob (presumably taken after recrystalliza- 
tion) is in agreement with that of 11. 


Kinetic procedure. Solutions of 10 in 80% ethanol 
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(ca M) were prepared at 0 "C and thermostated at 
the appropriate temperature (Table 1). Benzene was 
added as an internal standard. Sampling with a syringe 
through a septum was followed immediately (without 
work-up) by HPLC (Polygosil 60-5-CN, hex- 
ane-diethyl ether, 8 : 2, UV detector). The decrease in 
10 relative to the internal standard was first order to 
>90% conversion. Concomitantly, 11 approached a 
level which accounted for 10-15% of the initial concen- 
tration of 10. Solvolysis products were not monitored 
by the HPLC detector, but GC indicated 13a and 13b 
(not isolated) in a 14: 86 ratio. 


TricycIo[l. 2. I .  03. 7 ]  non-3-yl p-toluenesulphonate 
(21). The acid-catalysed hydration of 7 is a convenient 
route to 13a (for an unequivocal synthesis, see 
Ref. lob). A solution of 7 (2.0 g, 17 mmol) in dioxane 
(20 ml) and 2.5 M HzS04 (22 ml) was heated at reflux 
for 5 h. After cooling to 20 C, the mixture was satu- 
rated with NaCl and extracted with diethyl ether 
(3 x 30 ml). The combined organic extracts were 
washed with saturated aqueous NaHCO3, dried 
(MgS04) and concentrated to give a mixture of 8 (20%) 
and 13a (77070). For better separation, the mixture 
was oxidized with Cr03 (2.0 g, 20 mmol) in pyridine 
(25 ml) (20 O C ,  24 h). Conventional work-up yielded a 
mixture of 13a (80%) and 14 (15%), from which 13a 
(0.82 g, 36%) was isolated by HPLC (Polygosil 60-10, 
diethyl ether-hexane, I : 1) m.p. 88-90.5 "C 
(87.9-89.6°C'0b). 'H NMR, 6 0.75 (dt, J =  12, 
2.5 Hz, endo-9-H), 1-24-1.33 (m,2H), 1.38 (dd, 
J =  12-5,2 Hz, enndo-2-H), 1.60 (d, br, J =  10 Hz, syn- 
8-H), 1-60-1.74 (m,2H), 1.78 (ddd, 
J =  13-5,7,1.5 Hz, lH), 1.85-1.96 (m,3H), 2.02 (d, 
J = 4 - 5  Hz, 7-H), 2.05-2.15) (m, 1-H and 6-H). I3C 
NMR, 6 28.49 (t, C-5), 35.98 (d, C-1), 36.48 (d, C-6), 
37.54 (t, C-8), 38.30 (t, C-4), 40-45 (t, C-9), 49.25 
(t, C-2), 52.42 (d, C-7), 84.32 (s, C-3). These assign- 
ments are supported by 'H-l3C correlation and by 
partial deuteriation (see below). 


To a solution of 13a (0.40 g, 2.9 mmol) in pyridine 
(10 ml) were added 4-dimethylaminopyridine (0.35 g, 
2.9 mmol) and p-toluenesulphonyl chloriie (0.83 g, 
4.4 mmol). The mixture was stirred at 20 C for 2 d. 
Conventional work-up (cf. 10) was followed by HPLC 
(Polygosil 60-10, pentane-diethyl ether, 2 : 1) to give 
0.64 g (75%) of 11, m.p. 94-95.5 "C. 'H NMR, 6 0.79 
(d, J =  12 Hz, lH), 1.2-2.25 (m, l lH) ,  2.42 (s, 3H), 
2.55 (m, lH), 7.24 (AA', 2H), 7.75 (BB', 2H). Analy- 
sis: calculated for C16Hz&S, C 65-73, H 6-89; found, 
C 65.78, H 6.94%. 


The kinetic procedure described for 10 was applied, 
with the exception of the internal standard (benzo- 
phenone). The rate constants for the solvolysis of 11 in 
80% EtOH (Table 1) are slightly greater than those 
reported for 10 by Altmann-Schaffner and Grob, 
who used a conductimetric technique. 


Spiro(bicyclo[2.2. I] ] heptane-2, I '-cycloprop-exo-6- 
yl) p-nitrobenzoate (12a) and triJuoroacetate (12b). To 
a solution of 9 (1 .O g, 7.2 mmol in pyridine (10 ml) was 
added with cooling p-nitrobenzoyl chloride (2.1 g, 
11 - 3  mmol). The mixture was maintained at 40 'C for 
30 min and at 25 "C for 4 d. The mixture was then 
diluted with water (40 ml) and extracted with diethyl 
ether (3 x 30 ml). The combined extracts were washed 
with 2 M HCI, saturated NaHCO3 solution and water, 
dried (MgS04) and evaporated. The crude product 
(1.2 g, 58070) was purified by HPLC (Polygosil 60-10, 
hexane-diethyl ether, 99 : 1) to give 12a, m.p. 
89-91 OC. 'H NMR, 6 0.31 (m, lH),  0.48 (m, IH), 
0.63 (m,2H), 1.13 (dd, J =  I2 ,2Hz,  IH), 1.58-1.70 
(m,5H), 2.0 (ddd, J =  11.8,7,2 Hz, IH), 2.48 (t,br, 
J = 4 H z ,  lH),  5.15 (dd, J = 7 ,  2 H z  IH), 8 . 1 3  
(AA ' ,2H), 8.25 (BB ' ,2H). Analysis: calculated for 
C16Hi7N04, C 66.88, H 5.96, N 4.88; found, C 66-90, 
H 5.96, N 4.84%. 


Solvolyses of 12a (30 mg, 0.10 mmol) were 
attempted in dioxane-water (7 : 3, 7 ml, 2 d ieflux) and 
in 97% trifluoroethanol (8 ml, 3 d at llO"C, sealed 
ampoule), in the presence of 2,6-lutidine (1 10 mg, 
1.0mmol). In both runs, 9 was the only product 
detected by GC whereas up to 70% of 12a was 
recovered by HPLC. 


To a solution of 9 (0.20 g, 1.45 mmol) in anhydrous 
pyridine (3 ml) was added at 0 "C trifluoroacetic anhy- 
dride (0'44 g ,  2.1 mmol). The mixture was stirred at 
0 ° C  for 1 h and at 20°C for 3 d. Conventional 
work-up (cf. 12a) afforded 0.33 g (98%) of 12b. 'H 
NMR, 6 0.32 (m, IH), 0-45 (m, IH), 0.61 (m,2H), 


(m,4H), 1.95 (ddd, J =  11,7.5,2.5 Hz, lH), 2-45 
(m, lH) ,  5.08 (dm, J = 7 . 5 H z ,  1H). I9F NMR, 6 


Solvolyses of 12b (20 mg, 85 pmol) in various sol- 
vents ( 5  ml) were monitored by GC, with the following 
results: dioxane-water (7 : 3)-2,6-lutidine, 97% 9, 3% 
13a; dioxane-water (1 : 1)-2,6-lutidine, 81% 9, 19% 
13a; dioxane-water (1 : l), 68% 9, 32% 13a; 97% 
trifluoroethanol, 89% 13c, 11 Yo 13d. 13c: 'H NMR, 6 
0.82 (dm, J =  12 Hz, lH), 1.2-2.4 (m, 12H), 3.82 (q, 
J =  16 Hz, lH), 3-93 (q, J =  16-8 Hz, 1H); I9F NMR, 
6 -75.0 (t, J =  16-8 Hz). 13d: 'H NMR, 6 0.55 (dm, 
J =  12 Hz, lH), 0.88 (m,2H), 1-3-2.35 (m,9H), 2.54 
(m, 1H); I9F NMR, 6 -76.37 (s). Rate constants (Table 
1) were estimated by monitoring the decrease in 12b 


M in TFE) relative to an internal standard (ani- 
sole) by GC. Analogous measurements with ex0-2- 
norbornyl trifluoroacetate** were made in sealed 
ampoules at 100-1 15 "C (Table 1). 


1.08 (dd, J =  11,2.5 Hz, IH), 1.25 ( s ,  IH), 1.58-1.72 


-76.8 (s). 


Spiro(bicycl0 [2.2. I ] heptane-2, I '-cyc1opropan)-6- 
one p-toluenesulphonylhydrazone (19). To Sarett rea- 
gent29 prepared from C1-03 (6*2g, 62mmolb and 
pyridine (701x11) was added with cooling (0 C) a 
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mixture of 8 and 9, as obtained from the hydroboration 
of 7 (see above). The reaction mixture was maintained 
at 0 "C for 30 min and at 20 "C for 24 h, then diethyl 
ether (100rnl) was added. The solution was filtered, 
washed with 2 M HC1, saturated NaHC03 solution and 
water, dried (MgS04) and evaporated. Distillation of 
the residue afforded a pixture of 14 and 17 (54 : 46, 
1.5 g = 76%, b.p. 102 C/28 Torr), which was separ- 
ated by HPLC (Polygosil 6O-1O-Cl8, water-acetonitrile, 
2 : 1). Spiro(bicyc1o [2.2. I] heptane-2,1 '-cyc1opropan)- 
5-one (14): 'H NMR, 6 0.41 (m,lH), 0.48-0-56 
(rn,2H), 0.68 (m, 1H), 1.52 (dd, J =  12.5, 2Hz,  lH), 
1.81 (dd, J = 9 . 5 , 3  Hz, lH), 1.82-1-88 (m,2H), 
1-97-2-05 (m,2H), 2.14 (dd, J =  17.5,4 Hz, lH), 


1740 cm-I. Analysis: calculated for C9H120, C 79.30, 
H 8-88; found, C 79.43, H 8.91%. 
Spiro(bicyc1o [2.2. I ]  heptane-2,1' -cyclopropan)-6-one 
(17): 'H NMR, 6 0.42 (m, IH), 0-47-0.58 (m,2H), 
0.69 (m, lH), 1.36 (dd, J =  12, 2.2Hz, IH), 1.72 
(s, lH),  1.74 (dm, J =  10.5 Hz, lH), 1.86-1.95 
(m, 3H), 2.09 (dm, J =  18 Hz, lH), 2-74 (m, 1H); IR 
(CcL), v (C=O) 1750 cm-'. Analysis calculated for 
C9H120, C 79-30, H 8.88; found, C 79.36, H 8.86%. 


p-Toluensulphonylhydrazine (527 mg, 2.8 mmol) 
was dissolved in hot, anhydrous methanol (4 ml). Six 
drops of saturated methanolic HCI were added, fol- 
lowed by 17 (0-35g, 2.6mmol). The mixture was 
heated at reflux for 2 h and was then allowed to cool 
slowly to 20 "C. The solid was filtered and recrystallized 
from ethanol to give 0-50 g (63%) of 19, m.p. 129 "C. 
'H NMR, 6 0.1-0-75 (m, 4H), 1 - 13 (dd, J =  12,2 Hz, 
IH), 1.3-2.3 (m, 7H), 2.42 (s, 3H), 2.60 (m, lH), 7-26 
(AA', 2H), 7.82 (BB', 2H). Analysis: calculated for 
Cl6H2~N202S, C 63-13, H 6.57, N 9.20; found, 
C 63.03, H 6.68, N 9.29%. 


A solution of 19 (0.50 g, 1.6 mmol) in 0.2 M NaOH 
(50 ml) was irradiated for 3, h (medium-pressure 
mercury lamp, Pyrex vessel, 20 C). The solution was 
extracted with diethyl ether (3 x 30 ml) and the com- 
bined organic extracts were washed with brine, dried 
(MgS04) and concentrated by distillation (15 cm 
Vigreux column). In addition to 13a, 9 and 25 
(Table 2), 1-2070 of the ketone 17 was detected by GC. 
The alcohols 13a and 25 were isolated by HPLC (Poly- 
g o d  60-10, diethyl ether-hexane, 1 : 1); 13a was iden- 
tified by comparison with the sample obtained from 7. 
Spiro(bicyc1o [3.1. I] heptane-3,1 '-cyclopropan)-3-01 
(25): 'H NMR, 6 0.29, 0.47, 0.58, 0-72 (ddd, 
J = 9 - 5 , 6 , 4 - 5  Hz, IH), 1.43 (ddd, 
J =  13,4.5,1-8 Hz, IH), 1.55 (s,br, OH), 1.63 (dd, 
J = 9 * 5 , 7 . 5  Hz, IH), 1.68 (dd, J = 9 . 5 , 7 * 5  Hz, lH), 
1-95 (m, IH), 1.99 ( d , J =  13 Hz, IH), 2-05 (m, IH), 
2-41 (qd, J = 5 , 2 H z ,  lH), 2.53 (q, J = 5  Hz, lH), 
3.57 (d, J =  5 Hz, 1H). Analysis: calculated for 
CqH140, C 78.21, H 10.21; found, C 78.14, H 
10.11%. 


2.65 (d, J = 4 * 5 H z ,  1H); IR (cc14), v (C=O) 


From an analogous photolysis of 19 in 0.2M 
NaOD-D20, the major products were isolated as 
described above. [2H]-13a: 'H NMR (CCL), 6 2.0 
(s, br); after addition of Eu(fod)3, 6 2.11 and 2.17 
(0.98: 1.00); I3C NMR (CCL), 6 28.47, 28.60 (C-5), 
35.91 (C-l), 35.80, 36-01, 36.22, 36-31 (C-6), 37.43, 
37.53 (C-8), 38.09 (C-4, 40.16, 40.25 (C-9), 49.06 
(C-2), 51.47, 51.69, 51.90, 52-03 (C-7), 84.01, 84.04 
(C-3) (signals assigned to [6-'H] -13a in italics). ['HI - 
25: significant deviations from the 'H NMR spectrum 
of 25 were found at 6 3.57 (s) and 2.53 (no absorption). 


Spiro(bicyclo[2. I .  I ]  heptane-2,l -cyclopropan)-exo- 
and -endo-6-amine (15 and 21). A solution of 17 
(0.80 g, 5.9 mmol), hydroxylamine hydrochloride 
(0-62 g, 8.9 mmol) and pyridine (1.0 g, 12.6 mmol) in 
ethanol (10 ml) was heated at reflux for 3 h. The solvent 
was evaporated in vacuo and the residue was extracted 
with diethyl ether (3 x 20 ml). The combined organic 
extracts were washed with water, dried (MgS04) and 
concentrated to give the oxime 18 (0-61 g, 68%). 'H 
NMR,60-15-0-85(m,4H), 1*20(dm, J =  12Hz, lH), 
1-35-2.0 (rn, 5H), 2-05-2.4 (m, 2H), 2.55 (m, 1H). 


To a solution of the crude oxime (0.50 g, 3.3 mmol) 
in anhydrous ethanol (80ml) was added sodium 
(4.6 g, 0.2 mol) in small chunks. The resulting solution 
was diluted with water (50 ml), saturated with NaCl and 
extracted with diethyl ether ( 5  x 40 ml). The combined 
organic phases were extracted with 2 M HC1 
(3 x 30 ml). The acidic aqueous phase was washed with 
diethyl ether, basified with sodium hydroxide and 
extracted with diethyl ether (3 x 40 ml). The combined 
organic extracts were dried (KzCO3) and concentrated 
by distillation (15 cm Vigreux column). The residue 
(0-30 = 66%, 15 : 21 = 14 : 86) was dissolved in anhy- 
drous pyridine ( 5  ml). Trifluoroacetic anhydride 
(0.31 ml, 2.2 mmol) was added dropwise, and the 
react@ was maintained at 60 "C for 1 h. After cooling 
to 20 C, the mixture was diluted with diethyl ether 
(80ml), washed with 2 M HCl and water, dried 
(MgS04) and concentrated in vacuo. The 
trifluoroacetamides 16 (19.6%) and 22 (80.4%) were 
separated by PGC (2 m Carbowax column, 140 "C). 16: 
m.p. 82°C; 'H NMR, 6 0.2-0.75 (m,4H), 1.15 (dd, 
J =  12,2 Hz, IH), 1-25-1.8 (rn, SH), 2.03 (ddd, 
J =  13,8,2Hz, lH), 2-45 (m,lH), 4.10 (td, 
J =  8,4  Hz, IH), 6 -0  (s, br, NH). Analysis calculated 
for CllH14F3N0, C 56-65, H 6.05, N 6.01; found, C 
56.56, H 6.00, N 6.14%. 22: m.p. 104°C; 'H NMR, 
6 0.1-0-8 (m,4H), 1.0 (dm, J =  12Hz, IH), 1.3 (d, 
J =  11 Hz, IH), 1.35-1.9 (m,4H), 2-15 (dm, 
J = 1 2 H z ,  IH), 2.40 (m,lH), 4.32 (m,lH), 6.8 
(s,br,NH). Analysis: found, C 56-71, H 6.19, N, 
6.10%. 


Aminob~ration~' of 7 provided a mixture of 15 and 
the exo-5-isomer (53 : 47), which was converted into the 
trifluoroacetamides as described above. Compound 16 
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was isolated from the mixture by HPLC (Polygosil 
60-10, hexane-diethyl ether, 40: 1). Samples of pure 16 
and 22 (233 mg, 1 mmol) were dissolved in methanol 
(2 ml) and water (8 ml), K2C03 (230 mg, 1 ;6 mmol) 
was added and the mixtures were stirred at 20 C under 
nitrogen for 20 h. 31 Methanol was evaporated in vacuo 
and the aqueous solution was extracted with diethyl 
ether (3 x 20 ml). Anhydrous HCl was introduced into 
the dried (KzCO3) organic extracts. Excess of HCl and 
diethyl ether were evaporated in vacuo and the residue 
was recrystallized from ethyl acetate-methanol. 
15.HCI: m.p. 254 C (decomp.); 'H NMR (DzO), 6 
0.25-0.8 (m,4H), 1.15 (d, J =  12Hz, IH), 1.3-2.1 
(m,$H), 2.45 (m, lH) ,  3.50 (m,lH).  21aHCl: m.p. 
248 C (decomp.); 'H NMR (DzO), 6 0 -2  (m, lH), 
0-3-0-95 (m, 3H), 1.1-1.9 (m, 5H), 2-05-2-7 
(m, 3H), 3.57 (dm, J =  10 Hz, IH). Analyses: 


found, C 62.04, H 9.43, N, 8.28%. 
calculated for C ~ H I ~ C ~ N ,  C 62.24, H 9.28, N 8.06; 


Deamination procedure. Compound 15 * HC1 or 
21 -HCl (87 nig, 0 .5  mmol) was dissolved in water 
(10 ml) and diethyl ether (10 ml) and 0.1 M HC104 and 
a solution of NaN02 (255 mg, 3.7 mmol) in water 
(2 ml) were added dropwise with stirring to the biphasic 
mixture. The rate of addition was adjusted to maintain 
pH 3-5-3-8 in the aqueous phase (glass electrode). 
After stirring at 20°C for 16 h, the phases were separ- 
ated and the aqueous phase was extracted with diethyl 
ether (3 x 15 ml). The combined organic extracts were 
washed with saturated NaHCO3 solution and dried 
(MgS04). LiAlH4 (50mg) was then added, and the 
mixture was heated at reflux for 1 h (in order tf convert 
alkyl nitrites to alcohols). After cooling to 20 ( 2 ,  water 
was then added dropwise to obtain a flaky precipitate. 
The solution was filtered, dried (MgS04), concentrated 
by distillation (15 cm Vigreux column) to 1-2"ml and 
analysed by GC (39 m Carbowax column, 120 C, and 
127 m Edenol column, 140 "C) (Table 2). 


6-MethyleneL~piro(bicyclo 12.2. I] heptane-2, I I -  


cyclopropane) (26). Methyltriphenylphosphonium 
bromide (5.4 g, 15 mmol), sodium amide (585 mg, 
15 mmol) and diethyl ether (!O ml) was heated at reflux 
for 16 h. After cooling to 20 C, a solution of 17 (1 . O  g, 
7.3 mmol) in diethyl ether (10 ml) was added dropwise. 
Thg mixture was heated at reflux for 4 h, cooled to 
20 C, and filtered. The solution was concentrated by 
distillation (15 cm Vigreux column) and the residue was 
purified by short-path distillation at Torr to 
give 0.80g (80%) of 26. 'H NMR, 6 0-29 (ddd, 
J = 9 . 5 , 6 , 4 H z ,  IH), 0.34-0.43 (m,2H), 0.62 (ddd, 
J = 9 . 5 , 6 , 4 H ~ ,  IH), 1.21 (dd, J = 1 2 , 2 * 5 H z ,  lH), 
1.45 (dq, J = 9 , 2  Hz, lH), 1.56 (ddd, J =  
12,4*5,3 Hz, IH), 1.60 (ddt, J =  9 ,2*5 ,1 -5  Hz, lH), 
1-65 (m, lH), 1.97 ( J =  15.5,2*5 Hz, IH), 2.21 (ddq, 


J =  15.5,4-5,2.5 Hz, lH), 2-43 (tm, J = 4 . 5  Hz, lH), 
4-62 (m, lH), 4-73 (m, 1H). Analysis calculated for 
ClOH14, C 89.49, H 10.51; found, C 89.43, H 10.62%. 


To a solution of 26 (0.20 g, 1.5 mmol) in dioxane 
(14 ml) and water (6 ml) was added concentrated H z S 9  
(0.98 g, 10 mmol). The mixture was stirred at 40 C 
while progress of the reactionowas monitored by GC 
(41 m Carbowax column, 140 C (Table 3). Complete 
conversion of 26 and of the intermediate 30 (see below) 
was achieved within 14-16 h. The solution was then 
saturated with NaCl and extracted with diethyl ether 
(3 x 40 ml). The combined organic extracts were 
washed with saturated NaHC03 solution and water, 
dried (MgS04) and concentrated by distillation (15 cm 
Vigreux column). HPLC (Polygosil 60-10, diethyl 
ether-pentane, 1 : 2) afforded 32 and 33. 6-yethyl- 
tricyclo [4.2.1.03s7] nonan-3-01 (32): m.p. 96-97 C; 'H 
NMR,60.98(dd, J = 1 2 , 2 H z ,  lH), 1 * 0 0 ( ~ , 3 H ) ,  1.31 
(dtd, J =  12,3.5,1 Hz, lH), 1.40-1.43 (m,2H), 1.52 
(ddd, J =  13.5,9.5,6.6 Hz, lH), 1.55-1.70 (m, 5H), 
1.84 (tdd, J =  12.5,6-5,2*5 Hz, lH),  1.92 (ddd, 
J =  12.5,9.5,5 Hz, lH), 2.14 (tm, J =  3.5 Hz, 1H); 
13C NMR, 6 27.8 (q), 36.1 (t), 36.5 (t), 37-1 (t), 38.1 
(d), 43.4 (s), 47.6 (t), 49-5 (t), 58.6 (d), 84.8 (s). 
Analysis: calculated for C10H160, C 78.90, H 10-59; 
found, C 78.83, H 10.56%. 7- 
Methyltricyclo [4.2.1 .03"] nonan-3-01 (33): m.p. 
174-176 'C; 'H NMR, 6 0.90 (dd, J =  10.5,2.5 Hz, 
lH), 1.01 (s,3H), 1.22-1.31 (m,2H), 1.46 (dt, 
J =  10,2 Hz, lH), 1.50 (s,br OH), 1.57 (dd, 
J =  12.5,2.5 Hz, IH), 1.69-1.78 (m,2H), 1.91-2-07 
(m,4H), 2.00 (m, IH); I3C NMR, 6 13.4 (q), 26.6 (t), 
34.6 (d), 36.8 (t), 42-2 (t), 42.9 (d), 43-6 (t), 50.2 (t), 
54.1 (s), 84.2 (s). Analysis: found, C 78.65, H 
10 * 47 To. 


A mixture of 33 (100 mg, 0.75 mmol), sodium iodide 
(225 mg, 1 . 5  mmol) and 95% phosphorE acid (3 ml) 
was maintained in a sealed flask at 80 C for 4 h.3z 
After cooling to 20"C, the mixture was diluted with 
water (10 ml) and extracted with diethyl ether 
(3 x 10 ml). The combined organic extracts were 
washed with NazS~03 solution and water, dried 
(MgS04) and concentrated. The iodide 34 was dissolved 
in methanol (10 ml), magnesium turnings (50 mg, 
2 mmol) were added and the mixture was heated at 
reflux for 1 h. After cooling to 20 "C, the solution was 
diluted with diethyl ether (40 ml), washed with water, 
dried (MgS04) and concentrated by distillation (15 cm 
Vigreux column). The residue was purified by PGC 
(1.5 m Carbowax column, KOH, 95 C) to give 20 mg 
(20%) of 7-methyltricyclo [4.2.1 .0337] nonane (35): m.p. 
108-109'C; 'H NMR, 6 0.85 (dm, J =  12 Hz, 2H), 
1.03 (s, 3H), 1.39 (m, 2H), 1 a49 (m, 2H), 1.76 (m, 2H), 
1.82-1.97 (m,5H); I3C NMR, 6 17.8 (q), 30.8 (t), 
35.2 (d), 42-4 (t), 44-6 (d), 46.5 (t), 54-8 (s). Analysis: 
calculated for C I O H I ~ ,  C 88.16, H 11.84; found, 
C 88.05, H 11.87%. 
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endo-6-Methylspiro(bicyclo t2.2. I ]  heptane-2, I I -  


cyclopropan)-exo-5-oI p-nitrobenzoate (27). To a sus- 
pension of Hg(0Ac)z (320 mg, 1 mmol) in THF (6 ml) 
and water (6 ml) was added026 (134 mg, 1 mrnol). The 
mixture was stirred at  20 C for 30min, then 3 M 
NaOH (4ml) and 0 . 5 ~  NaBH4 (4ml) were added 
dropwise. The solution was filtered, saturated with 
NaCl and extracted with diethyl ether (4 x 20 ml). The 
combined organic extracts were washed with water, 
dried (MgS04) and concentrated to 2 ml. HPLC (Poly- 
gosil 60-10, diethyl ether-pentane, 1 : 2) of the residue 
gave 93 mg (61 To) of endo-6-methylspiro(bicyclo [2.2.1] 
heptane-2,l' -cyclopropan)-exod-01 (30). 'H NMR, 
6 0.13 (ddd, J=9-5 ,6 ;4Hz,  IH), 0.42 (ddd, 
J = 9 . 5 , 6 , 4  Hz, IH), 0.52-0-69 (m,2H), 1.10 (dd, 
J = 1 1 * 5 , 2 H z ,  lH), 1.20 (s,lH), 1.28 (s,br,OH), 


(ddd , J=11 .5 ,4 -5 ,3Hz ,  IH), 1.62 (dm, J = 9 * 5 H z ,  
IH), 1-65 (ddd, J =  13,4.5,2.5 Hz, IH), 1.84 (dm, 
J =  9.5 Hz, IH), 2-34 (tm, J =  4-5  Hz, 1H). Analysis: 
calculated for CIOH160, C 78.90, H 10.59; found, 
C 78-95, H 10.63%. 


To a solution of 30 (304 mg, 2.0 mmol) in anhydrous 
THF (5 ml) was added under nitrogen n-butyllithium 
(1-6 M in hexane, 1.4 ml). After stirring at 20 C for 
30 min, a solution of p-nitrobenzoyI chIoride (408 mg, 
2.2 mmol) in THF (3 ml) was added and the Tixture 
was heated at reflux for 2 h. After cooling to 20 C, the 
mixture was diluted with diethyl ether (30 ml), washed 
with saturated NaHCO3 solution and water, dried 
(MgS04) and concentrated. Flash chromatography, fol- 
lowed by HPLC (Polygosil 60-10, diethyl ether-pen- 
tane, 1 : 2), afforded 180 rng (60%) ofounreacted 30 and 
100mg (17%) of 27; m.p. 101-103 C (recrystallized 
from pentane). 'H NMR, 6 0.2 (m,lH),  0.35-0.95 
(m,3H), 1.19 (dm, J = 1 2 H z ,  IH), 1-42-1.85 
(m,4H), 1.77 (s,3H), 1.95-2.5 (m, 3H), 8-13 (m,4H). 
Analysis: calculated for CI7H19N04, C 67.76, H 6.35, 
N 4-65; found, C 67.77, H 6.41, N 4.75%. 


A solution of 27 (20 mg, 0.07 mmol) and 2,dlutidine 
(75 mg, 0.7 mmol) in methanol ( 5  ml) was heated at 
reflux for 5 d. The mixture was partitioned between 
water and diethyl ether. The organic phase was washed 
with 1 M HCl and water, dried (Na2S04), concentrated 
by distillation (15 cm Vigreux colupn) and analysed by 
GC (41 m Carbowax column, 140 C). exo-6-Methoxy- 
endo-6-methylspiro(bicyclo [2.2.1] heptane-2,l' -cycle- 
propane (31) was identified by comparison with an 
authentic sample, obtained by methylation (CH31, 
NaH, THF, 8 h reflux) of 30. 'H NMR, 6 0.1-0.72 
(m,4H), 0-95-1.25 (m,2H), 1.30 (s,3H), 1*32-1*88 
(m, 6H), 2-28 (m, IH), 3-07 (s, 3H). Analysis: calcu- 
lated for C I I H l ~ O ,  C 79.47, H 10-91; found, C 79-39, 
H 10.82%. 


Analogous solvolyses of 27 (20 mg, 0.07 mmol) were 
carried out in acetone (2.5 m1)-water (2.5 ml)-KZCO3 
(97 mg, 0.7 mmol) (12 h reflux) and in dioxane 


1.37 (dd, J =  13,3 Hz, lH), 1.39 ( s , ~ H ) ,  1-51 


(3.5 m1)-water (1.5 rnl)-2,6-lutidine (75 mg, 
0.7mmol) (12 h reflux), with the results recorded 
in Table 3. exo-6-Methylspiro(bicyclo [2.2.1] heptane- 
2 , l '  -cyclopropan)-endo-3-ol (28) was not detected 
(GC) in the solvolysis mixtures. A sample of 28 was pre- 
pared from the ketone 17 (136 mg, 1 mmol in 10 ml of 
diethyl ether) and methyllithium (1 - 6  M in diethyl 
ether, 1 ml). 'HNMR,60.16(ddd, J = 9 * 5 , 5 * 5 , 4 H z ,  


(m,2H), 1.23-1-26 (m,4H), 1.30 (dd, J =  13,3*5 Hz, 
IH), 1.35 (dd, J =  12,2 Hz, IH), 1.53 (dm, J =  10 Hz, 
lH), 1.61 (ddd, J=12 ,5 ,3Hz ,  IH), 1-67(ddt,  J =  
1 0 , 3 . 5 , 1 * 5 H ~ ,  lH), 1.71 (ddd, J =  13,4*5,2.5 Hz, 
IH), 2.32 (tm, J = 5  Hz, IH), 2.60 (s,br,OH). 
Analysis: calculated for CI0Hl60, C 78-90, H 10.59; 
found, C 78.72, H 10.50%. 


IH), 0.41 (ddd, J = 9 . 5 , 5 * 5 , 4  Hz, lH), 0069-0.72 
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WITH IODOMETHANE: SUBSTITUENT, SOLVENT AND 


TEMPERATURE DEPENDENCE 


WOLFGANG LINERT,* BERNHARD STRAUSS AND ERWIN HERLINGER 
Institute of Inorganic Chemistry, Technical University of Vienna, Getreidemarkt 9, A-1060 Vienna, Austria 


AND 
CHRISTIAN REICHARDT 


Department of Chemistry, University of Marburg, Hans-Meerwein-Strasse, W-35.50 Marburg, Germany 


The rate constants of the pseudo-first-order methylation reaction of seven substituted pyridinium-N-phenoxide betaine 
dyes by iodomethane, were determined by UV-visible spectrophotometry in nine different solvents. The influence of 
substituents on the position of the long-wavelength, intramolecular charge-transfer absorption band of the 
unsubstituted betaine dye can be described by a modified Hammett equation. The solvent-dependent absorption 
constant PA correlates satisfactorily with the acceptor properties of the nine solvents used. The substituent-dependent 
alkylation rate constants (In k) correlate linearly with the Hammett substituent constants, whereas the solvent- 
dependence of In k follows a more complicated pattern. Temperature-dependent measurements of the rate of 
alkylation exhibit an isoenthalpic behaviour for all the betaines in all the solvents investigated, i.e. the Arrhenius 
activation energy is almost constant for all differently substituted betaines in a given solvent. Temperature-dependent 
measurements of the alkylation rate of the unsubstituted betaine in different solvents led to an isosolvent relationship, 
i.e. the corresponding Arrhenius plots show a common point of intersection. According to the theory of isokinetic 
relationships, this isosolvent behaviour is interpreted in terms of a resonant energy exchange between the reacting 
species and the surrounding heat-bath system, which in this particular case seems to be the betaine molecule itself. 


INTRODUCTION 
In recent years, many solvent parameters for the 
empirical description of solute-solvent interactions 
have been proposed, but only few of them have sur- 
vived the application test and are now commonly 
accepted. lP2 Amongst them are the E~(30)  values of 
Reichardt and c o - ~ o r k e r s ” ~  and the acceptor numbers 
( A N )  of Gutmann and co-worker~.~*’ 


E ~ ( 3 0 )  values are defined as molar transition energies 
(in kcal mol- ’) for the longest wavelength, intramole- 
cular charge-transfer UV-visible absorption band of 
the dissolved standard betaine dye la  (Scheme 1). They 
are known for more than 300 and 
numerous binary solvent mixtures, and they have 
found many applications, e.g. in analytical chemistry. lo 


Acceptor numbers ( A N )  are derived from the relative 
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’IP NMR chemical shift of triethylphosphane oxide in 
a given solvent relative to the shift of the 1 : 1 adduct 
Et3PO -+ SbCls with n-hexane ( A N =  0) as reference 
solvent. They are known for about 50 solvents and 
some binary solvent mixtures.475”‘ 


Both probe molecules, the solvatochromic betaine 
dye l a  and triethylphosphane oxide, possess with the 
N+-O- and P+-O- groups a negatively charged 
oxygen atom capable of specific interactions with 
hydrogen-bond donor (HBD) and electron-pair 
acceptor (EPA) solvents. Thus, in addition to the non- 
specific solute-solvent (i.e. van der Waals) interac- 
tions, ’’ both probe molecules are particularly suitable 
for the registration of the solvent Lewis acidity, i.e. the 
acceptor properties of the surrounding solvent mol- 
ecules. ‘2-13 Therefore, a satisfactory linear correlation 
exists between E ~ ( 3 0 )  and A N  for a set of selected 
solvents. 


The E~(30)  values are strongly temperature depen- 
dent (they increase with decreasing temperature) and 
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Scheme 1. 


Betaine R '  R2 U P  


la H H 0.000 
l b  CH3 H -0.170 
lc  H OCH, 0.115 
Id c1 H 0.227 
l e  H c1 0.373 


CF3 H 0.54 
H NO2 0.710 


(' Hammett substituent constants taken from reference 17. 


the corresponding thermochromism of solutions of l a  
is, in contrast to A N ,  easily measurable.'4 


The often linear correlation between empirical 
solvent parameters and other solvent-dependent proper- 
ties (e.g. logarithms of rate and equilibrium constants, 
absorption energies) can be considered as manifesta- 
tions of general linear free-energy relationships 
(LFERs). 1 3 1 5 3 1 6  Since LFERs and the so-called 
isokinetic relationships (IKR) l 6  are closely related by 
theory, it seemed of interest to  compare the thermo- 
chromism of the solvatochromic betaine dyes used to  
establish the E ~ ( 3 0 )  scale with their kinetic behaviour at 
different temperatures in different solvents. 


Previous work has already shown that the alkylation 
of the pyridinium-N-phenoxides la-g by iodomethane 
according to equation (1) follows a simple s N 2  
mechanism in many solvents." With an excess of 
iodomethane, pseudo-first-order kinetics can be 
observed, which can easily be followed by UVlvisible 
spectrophotometry, since with increasing alkylation of 
la-g to  the (methoxypheny1)pyridinium salts 2a-g, the 
long-wavelength absorption band of la-g gradually 
disappear. In this way, the rate constants of the 
methylation reaction (1) for seven differently substi- 
tuted betaine dyes la-g were determined at various 
temperatures in nine solvents. 


l a -  g 


2a-g 


EXPERIMENTAL 


The rate of reaction ( 1 )  was determined using the 
stopped-flow technique with a stopped-flow UV-visible 
spectrophotometry (Tracor Northern, TN-1705) which 
was combined with a multi-channel analyser (Tracor 
Northern, TN-1710), both supplied by Applied Pho- 
tophysics (London). This instrument permits the regis- 
tration of 1016 data points between 400 and 900 nm. 
The measurements showed clearly that reaction (1) pro- 
ceeds without the formation of coloured intermediates 
or side-products. Further kinetic measurements were 
performed with a Durrum D-110 stopped-flow spec- 
trophotometer a t  the wavelength of maximum absorp- 
tion of the betain dyes la-g in the solvent under 
investigation. For that purpose, their UV-visible 
spectra were recorded beforehand with a Cary 17-D 
spectrophotometer. The cell temperature was kept con- 
stant with a Haake F4/k or Lauda TUK 30D thermostat 
within the limits of k0.05 and 2 0 . 1  K, respectively. 
The far-IR spectra were recorded with a model 20F 
Fourier-transform spectrometer (Nicolet Instruments). 


The betaine dyes la- were synthesized according to  
published Iodomethane (Merck, 
Darmstadt) was used as obtained. Acetone (AC), 
methyl acetate (MeOAc) and ethyl acetate (FtOAc) 
were dried dynamically with molecular sieve 3 A .  Ace- 
tonitrile (An) was refluxed with sodium hydroxide 
pellets for 48 h ,  distilled, refluxed twice over P4010 and 
redistilled. Chloroform was purified by passing it 
through a column filled with aluminium oxide. 
Dimethyl sulfoxide (DMSO) was refluxed with calcium 
hydride, distilled under ;educed pressure and stored 
over molecular sieve 3 A .  Nitromethane (NM) and 
nitroethane (NE) were washed with water, dried with 
anhydrous calcium chloride and distilled under reduced 
pressure. Propane- 1,2-diql carbonate (PDC) was dried 
with molecular sieve 4 A  and distilled twice under 
reduced pressure. Trimethyl phosphate (TMP) was 
refluxed over calcium hydride and distilled twice under 
reduced pressure. Tetrahydrofuran (THF) was refluxed 
over sodium and distilled. 1,2-DichIoroethane (DCE) 
was of general grade and used as received. All solvents 
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had a water content of less than 100 mg 1- '  as deter- 
mined by Karl Fischer titration (except AC). The influ- 
ence of traces of water on the rate was studied by 
varying the water content in An by mixing known 
amounts of water-rich and water-poor An, the water 
content of which had previously been determined by 
Karl Fischer titration. 


Solutions of iodomethane were prepared by  dis- 
solving accurately weighed amounts of CH3I to give 


concentrations of 0.3-0.5 mol I- ' .  These solutions 
were used within 2 days because decompositions 
occurred in some solvents after 1-2 weeks. Under these 
circumstances, the reaction kinetics were strictly first 
order, so that the determination of betaine concen- 
trations was not necessary. However, according to their 
molar absorptivities, the required concentrations of 
la-g must be between 1 x and 2 x mol I- ' .  
Great care was taken to avoid traces of acids in the sol- 
vents used, because otherwise the betaine dyes are deco- 
lourized by protonation. '' 


RESULTS 
The mechanism of alkylation reaction (l), as proposed 
by Reichardt and Miiller,'8 was confirmed by the 
observed strict pseudo-first-order behaviour and the 
absence of any other coloured intermediate, as can be 
seen in Figure 1, showing the decrease in the betaine 
UV-visible absorption with increasing methylation. 
Typical values of the pseudo-first-order rate constants 
k [ = k,bs/c~(CH31)] are given in Table 1. In some sol- 
vents, however, deviations from this behaviour 
occurred: in DMSO, reaction of iodomethane with the 
solvent itself takes place and the k-values are no longer 
independent of the initial iodomethane concentration, 
yielding an apparently higher order in iodomethane. In 


500 6w m ew pw acetate, the reaction is not pseudo-first-order, with the 
A l n m  - concentration-time curves showing a distinct 


maximum. In trimethyl phosphate, the betaines eventu- 
ally  decompose^ ~~~~i~~ this, linear pseudo-first-order 
plots could be obtained up to three half-lives, enabling 


Because of preferential solvation of the betaine mol- 
ecules by the more polar component of binary solvent 


, c nitroethane, the betaine dyes decompose. In methyl 


Figure 1. Decrease of the solvatochromic, long-wavelength 
UV-visible absorption band of betaine la  during methylation 
with iodomethane in chloroform at 19.90c, c(betaine) 
= 2 . 5  10-4 mol ] - I ;  co(CH3~) =0.50581 mol 1 - 1 .  ~i~~ Us to obtain approximate rate constants in this case. 


interval between two spectra, 200 s; first spectrum recorded 
60 s after reaction start 


2 40 c/mmol. 1 - 1  
eo 


L, , 
5 20 40 


I .  r c 
90 360 120 1440 2520 c/mg. 1-1 4320 


c(HzOI - 
Figure 2. Influence of traces of water on the rate constant k of methyl$tion of betaine l a  with iodomethane in acetonitrile-water 


mixtures at 25 C 
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Table 1. Typical pseudo-first-order rate constants, IO'k(l mol-' s-I),  for reaction (l) ,  determined in nine different solvents at 
temperatures ('C) given in parentheses by measuring the decrease in the long-wavelength UV-visible absorption band of la-g at 


the given wavelength Xmax(nm) 
~~ 


Solvent la l b  lc  Id l e  l f  1g 


AC a 


EtOAc" 


Ana 


CHCha 


NM 


PDC 


TMP 


THFa 


DCE 


680 nm 
( 5.1) 38.9 
(10.2) 53.1 
(15.4) 71.7 
(20.3) 91.9 
(25*2)124.1 
(30.0)165.2 
(35*5)228.9 
750 nm 


(10.1) 33.3 


(20.2) 58.9 
(25.1) 75.5 
(29 * 9) 100.8 
(35.1)127.8 
624 nm 


(10.1) 11.9 
(15.2) 16.1 
(20.1) 23.2 
(25.4) 29.8 
(30-1) 42.0 
(35.5) 56.2 
720 nm 


(16.2) 2.83 
(21.1) 3.68 
(25.8) 5.69 
(29.5) 7.86 


620 nm 
(25.0) 13.3 
619 nm 


(25.0) 16.2 
657 nm 


(25.0) 76.8 
764 nm 


(15.7) 45-4 
(21.2) 60.6 
(25.4) 80.9 
(29-5)102.1 
(34.0) 1 35 .4 
(39.0) 193 .7 
682 nm 


(16.3) 3.98 
(25-7) 6-64 
(34.0) 12.2 
(38.9) 19-3 


677 nm 


(10.2) 45.2 


(20.6) 89.6 
(25.8) 1 18.6 
(3O.l)lSO. 8 
(35.2)213 * 7 


745 nm 
(10.3) 36.5 


(20.1) 65.9 
(25.0) 84.9 
(30- 0)109.0 
(35*1)142.3 
618 nm 


(10.3) 12.2 
(15.6) 17.3 
(20.4) 23.2 
(25.6) 32-3 
(30.5) 43.8 
(35.9) 59.4 


720 nm 
(13.9) 4.12 
(20.0) 5.35 
(25.1) 8.21 
(29.9) 10.4 
(35.0) 14.6 
616 nm 


(25.0) 12.3 
619 nm 


(25.0) 16.7 
656 nm 


(25.0) 79.5 


688 nm 


(10.1) 50.0 


(20.4) 90.3 
(25 '4) 120.8 
(30*2)163.6 
(35*1)217.3 
754 nm 
(10.3) 33.9 


(20.1) 60.9 
(25.2) 81.6 
(30.4) I07 - 5 
(35.3) 147.8 
626 nm 


(10.6) 11.2 
(15.5) 16.1 
(20.8) 22.8 
(25.7) 32.8 
(30.6) 44.3 
(35-6) 58.2 
733 nm 


(13.8) 3.35 
(20-0) 4.54 
(25.0) 6.54 
(29.9) 8.72 
(35.0) 12.9 
623 nm 


(25.0) 11.8 
623 nm 


(25.0) 16.4 
660 nm 


(25.0) 78.6 


700 nm 


(10.0) 46.2 


(20-4) 86.9 
(25 '4) 1 15.8 
(30.6)157.0 
(35.4)214*6 


768 nm 
(10.1) 29.1 


(20.0) 57-2 
(25.2) 71.5 
(30- 1) 95.1 
(35-3)125.7 
638 nm 


(10.6) 11.0 
(15.5) 15.4 
(20.6) 21.4 
(25.8) 30-3 
(30.7) 42.2 
(35.4) 55.3 


752 nm 
(13.9) 2.73 
(20.0) 4.08 
(25.1) 5.15 
(30.0) 7.62 
(35-0) 9.98 
632 nm 


(25.0) 11.2 
623 nm 


(25.0) 15.5 


670 nm 
(25.0) 73.3 


706 nm 


(10.1) 43.0 


(20.5) 78.1 
(25 * 9102.3 
(30.2)133*1 
(35.3)186.2 


774 nm 
(10.4) 28.7 
(15.4) 38.5 
(21.1) 52.9 
(25.6) 67.7 
(30.6) 89-5 
(35 '6) 1 16.1 
648 nm 


(10.2) 10.4 
(15.3) 14.8 
(20.8) 21.6 
(25-8) 30.3 
(30.8) 42.2 
(35.5) 54.4 


761 nm 
(13.8) 3.16 
(20.0) 4.08 
(25.1) 5.47 
(30.0) 7.32 
(35.1) 10.3 
639 nm 


(25.0) 11.2 
640 nm 


(25.0) 14.7 
677 nm 


(25.0) 67.1 


716 nm 


(10.1) 37.1 


(20.5) 68.6 
(25-5) 89-7 
(30*4)116.5 
(35.4)161.8 
784 nm 


(10.5) 24.7 
(15.4) 33.6 
(20.4) 46.1 
(25.5) 59.7 
(30.3) 79.9 
(35.9100.4 
659 nm 


(10.2) 9.3 
(15.3) 13.4 
(20.7) 19.0 
(25.6) 26.6 
(30.6) 36.8 
(35.5) 51.2 


798 nm 
(13.8)2.63 
(20.0)3 * 06 
(25.0)3.93 
(29.9)5.40 
(35.3)7*57 


- 


654 nm 


651 nm 


694 nm 
(25.0) 58.4 


(25.0) 10.0 


(25.0) 13.8 


'The A,,, values in this table are in good agreement with those given in Ref. 18. 
'Solutions of the betaine dyes la-f are unstable in TMP (>50% decomposition within 24 h) and the semi-logarithmic first-order plots indicate three 
half-lives. Despite this. the rate constants could be obtained from the linear part of the kinetic curves. 
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mixtures,"' traces of water in solutions of l a  in less 
polar solvents have a tremendous effect on the position 
of its solvatochromic UV-visible absorption band. For 
example, for l a  a hypsochromic shift of 46 nm is 
observed on going from pure acetonitrile to a 98:2 
(v/v) acetonitrile-water mixture! This can be used as a 
rapid procedure for determination of water in organic 


For the same reason, the rate of methyla- 
tion of l a  should also depend strongly on the water 
content. This is indeed the case, as shown by Figure 2. 


With increasing water content, the methylation rate 
of l a  in acetonitrile-water mixtures decreases, owing 
first exponentially [up to c(H2O = 700 mg 1-'1 and 
then linearly, owing to preferential solvation of la  by 
the HBD solvent water. Hydrogen bonding to  the phen- 
oxide oxygen atom of l a  reduces its nucleophilicity. 


Substituent variation 


The substituent-dependent shifts of the solvatochromic 
UV-visible absorption bands of la-g, measured in a 
given solvent as the change in molar transition energy 
ET, can be quantitatively described by means of a 
modified Hammett equation: 


(2) 
first introduced by Kosower et al. I' ET,R and ET,O refer 
to the absorption of the substituted and unsubstituted 
betaine dyes, respectively; u is the common Hammett 
substituent constant " and P A  is called absorption con- 
stant because it refers to  the susceptibility of the 
absorption behaviour of an absorbing species to  a 
substituent change [=s lope  of the line given by 
equation (2)]. The P A  values given in Table 2 are in 
good agreement with those determined by Reichardt 
and Muller. I s  


These susceptibility parameters are solvent dependent 
and they exhibit a statistically significant, but neverthe- 


(ET,R - E T , o ) / ( ~ . ~ O ~ R T )  = PAU 


less weak, linear correlation with the acceptor numbers, 
as shown in Figure 3, if one excludes HBD solvents 
such as alcohols. Increasing electron-accepting power 
of the non-HBD solvents correspond to  a decrease in 
pA. A linear correlation of similar weak quality is 
obtained with the E ~ ( 3 0 )  values (cf. inset in Figure 3 )  if  
HBD solvents (alcohols), haloalkanes (chloroform), 
and 1,Cdioxane are excluded (open squares in 
Figure 3 ) .  These solvents are known for their very spe- 
cific interactions with solutes such as the betaines la-g, 
and they have also been excluded in the correlation 
between A N  and E ~ ( 3 0 ) .  


Normal Hammett plots of the substituent-dependent 
rate constants of reaction ( I ) ,  using I n k  at different 
temperatures calculated from the Arrhenius equation, 
are found to  be linear, as shown in figure 4, which also 
includes the respective temperature dependence of In k .  
The corresponding Hammett reaction parameters, PK,  
are given in Table 2.  The linearity of the Hammett plot 
shown in Figure 4 is improved by correlating the In k 
values, determined in a given solvent, instead of with u, 
with In k values measured in propane-l,2-diol car- 
bonate (PDC), according to equation ( 3 )  (ko = kla) :  


h(k/kO )solv = h ( k /  k0 IPDCPK ' ( 3 )  
In addition, the PK and pr<,-values (cf. Table 2) corre- 
late linearly with each other (r = - 0.996). This implies 
that the influence of substituents on the rate of reaction 
(1) is governed mainly, but not exclusively, by the same 
electronic factors which are described by the Hammett 
u values. The solvent-dependent slopes of the Hammett 
relation ( 3 ) ,  indicated by pk' (cf. Table 2), decrease 
with increasing A N  or E ~ ( 3 0 ) .  This indicates a competi- 
tion between the entering iodomethane molecule and 
the solvent molecules surrounding the nucleophilic 
phenoxide centre of la-g: the easier the solvent mol- 
ecules are replaced (i.e. the weaker their acceptor pro- 
perties are), the more is the methylation rate governed 


Table 2. Hammett absorption parameters p ~ ~ . ~  and Hammett reaction parameters p ~ ' . ~  and 
p ~ ' ~ , * ,  predetermined by UV-visible spectrophotometry from the substituent-dependent 
absorption of la-g, and kinetically from the substituent-dependent alkylation reaction (l) ,  


respectively, and the regression coefficients r of the corresponding LFE relationships 


Solvent 


AC 
An 
CHCI, 
EtOAc 
NM 
PDC 
TMP 


- - P A b  


2.28' 
2.91' 
3.29' 
1.52 
2.63 
2.38 
2.06 


- r  - P K c  


0.985 
0.914 
0.991 
0.994 
0.979 
0.970 
0.926 


0.39 
0.30 
0.74 
0.51 
0.33 
0.27 
0.43 


- r  


0.82 
0.95 
0.97 
0.94 
0.88 
0.95 
0.92 


- P K r d  


0.66 
0-93 
0.37 
0.53 
0.89 
1-00 
0.63 


- r  


0.92 
0.98 
0.84 
0.99 
0.87 
1 .oo 
0.99 


- 


Defined as the slope of the respective LFER plots. 


As defined by the Hammett equation In(k/ko) = PKU, 


"As defined by equation (2 ) .  


dAs defined by equation (3). 
'Taken from Ref. 18. 
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Figure 3. Linear correlation between absorption constants p A ,  i.e. Hammett susceptibility parameters derived from UV-visible 
spectrophotometric measurements, l9 and the acceptor number AN (correlation coefficient r = - 0.984). Inset: correlation between 


and Er(30). Squares refer to data from Ref. 18 and circles to data given in this paper. Solvent numbering: I ,  MeOH; 2, n-BuOH; 
3, CHC13; 4, NM; 5 ,  DMSO; 6 ,  An; 7, PDC; 8, TMP; 9, AC; 10, 1,4-dioxane; 11, EtOAc (abbreviations as given under 


Experimental) 


2 8 3 K  / 


Figure 4. Three-dimensional plot showing the influence of reaction temperature ( I / T )  and substituent variation ( u )  on the rate (In k )  
of methylation of betaines la-g with iodomethane in acetonitrile. m , values calculated from the Arrhenius law; , experimental 


values 


by the substituent-regulated nucleophilicity of  the example, the largest rate constant is found in acetone, 
betaine molecules. a solvent with only medium A N  and E~(30) values. 


Two  correlation lines are observed if one divides the 
solvents investigated into two groups, one including sol- 
vents with considerable EPD properties (high donor Solvent variation 


The solvent-dependent rate constants o f  reactions (1) numbers5) and the other including mainly haloalkanes. 
(cf. Table 1) exhibit not simple correlation with A N  Ethyl acetate and tetrahydrofuran, however, seem to  
and E~(30),'~ as shown in Figure 5 for betaine la .  For belong to neither the first nor the second group. Poss- 







ALKYLATION OF PYRDINIUM-N-PHENOXIDE BETAINE 28 1 


5 10 15 20 25 30 35 40 45 


AN - 
Figure 5. Correlation between the rates of methylation (In k )  of betaine l a  at 25'C and the acceptor numbers AN of the reaction 
media [correlation coefficients r =  -0.988 (upper line) and r =  -0.890 (lower line)]. Inset: correlation between In k and E~(30). 
Symbols and solvent numbering as in Figure 3, with the following additional solvents: 12, CH2CL2; 13, DCE; 14, THF; 15, CsHsC1 


ibly, in these solvents a change in the reaction 
mechanism occurs, as found for the closely related 
solvent methyl acetate (and mentioned before). 


Temperature variation 


Arrhenius plots (i.e. In k versus 1/T) are found to be 
linear in all cases, as shown in Figure 4 .  The corre- 
sponding activation parameters for reaction (1) in six 
solvents are given in Table 3. 


For substituent variation in la-g, an isoenthalpic 
behaviour is found in all solvents, i.e. the Arrhenius 
correlation lines are parallel to  each other and no 
common point of intersection occurs. This is in 
agreement with the observation that a point of intersec- 
tion is also not found in the corresponding LFE 
relationship (i.e. In k versus u; cf. Figure 4). This means 
that the variation of substituents influences only the 
entropic contribution t o  the rate constants (i.e. the pre- 
exponential factor or ASz) ,  and hardly the activation 
energy of reaction (1 ) .  This can explain the weak 
dependence d the rates on the Hammett substituent 
parameters, the latter reflecting the substituent- 
governed variation of the charge distribution around 
the reaction site, which, in turn, should manifest itself, 
at least in part, in the activation barrier of reaction (1). 
The improved LFE relationship according to  equation 
(3), with propane-1,2-diol carbonate as a reference sol- 
vent, does not include the normal Hammett character- 
istics; it seems to be mainly governed by reaction 
entropy changes. 


In contrast to  the isoenthalpic behaviour of reaction 
( I ) ,  an  isosolvent relationship (ISR) has been found for 
this reaction. That is, in the Arrhenius plots for one 


Table 3. Arrhenius activation parameters of reaction (1) in six 
solvents 


~ ~ ~ 


Solvent Betaine 10-6Aa Ea - rc  


An 


AC 


CHCI3 l a  
l b  
l c  
Id 
l e  
Ig 
la  
l b  
l c  
Id 
l e  
If 


l a  
l b  
lc 
Id 
l e  
If 


EtOAc la  
l b  
l c  
Id 
l e  
If 


THF l a  


DCE l a  


1.31 
8.60 
8.36 
7.15 
0.141 
0.0456 
5.10 
2.88 
8.82 
6.24 
8.12 
9.15 
4-16 
5.20 
4.48 
4.40 
2.59 
2.63 
0.601 
1.02 
2.43 
1.33 
1.03 
0.912 
11.25 
8.75 


47.1 
45.9 
46.2 
46.3 
42.2 
40.1 
46.9 
45.4 
48.2 
47.5 
48.2 
48.8 
42-9 
43.7 
43.2 
43.3 
42.2 
42.6 
39.3 
40.4 
42.6 
41.5 
41.0 
41.1 
46-5 
51.9 


0.992 
0.997 
0.997 
0.998 
0.995 
0.990 
0.999 
0.999 
0.999 
0.999 
0.999 
0.999 
0.998 
0.997 
0.999 
0.999 
0.998 
0.997 
0.999 
0.999 
0.999 
0.999 
0.999 
0.999 
0.997 
0.991 


aPre-exponential factor in 1 mol-' s - ' ;  standard error 
50.51 mol- 's- ' .  
'Activation energy in kJ mol-'; standard error 2 1 kJ mol-'. 
'Regression coemcient of the linear correlation between In k and 1/ T. 
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1 / T  - 


Figure 6. Arrhenius plot for the methylation of betaine la  with iodomethane in six solvents: acetonitrile (An), acetone (AC), 
tetrahydrofuran (THF), chloroform (CHCI3), 1,2-dichloroethane (DCE) and ethyl acetate (EtOAc). The broken line is for EtOAc, 


which is not included in the isosolvent relationship. The curved line represents the F parameter 


reaction carried out in different solvents, a point of 
intersection occurs as shown in Figure 6 for betaine la, 
for which the temperature dependence of In k has been 
measured in all solvents. 


Ethyl acetate has t o  be excluded from this ISR, which 
again can be taken as a strong hint that reaction (1) 
follows another mechanism in this solvent. 


DISCUSSION 


In view of the described relationships, the observed 
kinetic results can be interpreted in terms of Scheme 2. 


Owing to  the differential shifts of the UV-visible 


\ 


C6H5 h H 5  


l a -  g 


$6H5 


\ \ 


befoineliodomethane adduct 
C6H5 C6H5 


Scheme 2 


absorption maxima observed in different solvents, we 
know that the coloured species followed spectrosco- 
pically is a betaine-solvent adduct. Actually, this corre- 
sponds to the negative solvatochromism of the betaine 
dyes la-g, showing an increasing influence of the 
solvent acceptor properties on  the sensitivity of the ET 
values to  substituent variation, as shown in Figure 3. 
The betaine-solvent adduct formation can be associ- 
ated with a more or less localized interaction, which 
then explains the occurrence of two groups of solvents, 
as seen in Figure 5 .  The interaction with solvents such 
as MeOH, n-BuOH, CHClj and CHJCN (i.e. upper line 
in Figure 5 )  appears to be more specific and localized at 
the negatively charged phenoxide moiety, as depicted in 
Scheme 2. This interaction can be described as a pro- 
nounced donor-acceptor interaction. With solvents 
such as CH2C12, CLCHZCHZCI and C6H5Cl (i.e. lower 
line in Figure 5 ) ,  the interaction seems to  be less loca- 
lized with respect to  the phenoxide part, and is mainly 
due to van der Waals forces with the lipophilic aromatic 
phenyl rings of the betaine molecule. 


The actual nature of the intermediate 
betaine-iodomethane adduct (e.g. whether it is a more 
or less stable dipole-dipole or an outer-sphere complex) 
is not accessible by kinetic measurements. 


From Scheme 2, the rate law given in equation (4) can 
be derived under pseudo-first-order and Bodenstein 
conditions for the intermediate betaine-iodomethane 
adduct. The rate law obtained in this way is first order 
in c(betaine) and co(CH3I), as required by the 
experimental results. 
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- dc(betaine)/dt = [ (k lkz ) / (k -  I + kz)]co(CHd) 
c(betaine) (4) 


Two extreme cases are possible: (i) k-1 %- k2, in 
which case the observed rate constant, kobs,  equals 
Kkzco(CH3I), which means that the reaction of the 
betaine-iodomethane adduct is rate determining and 
governed by the (presumably very low) equilibrium con- 
centration of this adduct; or (ii) k - ]  d k2; in this case 
kobs corresponds to klco(CH31) and the rate- 
determining step is the formation of the 
betaine-iodomethane adduct. It is important to note 
that the influence of the acceptor properties of less loca- 
lized solvents on the reaction rate is far less pronounced 
than the influence of the more localized solvents. This 
follows from the greater slope of the correlation line in 
Figure 5 associated with the latter group of solvents. 
This supports case (l), that is, k-1 kZ is valid, 
because such a differentiation in two groups of solvents 
cannot be expected in case (ii) with k-1 4 kz. The 
observed rate is lower for solvents in which the phen- 
oxide site is ‘naked’. This can be explained by stabiliza- 
tion of the betaine-iodomethane intermediate by 
solvent molecules still present at the aromatic phenyl 
rings. In other words, the differentiation into two sol- 
vent groups occurs because an increase in K (which is 
certainly present) is overcompensated by a decrease in kz. 


The influence of the betain substituents on the alkyl- 
ation rate is in agreement with these findings: the value 
of p ~ ,  given in Table 2, decrease with increasing AN.  
This indicates a diminishing role of the substituents on 
the alkylation rate owing to the greater influence of the 
solvent replacement equilibrium. 


Figure 6 shows the occurrence of an isokinetic 
relationship. From theoretical investigations of 
isokinetic (IKR) and isosolvent relationships (ISR), 2 0 * 2 3  


it can be concluded that the isokinetic temperature, 
T,,,, l6 corresponds to an active heat-bath frequency C 
according to equation ( S ) ,  if one neglects a minor 
contribution by the activation energy: 


( 5 )  


For condensed phases, the theory assumes that 
energy is stored in a heat-bath (i.e. a necessary source 
of energy allowing the reaction site to overcome the 
energy barrier, which is not specified in detail) in the 
form of vibrational modes of the molecules sur- 
rounding of the reaction site. In the case of small 
reacting molecules this surrounding is the solvent or a 
heterogeneous catalyst, and indeed the respective vibra- 
tional modes can be found in their far-IR spectra. 
Interestingly, in contradiction to other ISRs, the sol- 
vents in which reaction (1) has been studied exhibit no 
far-IR or Raman absorption corresponding to a value 
of TISO of 670 K (i.e. about 450cm-’), except for 
chloroform and 1 ,Zdichloroethane. Obviously, the 
large betaine molecules can act as the required heat- 
bath, providing the energy required to overcome the 
reaction barrier for the alkylation of the phenoxide 
moiety, i.e. the reaction site of the betaine molecule. 
Such behaviour has already been found for large mol- 
ecules reacting in the gas phase.24 Indeed, a vibrational 
absorption band at 450 cm-’, found in the far-IR spec- 
trum of betaine dye l a  (cf. Figure 7), confirms this 
assumption. 


5 = k7‘iso/ (hc x 100) == O*694Tl,, 


I 
I I 1 


GIcrn-’ - 
Figure 7. Fear-infrared spectrum of the solid, crystalline betaine dye la.  The far-IR absorption band which presumably corresponds 


to the isokinetic vibration is marked by an arrow 
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Further investigations by means of the thermo- 
chromism of the betaine dyes described in this paper 
and a penta-tert-butyl-substituted, more lipophilic 
betaine dye6 strongly support these findings (unpub- 
lished results). The fact that the betain molecule is large 
enough to act as its own heat-bath explains why the 
observed ISR includes ‘localized’ in addition to ‘less 
localized’ solvent molecules. This in turn supports our 
view that the rate-determining step of the betaine alkyl- 
ation is the reaction of the betaine-iodomethane 
adduct (cf. Scheme 2 ) .  
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REGIOSELECTIVITY IN A BENZOPHENONE-MEDIATED 
PHOTO-SUBSTITUTION OF SOME CAGE-SHAPED 


HYDROCARBONS 


TAHSIN J .  CHOW,* JENG-KUO YAN AND YUH-LIANG CHEN 
Institute of Chemistry, Academia Sinica. Taipei, Taiwan, Republic of China 


Benzophenone-mediated protolyses of five cage-shaped compounds in benzene solutions result in the formation of 
phenyl-substituted products with high regioselectivity. The regioselectivity is rationalized based on the relative bond 
strengths and structural parameters of each molecule. 


INTRODW CTION 


The cage-shaped hydrocarbon derivatives of heptacyclo- 
[6.6.0.02~6.03~'3.04~1'.05~9.0'o~14~tetradecane (la) have 
attract considerable attentions in recent years owing to 
their unusual geometry. ' Selective functionalization of 
the C-H bond of these cage-shaped compounds is 
therefore of topical interest. In this study we found that 
the photolysis of compounds la-5a in solutions of 
benzene in the presence of benzophenone results in the 
formation of the corresponding phenyl-substituted 
product with very high regioselectivity. In these 
reactions the phenyl substituents all appear at &instead 
of a-positions. This high regioselectivity prompted us 
to perform a structural analysis on these interesting 
molecules. 


RESULTS AND DISCUSSION 


The reaction apparently proceeded through a hydrogen 
abstraction by the excited-state benzophenone as the 
first step, followed by trapping of the resulted radical 
with benzene. Subsequent aromatisation yielded the 
corresponding phenyl-substituted product. The struc- 
tures of lb-5b were assigned according to their spec- 
troscopic features. For structures lb, 3b and 4b, the 
lack of a symmetry plane is evidenced by the presence 
of 18 absorption peaks in their I3C NMR spectra, 
whereas the alternative regioisomers (i.e. substituted at 
the a-position) would exhibit fewer lines. 


*Author for correspondence. 


0894-3230/92/ 110721-04$07.00 
0 1992 by John Wiley & Sons, Ltd. 


For radical reactions in general, the regioselectivity is 
not so apparently predictable as those of nucleophilic or 
electrophilic reactions. 3*4 In Table 1 the respective 
bonding enthalpies calculated by the standard MNDO 
method are given. The estimated values for la, 3a and 
4a agree well with the observed selectivity (i-e. lower 
energy for a 6-H abstraction), whereas that for 2a is 
just the opposite (lower energy for an a-H abstraction). 
The radical formed at the a-position of 2a can be stabil- 
ized by resonance, but such an effect is not possible in 
the structure of 3a since the half-filled p orbital on the 
radical centre is not aligned properly with those of the 
C=O moiety. It has been suggested that for radical 
reactions the degree of stabilization provided by 
resonance is relatively low compared with common 
heterolytic reactions. The influences of steric factors 
sometimes are more pronounced than thermodynamic 
factors. 


Since the skeletons of the cage-shaped molecules are 
fairly rigid, the conformation at the radical ccentres 
cannot be readjusted to a sizable scale on losing a 
hydrogen. Much of the strain that can be released ori- 
ginates from the eclipsed hydrogens. For instance, in 
the case of la ,  the total strain of the 6-radical 
155.6 kcal mol-' ( 1  kcal = 4-184 kJ)] calculated by 
MM28 is ca 1 *6  kcal mol-' lower than that of the a -  
radical (54.0 kcal mol-'), out of which 1.4 kcal mol-' 
is released in the form of torsional strain. The bonding 
compressions on the a- and @-carbons can be estimated 
by measuring their %-H coupling constants. The 
coupling constants listed in Table 1 are related to the 
percentage of s character of the carbons.' A higher s 
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R 


4 


(a) R = H; 


character implies a higher strain on that carbon and 
consequently a higher C-H bonding strength. The 
observed Jc-H values seem to agree reasonably well 
with the calculated bond energies. For 2a the difference 
in the values of Jc-H becomes less apparent than that 
of the estimated bonding strengths. 


In these reactions, the stereochemistry of the triplet 
state benzophenone, which acts as the H-acceptor, may 


5 


(b) R = Ph 


have also played an important role in determining the 
orientation of the transition state. It has been reported 
that benzophenone may form an exciplex with benzene 
on UV irradiation." However, its exact structure in 
these reactions is not clearly realized. It would hence be 
informative to examine the substitution reaction using 
a different type of radical H-acceptor. In a subsequent 
experiment, l a  was mixed with diacetyl in 


Table 1. Calculated C-H bond strengths, measured I3C-H coupling constants and the percentages 
of s character on the carbon atoms of the cage molecules 


Parameter Position la 2a 3s 4a 5a 


Bond strength" (kcal mol-') 01 99.47 97.10 101.84 98.42 


Jc - H b(HZ) 01 145.2 136.8 151.6 149.8 
s (%) 29.0 27.4 30.3 30.0 
Jc-H (HZ) P 138.4 137.4 144.2 135-8 132.8 
s (To) 27.7 27.5 28.8 27.2 26-6 


P 97.04 100.78 97.49 91.18 88.49 


~~ ~ ~~ ~~ ~~ ~~ 


"The bond strength is the enthalpy change of the reaction R-H-R.  + H . ,  where the heats of formation of RH 
and R .  are calculated by standard MNDO method' with full geometry optimization and that of H .  is 
52.10 kcal m ~ l - ' . ~  
b S  ( % ) = O . Z ( J C - H ) . '  
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dichloromethane kept in a thermostat regulated at 
2-5 OC, and the solution was irradiated with UV radi- 
ation for 10 h. At the end of the reaction a mono- 
acetylated product (lc) was isolated in nearly 90% yield 
(corrected). The structure of the product was confirmed 
by spectroscopic analyses and it was found that the 
acetyl substituent is located exclusively at the /3- 
position. The regioselectivity in this reaction is the same 
as that in the benzophenone-mediated reactions even 
though the reaction media of the two are different. " 


CONCLUSION 


The results indicate that the H-abstraction process in 
these cage molecules may be described more suitably by 
a kinetically controlled mechanism in which the 
regioselectivity is governed by an early-stage transition 
state which resembles more closely the structure of the 
reactant. With la,  3a and 4a, both the kinetic and ther- 
modynamic factors operate in the same direction, 
whereas with 2a the kinetic factors override stability 
factors. 


EXPERIMENTAL 


'H and 13C NMR spectra were obtained on a Brucker 
MSL-200 FT spectrometer. Infrared spectra were 
recorded on a Perkin-Elmer Model 297 infrared 
spectrophotometer. Elemental analyses were obtained 
on a Perkin-Elmer Model 240 EA instrument. Mass 
spectra were measured on a VG Analytical Model 
70-250 S/SE spectrometer. MM287 and AMPAC pro- 
grams were obtained from QCPE, Indiana University, 
and were run on a VAX 8530 or a Micro VAX 3600 
computer. 


General procedure for the benzophenone-sensitized 
photolyses. In a typical experiment, equal molar 
amounts of the cage compound and benzophenone 
were dissolved in benzene in a quartz vessel. The sol- 
ution was degassed in an ultrasonic bath by bubbling 
nitrogen through it for 30min. It was then irradiated 
with a 450 W medium-pressure lamp for a period of 
time. The resulting mixture was then concentrated in 
vacuo and the products were purified by high- 
performance liquid chromatorgraphy (HPLC) on a 
silica gel column with column with hexane-ethyl 
acetate as solvent. In addition to the phenyl-substituted 
products, other components were isolated including 
tetraphenylethanediol (pinacol), the condensed adducts 
of benzophenone and the cage molecule and some 
highly polar materials. However, among the phenyl- 
substituted products only the @-isomers were observed. 
The corrected yields of l b  and 2b were 47qo and 75%, 
respectively, as reported previously. * The structural 
features of 5b (18.5% yield) are identical with those 
published previously. l2 


I-Phenylheptacylco [6.6.0. 02*6. 033'3. 04,". O j f 9  . O'o*'4] 
tetradecane-7,12-dione (3b). Compound 3a (530 mg, 
2.5 mmol) and benzophenone (455 mg, 2.5 mmol) 
were dissolved in 70 ml benzene and subjected to UV 
irradiation for 20 h. Compound 3b (72 mg, 0.25 rn?ol, 
10% yield) was isolated by HPLC, m.p. 149-150 C. 
'H NMR (CDCI,), 2.55 (s, lH), 2.63 (t, lH, J = 4 * 2  
Hz), 2.80-2.90 (m. 3H), 2.90-3.00 (m, 6H); 13C 
NMR (CDCl3), 48.23 (d), 48.47 (d), 48.89 (d), 49.36 
(d), 49.43 (d), 50.21 (d), 50-63 (d), 50.71 (d), 54.22 
(d), 55.05 (d), 59.95 (d), 64.80 (s), 125.26 (d), 126.62 
(d), 128.87 (d), 144.48 (s), 213.58 (s), 213.80 (s); MS 
(15 meV), m/z (relative intensity) 288 (M', 100%), 260 
(25), 232 (15), 182 (14). 


2-Phenylheptacyclo [8.4.0.02' 12. 0 04' '. 05. . 0 ' ' 3] 
tetradecane (4b). Binor-S (200 mg, 1 -09 mmol) and 
benzophenone (198 mg, 1.09 mmol) were dissolved in 
10.0 ml of benzene. After UV irradiation for 28 h, 4b 
was collected (50 mg, 0.192 mmol, 28% corrected 
yield) together with 75 mg of recollected Binor-S. IR 
(KBr), 3057, 3020, 2931, 2865, 1212cm-'; 'H NMR 
(CDCh), 1.03-1-50 (m, lOH), 1.76 (s, lH), 1.92 (s, 
2H), 2-06-2.11 (ABpattern, 2H), 7.11-7-19(m, lH), 
7.24-7.36 (m, 4H); I3C NMR (CDCI3) 15.23 (d), 
15.90 (d), 17.13 (d), 17-24 (d), 18.52 (d), 20.22 (d), 
31.53 (t), 32.57 (d), 33.41 (t), 38-22 (d), 39-99 (d), 
41.38 (d), 50.39 (d), 52.89 (s), 125.30 (d), 126.80 (d), 
127.83 (d), 149.33 (s); MS (10 eV), m/z (relative inten- 
sity) 260 (M', 20%), 194 (70), 179 (30), 167 (15), 154 
(15), 142 (100). 


I -A cetyfheptacyclo [6.6.O. 02,6. 03' 13. 04*" . 05.9. 0'05'4] 
tetradecane (lc). In a Pyrex photochemical immersion 
well reactor, jacketed with a cooling water circulator, 
were placed freshly distilled diacetyl (16.5 ml, 
0.19 mol), la  (3.00 g, 16-3 mmol), and 
dichloromethane (70 ml). The solution was degassed in 
an ultrasonic bath by purging with nitrogen, then kept 
at cu 2-5 "C and irradiated with a 450 W medium- 
pressure mercury lamp for 10 h. The mixture was quen- 
ched by adding 5% NaHCO3 and extracted several 
times with dichloromethane. The products were 
purified by silica gel column chromatography with 
benzene as eluent. The acetyl adduct l c  [454mg, 
2.00 mmol, 88% yield (corrected)] was collected 
together with 2.58 g of recollected starting material. 'H 
NMR (CDCb), 1-78 (m, 2H), 1.82 (s, 2H), 2-15 (s, 
3H), 2-40-2.70 (m, 9H), 2-80 (m, 2H) ; I3C NMR 
(CDCI3) 26.73 (q), 42-04 (t), 42.49 (t), 50.84 (d), 
51.09 (d), 51-20 (d), 52-51 (d), 53-00 (d), 53-15 (d), 
53.26 (d), 53.53 (d), 53-83 (d), 56-79 (d), 57.78 (d), 
76.53 (d), 211.15 (s); MS (1 -4  eV), m/z (relative inten- 
sity) 266 (M+, 15%), 211 (M+-CO, loo), 183 (81); 
anlysis, calculated for C16H18Or C 84.91, H 8.02; 
found, C 84.69, H 8.31%. 
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PARTICIPATION AND REARRANGEMENT IN THE GAS-PHASE 
ELIMINATION KINETICS OF 


3-(o-METHOXYPHENYL)PROPYL-l-METHANESULPHONATE 
AND 4-(p-METHOXYPHENYL)BUTYL-l-METHANESULPHONATE 


IGNACIO MARTIN, GABRIEL CHUCHANI,* ROSA DOMINGUEZ AND ALEXANDRA ROTINOV 
Centro de Ouirnica, Instituto Venezolano de Investigaciones Cient$cas (IVIC), Apartado 21827, Caracas 1020-A, Venezuela 


The gas-phase unimolecular elimination of the methanesulphonates in the temperature range 289.0-331-4 O C  and 
pressure range 18-152.5 Torr follows a first-order rate law. The rate coefficients for the homogeneous reactions 
are expressed by the following equations: for 3-(o-methoxyphenyl)propyl-l-methanesulphonate log [ k l ( s -  I)] = 
(12.04 ? 0.32) - "167.8 2 3.6) kJ mol-'](2.303RZ'-' and for 4-@-methoxyphenyl)butyl-l-methanesulphonate 
log[kl(s-')] = (12.82 ? 0.30) - [(175.1 ? 3.4) kJmol-'](2*303RT1-'. The oxygen atom of the CHlO substituent 
in 3-(o-methoxyphenyl)propyI-l-methanesulphonate appears to participate directly in the C-0 bond polarization in 
order to produce some of the cyclic product dihydrobenzopyran. A parallel reaction occurs with 4-@- 
methoxypheny1)butyl-1-methanesulphonate where the p-anisyl substituent participates in the elimination process 
through a five-membered spiro intermediate for the formation of the cyclic product 6-methoxy-1,2,3,4- 
tetrahydronaphthalene. The second pathway of this elimination takes place via normal formation of the corresponding 
unsaturated aromatic hydrocarbons. These reactions are interpreted in terms of an intimate ion-pair type of 
mechanism. 


INTRODUCTION 


The phenyl substituent at the 2- or 4-position to the 
C - 0  bond in C ~ H S ( C H Z ) ~ O S O ~ C H ~  (n 7 2,3,4) was 
found to assist in the rate of pyrolysis. Moreover, 
because of the favourable five-membered structure for 
anchimeric assistance of the benzene ring when n = 4, 
an interesting cyclic product, tetralin, was also 
obtained. In view of these results, the presence of o- 
and p-CH3O substitutents in the aromatic nuclei in 
phenylalkylmethanesulphonates was considered to be 
of interest in studying whether the resonance effect 
(+ R )  of this group strengthens the C6H5 assistance. In 
addition, even though the nucleophilicity of the 
O-CH@ group is reduced by resonance interaction with 
the aromatic ring, it is plausible that the proximity of 
the p-electrons of the oxygen atom may favour direct 
participation of the C - 0  bond in the transition state, 
thus forming the corresponding cyclic product. This 
type of phenomenon has been observed in solvolytic 
reactions of closely related compounds.' In this 
context, this work was aimed at examining the kinetics 


* Author for correspondence. 


and mechanisms of the gas-phase elimination 
of 2-(o-methoxyphenyl)ethyl- 1 -methanesulphonate, 
2 4  p-methoxypheny1))ethyl-1 -methanesulphonate, 
3-(o-methoxyphenyl)propyl-l-methanesulphonate and 
4-(p-methoxyphenyl)butyl- 1-methanesulphonate. 


RESULTS AND DISCUSSION 


The rate of elimination of 2-(o-methoxyphenyl)ethyl-l- 
methanesulphonate, even in seasoned vessels and in the 
presence of the inhibitor cyclohexene, was difficult to 
determine. The pyrolysis products detected were benzo- 
dihydrofuran and anisole in a ratio of 3 : 1. Similarly, 
attempts to determine the k-values for 2-(p- 
methoxypheny1)ethyl-1-methanesulphonate pyrolysis 
failed owing to the polymerization of the primary 
product p-methoxystyrene. 


3-(o-Methoxyphenyl)propyl-l-methanesulphonate 


The products of the gas-phase pyrolysis of 3-(0- 
methoxypheny1)propyl-1 -methanesulphonate, in a static 
system with vessels seasoned with ally1 bromide and in 
the presence of the inhibitor cyclohexene, are described 
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The stoichiometry represented by equation (1) was 
examined in the following manner. A series of reaction 
times of ten half-lives and four different temperatures 
gave an average experimental value of &/PO = 1.60. 
The theoretical stoichiometry of equation (1) indicates 
that the final pressure, Pf, should be twice the initial 
pressure, PO. The observed Pf/ PO < 2 from the parallel 
elimination may be due to the polymerization of 
the product 3-(o-methoxyphenyl)prop-l-ene and its 
corresponding styrene isomer derivative. 


The verification of the stoichiometry was possible by 
comparing, up to 50% reaction, the percentage 
decomposition of the substrate from pressure measure- 
ments with the sum of chromatographic analysis of 
dihydrobenzopyran and 3-(0-methoxypheny1)prop-1- 
ene (Table 1). 


The analyses of the elimination products of the 
methoxyphenylpropylmethanesulphonate, in seasoned 
vessels and in the presence of the free radical suppressor 


Table 1. Stochiometry of the pyrolysis reactions 


Compound parameter Values 


Table 2. Product distribution from pyrolysis of 3-(0- 
methoxypheny1)propyl-I-methanesulphonate at different 


percentages of reaction at 310.0"C 


3-(o-Methoxyphenyl) 
Reaction ('70) prop- 1 -ene Dihydrobenzopyran 


17.3 39.1 
30.4 41.5 
43.8 48.5 
55.8 43.7 


60-7 
58.6 
5 1 . 5  
56.3 


Table 3. Product distribution from pyrolysis of 3-(0- 
methoxypheny1)propylmethanesulphonate at different tem- 


peratures and 50% reaction 


3-(o-Methoxyphenyl) 
Temperature (OC) prop-I-ene Dihydrobenzopyran 


290 38.4 61.6 
300.1 37.9 62.1 
310.1 44.2 55.8 
320-2 55.3 44.7 
330.2 64.6 35.4 


3-(o-Methoxyphenyl)propyl-l-methanesulphonate at 310.0 "C 
Time (min) 2.5 5 10 I5 
Reaction (To) (pressure) 16.5 28-3 43.8 56.2 
Dihydrobenzopyran (070) (chro- 
matography) 10.5 17-8 22.6 31.4 
3-(o-methoxyphenyl)prop- I-ene 
(To) (chromatography) 6.8 12.6 21.2 24.4 


4-(Methoxyphenyl)butyl-I-methanesulphonate at 321.2 "C 
Time (min) 2 4 6 8  
Reaction ('70) (pressure) 28.9 49.0 62.5 72.5 
p-Methoxyphenylbutenes (W) 
(chromatography) 28.0 44.3 53.4 57.4 
6-Methoxy-l,2,3,4-tetrahydro- 
naphthalene (070) (chromatog- 
raphy) 5.5 7.2 8.1 10.7 


cyclohexene, are shown in Table 2. Within the limits of 
experimental error, the distribution of products appears 
to be invariant as the reaction progresses at the working 
temperature. 


Further examination of the product distribution at 
different temperatures (Table 3) shows that the cyclic 
product dihydrobenzopyran tends to decrease whereas 
the corresponding aromatic alkene increases as the 
temperature increases. 


4-~-Methoxyphenyl)butyl-l-methanesulphonate 
The pyrolysis products of this compound are described 
by the equation 


and r;2% isomers 
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Table 4. Distribution of products from pyrolysis of 4-(p- 
methoxypheny1)butyl-I-methanesulphonate at different 


percentages of reaction at 321 .O "C 


Reaction 4-(p-Methoxyphenyl) 6-Methoxy-l,2,3,4- 
(VO) but- 1 -enea tetrahydronaphthalene 


28.1 83.7 
49.0 85.7 
62.5 82.0 
72.5 83.4 
80.0 83.5 


16.3 
14.3 
18.0 
16.6 
16.5 


a Yields of 4-(p-methoxyphenyl)but-2-ene and I-(p-methoxypheny1)- 
but-1-ene at about 2% are included. 


The stoichiometry of reaction (2) indicates that 
Pf = 2Po. The average experimental results of Pf/ PO at 
five different temperatures and ten half-lives was 1 81. 
The fact that Pf/Po < 2 appears to be due to slight 
polymerization of the alkene products during pyrolysis. 


Further examination of the stoichiometry of reaction 
(2), up to 70% reaction, showed that the extent of 
decomposition as predicted from pressure measure- 
ments was in good agreement with that determined by 
the sum of the chromatographic analyses of the pro- 
ducts p-rnethoxyphenylbutenes and 6-methoxy-l,2,3,4- 
tetrahydronaphthalene (Table 1). 


The yield of products of the methanesulphonate 
described in Table 4 shows, within experimental error, 
no variations with increasing percentage of reaction at 
a particular temperature. However, Table 5 indicates 
that up to about 50% reaction and at several different 
temperatures, an increase in the arylbutene and a 
decrease in the tetralin derivative occur as the tempera- 
ture increases. 


The effect of surface on the rate of pyrolysis of the 
two methanesulphonates was investigated by using a 
vessel packed with glass tubing in which the surface-to- 
volume ratio has been increased by a factor of 6 com- 
pared with the unpacked clean Pyrex vessel. When the 


Table 5. Distribution of products from pyrolysis of 4-(p- 
methoxypheny1)butyl-I-methanesulphonate at different tem- 


peratures at 50% reaction 


Temperature 
(OC) 


289 
300 
3 10 
314.5 
321 
331.4 


4-(p-Methoxyphenyl) 6-Methoxy-1,2,3,4- 
but-1 -enea tetrahydronaphthalene 


64.7 35.3 
66.6 33.4 
74.0 26.0 
81.9 18.1 
85.7 14.3 
89.1 10.9 


Table 6. Homogeneity of the reaction 


Compound S/ V (cm-')a Ab BC 


3-(o-Methoxyphenyl)propyl-I-methanesulphonate at 310.0 "C 
1 - 10.24 


10.42 6 d - 


4-(p-Methoxyphenyl)butyl-I-methanesulphonate at 310.0 'C 
1 - 14.02 


13.96 6 


'S= surface; V =  volume. 


d - 


Clean Pyrex vessel. 
Vessel seasoned with allyl bromide. 


dk-values are very high and irreproducible. 


packed and unpacked vessels were seasoned with the 
product of decomposition of allyl bromide, no signifi- 
cant effect on the rate coefficients was observed for 
either substrate (Table 6). However, the packed and 
unpacked clean Pyrex vessel had a marked effect on the 
rate of both methanesulphonate decompositions. 


The effect of different proportions of the free radical 
suppressor cyclohexene in these reactions is shown 
in Table 7. The results indicate that cyclohexene does 
not affect the rates of elimination of 4-(p- 
methoxypheny1)butyl-1-methanesulphonate. However, 
the rate coefficient for the elimination of 3-(0- 
methoxypheny1)propyl-1 -methanesulphonate was 
determined in the presence of a twofold excess of cyclo- 
hexene in order to inhibit any possible radical chain 
process of the substrate and/or products, and no induc- 
tion period was observed. The rate coefficients are 
reproducible with a relative standard deviation not 
greater than 5% at a given temperature. 


Table 7. Effect of cyclohexene inhibitor on rates 


Compound PO Pi (Torr)" Pi/P, 104k1 (s-') 


3-(o-Methoxyphenyl)propyl-l-methanesulphonate at 310.0 "C 
67.5 - - 21.14 
49.5 38 0.8 16.74 


113.5 156.5 1.4 12.11 
152.5 262 1.7 10.42 
1 04 264 2.5 10.09 
64 221.5 3.5 10.47 
46 261-5 5.7 10.31 


53 - - 21.22 
70 37 0.5 26.76 
66 108.5 1.6 27.11 
41-5 83 2.0 27.25 
39 120.5 3.1 27-10 


4-(p-Methoxyphenyl)butyI- I-methanesulphonate at 321 .O 'C 


~~ 


a Including 2% yield of the two isomers 4-(p-methoxyphenyl)but-2-ene 
and 1-( p-methoxypheny1)but-1 -ene. 


a Po = pressure of the substrate; Pi = pressure of cyclohexene inhibitor. 
1 Tom= 133.3 Pa. 







728 I .  MARTIN, G. CHUCHANI, R.  DOMINGUEZ AND A. ROTINOV 


Table 8. Invariability of rate coefficients with initial pressure 


Values 
Compound 
parameter 


3-(o-Methoxyphenyl)propyl-I-methanesulphonate at 3 10.1 'C 
Po 46 64 91.5 104 152.5 
1O4kl (s-I) 10.31 10.47 10.06 10.09 10.42 
4-(p-Methoxyphenyl)butyl-l-methanesulphonate at 3 14.5 'C 
Po (Torr)a 18 23.5 47 65 81 99 
104kl (SKI) 18.63 18.11 18.00 18.54 18.45 18.44 


a 1 Torr = 133.3 Pa 


The rate coefficients for the pyrolytic elimination of 
these methanesulphonates were found to be invariant 
with their initial pressure (Table 8). The logarithmic 
plots are linear up to 50% decomposition for 3-(0- 
methoxypheny1)propyl-1 -methanesulphonate and up to 
70% for 4-( p-methoxypheny1)butyI-1-methane- 
sulphonate. The variation of the rate coefficients of the 
methanesulphonates with temperature, in seasoned 
vessels and in the presence of the inhibitor cyclohexene, 
is shown in Table 9. The data were fitted to the 
Arrhenius equation where 90% confidence limits from 
a least-squares procedure are quoted. 


Efforts to determine the pyrolyses kinetics of 2-(0- 
methoxypheny1)ethyl-1 -methanesulphonate for 
anchimeric assistance of the phenyl group and oxygen 
participation for a five-membered conformation were 
very complex with erratic product analysis. The only 
products detected were benzodihydrofuran and anisole 
in the ratio 3 :  1. Similarly, determination of the 
rate coefficients for 2-(p-methoxypheny1)ethyl-1- 


r 1+ 


\ 


Table 9. Temperature dependence of rate coefficients 
~~ ~ ~ 


Values 
C o m p o u n d 
parameter 


3-(o-Methoxyphenyl)propyl- I-methanesulphonate 
Temperature ("C) 290.0 300.1 310.1 320.2 330.2 


4-(p-Methoxyphenyl)butyI- 1 methanesulphonate 
Temperature ('C)289.0 300.0 310.0 314.5 321.0 331.4 


104kl ( s - l y  3.06 5.67 10.24 18.23 33.54 


104kl ( s - ' ) ~  3.60 7.12 14.02 18.36 27.10 48.80 


aLog[kl (s)-')] = ( 1 2 . 0 4 ?  0.32)- [(167.8 k 3.6) kJmol-l]  
i2.303 R 7 T  I .  


Log[kl (s)-l)]  =(12.82 k0.30)- [(175.1 ? 3.4) kJmol-']  
(2.303RT)r'. 


methanesulphonate was found to be unreliable and irre- 
producible at any working temperature. After a slow 
pressure decrease up to 25% decomposition, the 
reaction tends to stop completely thereafter. This effect 
may be due to the rapid polymerization of the product 
p-methoxystyrene. Because of this, it is not possible to 
assess whether the p-anisyl substituent assists the rate 
of CH3SO3H elimination during the pyrolysis of 


The pyrolysis of 3-(0-methoxypheny1)propyl-1- 
methanesulphonate, with a possible six-membered 
conformation of oxygen participation, yielded, in 
addition to the normal elimination product 3-(0- 
methoxypheny1)prop- 1-ene, the cyclic product dihydro- 
benzopyran. This result suggests the mechanism of a 
parallel reaction in terms of an intimate ion-pair inter- 
mediate by intramolecular solvation or autosolvation of 
the leaving methanesulphonate ion [equation (3)] . 


~ - C H ~ O C G H ~ C H ~ C H ~ O S O ~ C H ~ .  
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Table 10. Arrhenius parameters for ZCH~CHZOSOZCH~ at 320.0 OC 


Z 104kl (s-I)  104k" ( s - ' ) ~  E, (kJ mol-I) Log[A (SKI)] 


167.8 f 3.6 
175.1 k 3.4 


12.04 ? 0.32 
12.82 f 0.30 


O-CH3OCsH4CH2 18.20 9.10 
p-CH30CsH4CHzCHz 25.12 12.56 


'kH = Rate per @-hydrogen. 


In the case of the elimination kinetics of 4-(p- 
methoxypheny1)butyl-1 -methanesulphonate, the 
resonance effect (+ R or + M )  of the methoxy substi- 
tuent towards the aromatic nuclei led to a significant 
increase in the formation of the corresponding cyclic 
derivative of tetralin (6-methoxy-l,2,3,4-tetrahydro- 
naphthalene) when compared with the production of 
tetralin from 4-phenylbutyl-1-methanesulphonate 
pyrolysis. According to the present results, the 


The above mechanism is also rationalized in terms of 
an intimate ion-pair intermediate by intramolecular 
solvation of the leaving CHpSOC group. 


Table 10 gives the Arrhenius parameters of the 
methoxyphenylmethanesulphonates at 320.0 "C. The 
fact that the formation of dihydrobenzopyran and 
methoxytetrahydronaphthalene (Tables 3 and 5) tends 
to decrease with increasing temperature may be due to 
a decrease in the polar or ionic nature of the elimination 


mechanism for methoxyphenylbutylmethanesulphonate process. 
proceeds via two pathways leading through normal 


EXPERIMENTAL elimination to the formation of the corresponding 
unsaturated aromatic hydrocarbon and to some extent, 
owing to the anchimeric assistance of the p-anisyl 3-(o-Methoxyphenyl)propyl-l-methanesulphonate. 
substituent, a rearrangement with ring expansion to This substrate was obtained by treating the corre- 
give 6-methoxy-I ,2,3,4-tetrahydronaphthalene sponding alcohol (Aldrich) in diethyl ether with 
[equation (4)J. CH3S02CI. The methanesulphonate product decom- 
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poses on distillation; it was purified in an alumina chro- 
matographic column using hexane-diethyl ether (9 : 1) 
as solvent. The purity of the substrate was 99.8% as 
determined by GLC (3% OV-17 on Chromosorb QII, 
80-100 mesh). NMR: 6 2-00 (m, 2H), 2-85 (m, 2H), 
2.95 (s, 3H), 3.80 (s, 3H), 4.20 (t, 2H), 7.10 (m, 4H). 
Quantative analysis of the products was effected in the 
same OV-17 column. 3-(o-Methoxyphenyl)prop-I-ene: 
MS, m/z  148 (M'), 133 (M+-CH3), 105 
(M+ - c&), 91 (C7H:). Dihydrobenzopyran: MS, 
m/z 134 (M'), 115 (CgHq), 106 (M'-C&), 91 
(CTH;), 78 (C6Hi). 


4-(p-MethoxyphenyI)butyl-I -methanesulphonate. 
This compound was prepared by adding CH3S02CI to 
the corresponding alcohol (Aldrich) in diethyl ether as 
r e p ~ r t e d . ~  The reaction product had to be purified as 
above in an alumina chromatographic column using 
hexane-diethyl ether (1 : 1) as solvent. The purity of the 
methanesulphonate substrate was > 95% as determined 
by NMR: 6 1-60 (m, 4H), 2-55 (m, 2H), 2-90 (s, 3H), 
3.75 (s, 3H), 4.20 (m, 2H), 6.95 (dd, 4H). Quantitative 
analysis of the pyrolysis products was effected in a 6 ft 
column of 10% Dow Corning 200/100 on Chromosorb 
W AW DMCS (80-100 mesh). 6-Methoxy-1,2,3,4- 
tetrahydronaphthalene: MS, m/z  162 (M' ), 134 


Methoxypheny1)but-1-ene: MS, m/z  162 (M'), 121 
(M' - C3H6), 91 (C7H:). 4-(p-Methoxyphenyl)but-2- 
ene: MS, m/z  162 (M'), 121 (M+ - C&), 91 (C7H:). 
I-(p-Methoxypheny1)but-I-ene: MS, m/z  162 (M'), 


The kinetic runs were performed in a static system4s5 
seasoned with allyl bromide, and the rates were fol- 
lowed by measuring the pressure increase and/or by 
chromatographic analyses of the products. The tem- 
perature was kept to better than 2 0 - 2  "C and measured 


(M' - C&), 91 (C7H:), 131 (M' - CH30). 4-(p- 


147 (CioHIiO'), 91 (C7H:). 


with a calibrated platinum-platinum- 13% rhodium 
thermocouple. Different points along the reaction vessel 
showed no temperature gradient. The substrate were 
injected into the reaction vessel with a syringe through 
a silicone-rubber injection system and the reaction walls 
were reconditioned with allyl bromide pyrolysis after 
each group of 2-3 kinetic runs on the substrate. 


Other compounds. Similar procedures to the above 
were applied for the syntheses of 2-(0- 
methoxypheny1)ethyl-1-methanesulphonate [NMR: 6 
2.85 (s, 3H), 3.05 (t, 2H), 3.85 (s, 3H), 4.40 (t, 2H), 
6.90 (t, 2H), 7.20 (m, 2H). MS: m/z 230 (M'), 121 


and 2-( p-methoxyphenyl)ethy1-l-methanesulphonate I 
[NMR: 6 2.90 (s, 3H), 3.00 (t, 2H), 3.80 (s, 3H), 4.40, 
(t, 2H), 7.05 (m, 4H)] and their purifications. 


(M+ - CsH9O), 134 (M+ - CH3SOsH), 91 (CTHT)] 
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COMPARISON OF THE CLEAVAGE REACTIONS OF 


RADICAL ANION 
a-NITROCUMENE RADICAL ANION AND a,p-DINITROCUMENE 


FANGFANG wu, THOMAS F. GUARR AND ROBERT D. GUTHRIE* 
Departnrenl of Chemistry, University of Kentucky, Lexington, Kentucky 40506-0055, U. S.  A .  


The rates of loss of NO2 - from the radical anions of 2-(4-nitrophenyl)-2-nitropropane (apdinitrocumene) and 
2-phenyl-2-nitropropane (a-nitrocumene) were compared by three different methods. The rate constant for the 
apparently heterolytic rocess (DN) undergone by the radical anion of the dinitrocumene was measured by pulse 
radiolysis to be 2 x 18 s-'  in dimethylformamide at 25 "C. This value is in reasonable agreement with values 
estimated from an indirect chemical method and from cyclic voltammetry at low temperature. The rate for the 
formally homolytic dissociation process (&) undergone by the radical anion of the mononitrocumene could not be 
determined by pulse radiolysis but could be shown to be between 50 and 1000 times faster than the dinitro case using 
the other two methods. Possible reasons for the faster rate for the DR process are discussed with reference to related 
systems for which the DR process had been found to be unexpectedly slow. 


INTRODUCTION 


Cleavage of the radical anions of a-substituted p- 
nitrocumenes has been a reaction of critical significance 
in the development of present-day understanding of the 
class of mechanisms known as S R N ~  processes. ' In 
1966, it was recognized simultaneously by Kornblum et 
a/.' and Russell and Danen' that the nucleophilic 
substitution reactions of some p-nitrobenzylic halides 
involved radical chain mechanisms subsequently named 
SRNI .4 Shortly thereafter, Kornblum and co-workers 
showed that one of the unique properties of such 
reactions is their facile occurrence at tertiary carbon5 
and that nitrite ion can function as a leaving group 
when present in a,p-dinitrocumene, 1. Later, 
Kornblum et al. discovered that with nitrite as leaving 
group, the p-nitro substituent is not required if the 
nucleophilic reagent is the salt of a nitroalkane. The 
reaction is slower here, is more affected by bulky 
groups in the nucleophile and gives non-substitution 
byproducts, but is still viable. The beneficial effect of 
the p-nitro substituent is illustrated by comparing the 
conditions for reactions (1)' and (2).7 (HMPA is 
hexamethylphosphoramide.) 


* Author for correspondence. 


0894-3230/92/010007- 12$06.00 
0 1992 by John Wiley & Sons, Ltd. 


The mechanism for reactions (1) and (2) is well estab- 
lished as involving three propagation steps: (1) cleavage 
of the radical anion of the substrate to give nitrite ion 
(DN or D R ) ~  and a benzylic radical, (2) reaction of the 
radical with the 2-nitropropyl anion (AN or AR)9 and 
(3) electron transfer from the resultant radical anion to 
another molecule of substrate (T).' Although any of 
these steps, and also whatever initiation step precedes 
this sequence, might be responsible for making reaction 
(2) slower than reaction (I), we were struck by the fact 
that both the cleavage reaction and the reaction of the 
nucleophile with the resultant radical are formally 
heterolytic processes (DN and  AN)^ for reaction (1) and 
are formally homolytic (DR and AR)9 processes for 
reaction (2). This is represented schematically in 
reactions (3) and (4) for the cleavage components of 
reactions (1) and (2), respectively. 


Received 22 July 1991 
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I I 


I I 
2 (4) 


This distinction in the way electrons are apportioned 
is parallel to that noted earlier between reactions (5) and 
(6), in which reaction of (6) was at least lo4 times 
slower than reaction (5). lo 


C~HSC--NOZ - ' DR bC6HsC' + -:NO2 


DN 
' - OzNC6H4C'RzOC6Hs , 


3 - .  0zNCsH4CR; + ~ :0C6H5 (5) 


DR 
C ~ H ~ C R Z ~ C ~ H ~ N O ;  ' , 


4 - .  CsH5CR; + - :OC~&NOZ (6) 


As we shall discuss in greater detail later, a case can 
be made that the advantage in thermodynamic driving 
force for reaction (4) over reaction (3) is similar to that 
enjoyed by reaction (6) over reaction (5). With reactions 
( 5 )  and (6), the thermodynamic advantage is over- 
whelmed by what we argued to be a kinetic advantage 
for DN processes over DR processes. If the same factors 
were at work in reactions (3) and (4), one might expect 
that reaction (3) would be faster than reaction (4) in 
spite of its thermodynamic disadvantage. 


This paper describes experiments in which reactions 
(3) and (4) were isolated from the other chain compo- 
nents of reactions (1) and (2) in order to compare their 
rates. Three different approaches were employed, an 
indirect chemical method, pulse radiolysis and cyclic 
voltammetry. Our experiments show that the analogy to 
reactions (5) and (6) is not predictive in that reaction (4) 
is faster than reaction (3). This is important because 
it documents an exception to our previous generaliz- 
ation" that DN processes are faster than comparable 
DR processes. We shall discuss the difference in the 
cases after describing our results. 


RESULTS AND DISCUSSION 


Chemical approach 


Compounds 1 and 2 were treated with solutions con- 
taining various stable radical anions and the reaction 
outcome was determined. When reaction occurred, the 
only observed product is the corresponding 1,2- 
diphenyl- 1,2-dimethylbutane (bicumyl); the formation 
of this and the disappearance of 1 and 2 were assessed 
by NMR analysis. These results are summarized in 
Table 1. 


For 1, reaction occurred in dimethylformamide 
(DMF) when the anthraquinone radical anion, AQ - ' 
(potassium salt), was used, the rzaction being essen- 
tially complete after 15 min at 25 C. 


A reasonable mechanism for cleavage under the con- 
ditions described above is 


1 - '  or 2 - '  1 or 2 + D-  ' \ k - l ; D 1  
k 


k d " ' x C 6 H 5 C R ;  + NO; (7) 
1' or 2' 


The donor radical reacts with the nitro compound in an 
energetically uphill process to give the radical anion 
of the substrate, which then dissociates. The rate of 
conversion of 1 or 2 to products is given by rate 


librium constant kl /k-  1 may be estimated using electro- 
chemical reduction potentials given in Table 1 and 
estimates of reduction potentials for 1 and 2. For 1, we 
assume that 4-nitrotoluene should be a valid model, 
suggesting El/z = - 1.14 V .  The threshold donor 
required to produce cleavage of 1 was anthraquinone 
radical anion, AQ- '. AQ is reduced at 
E1/2 = -0.84 V, a potential 0-30 V more positive than 
estimated for 1. From the Nernst equation, the equi- 
librium constant for the pre-equilbrium in reaction (7) 
is then k l /k - l  = 9 x Because k- I represents an 
energetically downhill electron-transfer process, it 
may be safely assumed to be close to the diffusion 
limit," k - I  = 10" I r n o l - ' ~ - ~ .  Thus, for the reaction 
of A Q - '  with 1, it may be estimated that 
k ,  = 1 x lo5 l r n o l - ' ~ - ~ .  It is immediately clear that 
k l  cannot represent the rate-limiting step. An experi- 
ment carried out for 5 min at 0 ° C  with 
[AQ- '1 = [1] = 0.1 M gave 26% cleavage (see 
Table I). This conversion corresponds to kobs (second 
order) = 1.2 x lo-' lmol-'s-', which is lo7 times less 
than the value of kL predicted from reduction 
potentials. 


This means that cleavage must be rate limiting, and 
we are left with the more complicated rate expression, 
rate = klkd,ss [ AQ'] [l or 21 / k -  I [AQ] . Although we 
did not attempt a detailed kinetic study, reasonable esti- 
mates regarding the value of [AQ '1 / [ AQ] during the 
first 26% of reaction suggest that kdlss  = 6 X lo's- '  at 
0 ° C  or roughly 6 x lo3 SKI at 25 "C in DMF. (A 
problem with this analysis is that it would predict that 
reaction of 1 with the radical anion of 1,3- 
dinitrobenzene should have been observable; however, 
we could not detect product formation after 24 h at 
25 "C.) 


Interestingly, the threshold for reaction in tetrahy- 
drofuran (THF), which gave apparently homogeneous 
solutions of the donor radical anions, occurs at a sig- 
nificantly more negative reduction potential. In THF, 
1 gave a barely detectable reaction with the radical 
anion of 2,4-dinitroanisole (E1/2 = -0.92 V) after 
24 h and required 2,2-dinitrobiphenyl radical anion 
(E1/2 = - 0-97 V) for substantial conversion. Although 
reduction potentials appropriate to the circumstances of 
the THF reactions were not available, it seems unlikely 
that the difference between the THF and DMF reactions 


= k i [ D - ' ]  Or 2]kd1ss/(k-1[D] +kdlrs). The equi- 
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results from differences in the pre-equilibrium step. We 
would expect changes in solvation and ion pairing 
to affect D -  ' and 1 - .  similarly. A more likely 
hypothesis is that ion pairing retards the rate of 
cleavage through stabilization of both D - . and 1 - . 
relative to the transition state for cleavage. Ion associ- 
ation at the transition state for cleavage of 1 - . might 
well be restricted for steric reasons. 


The threshold potential for reaction with 2 occurs at 


- 1.25 V, which is the reduction potential of N,N- 
dimethyl-4-nitroaniline (DMNA). DMNA - . reacts 
readily with 2 in both DMF and THF, as did several 
radical anions from compounds with more negative 
reduction potentials [2,4,6-tri-tert-butyInitrobenzene 
(E1/2 = - 1.5 V), benzophenone, fluoranthene, naph- 
thalene and biphenyl). For 2, El/z = - 1.61 V has been 
reported; l3  however, 2 was reduced irreversibly under 
the conditions of the experiment from which this value 


Table 1. Reaction of various electron donors with 1 and 2a 


Time Reaction Reaction 
Donorb - E L  Solvent (min) of 1 (O/o)d of 2 (%)d 


2-MeNQ-. 
DQ- '  
1.3-DNB- ' 


AQ 


4,4'-DNBP 


2,4-DNA ' 


2,2-DNBP ' 


NB-'  


2-NA ~ ' 


DMNA 


TBNB 


0.66'" 
0.73esg 
0.77e,h 


0.84e*' 


0.88',' 


0-92' 


0.97e 


1. loe,' 


1.17e 


1.25' 


I So 


DMF 
DMF 
DMF 
THF 
DMF 
DMF 
THF 


DMF 
THF 
THF 


THF 


DMF 
DMSO 
DMF 
DMSO 
THF 


THF 


DMF 
THF 
DMF 
DMF 
THF 
THF 


THF-DMF (2: 1) 


THF-DMF (1:5) 


THF-DMF (10~3)  


THF-DMF (1 : 1) 


THF-DMF (1 : 1) 


15 
15 


1440 
1440 


15 


1440 
1440 


60 
1440 
1440 


30 
1440 


15 
15 


1200 
2880 
2880 


30 
30 


2520 
1420 


15 
1440 


5 j  


c m  
J 


5" 
60 
15 


< 5  
< 5  
< 5  
< 5  


84 -C 5 
26 It 3 


< S  
< 5  


> 90 
< 5  


5 
53 -C 5 
41 It 4 
> 90 
> 80 
> 95 
- 
- 


65 2 6 
> 95 
- 


< 5  
< 5  


< 5  
< 5  


> 90 
> 95 


33 ? 3 
16 2 2 


> 95 
- 


a 1 and 2 were present at concentrations of 25 to 100 mM and were treated with approximately 10% excess of radical anion solution 
at 25 'C unless stated otherwise. 
bAbbreviations for donors: 2-MeNQ = 2-methylnaphthoquinone; DQ = duroquinone; 1,3-DNB = 1,3-dinitrobenzene; 
AQ = anthraquinone; 4,4'-DNBP = 4,4'-dinitrobiphenyl; 2.4-DNA = 2,4-dinitroanisole; 2,2'-DNBP = 2,2'-dinitrobiphenyl; 
NB = nitrobenzene; 2-NA = 2-nitroanisole; DMNA = N,Nf-dimethyl-4-nitroaniline; 
TBNB = 2,4,6-tri-?ert-butylnitrobenzene. 


Listed values are in DMF vs SSCE. 
Percentage reaction was determined by work-up and NMR analysis as described in the Experimental section. 
Value measured by us in DMF vs SSCE with NaC104 as electrolyte. 
- Eii2  = 0.69 V (DMF-tetraethylammonium perchlorate)." 
- E1/2 = 0.76  V (DMF-tetrapropylammonium perchlorate). 
- 


Reaction of 33 mM 1 with 43 rnM AQ ' at O'C. 


Reaction of 30 mM 2 with 36 mM DMNA- ' at o "c. 


= 0.80 V (DMF-tetrabutylammoniun iodide);" - E w ~  = 0.81 V (DMF-tetrapropylammonium perchl~rate).~" 
' - E 1 / 2  = 0.83 V (DMF-tetraethylammonium i ~ d i d e ) . ~ '  


' 
' - E1/2 = I .08 V (DMF-tetrapropylammonium per~hlorate).~" 


"Reaction of 3 0 m ~  2 with 0-36 m M  DMNA-' and 0-15 mM DMNA. 
O - El/z = 1.5 V (MeCN-tetrapropylammonium per~hlorate).~'  


= 0.89 V (DMSO-tetrapropylammonium perchlorate)." 
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was obtained. Nitro-tert-butane, for which the electro- 
chemical reduction could be studied reversibly, gave 
El,2 = - 1.77 V under similar conditions, l 3  providing a 
sensible lower limit and suggesting that the reported 
value is reasonable. Thus, the threshold for reaction 
with 2 occurs, at a potential difference of 0.36 V, 
suggesting that the corresponding pre-equilibrium of 
reaction (7) occurs with k l / k -  1 = 5 x lo-'. Rate con- 
stant estimation, using the fact that 2 reacts with 
DMNA ' to  give 33% conversion after 5 min at 0 O C ,  
leads to an estimate for the cleavage rate constant of 
2 -  ' of kd i s s  = 2 x  lo5 s - l  at 25 C. This estimate 
should probably be viewed as a lower limit because of 
the uncertainty in the reduction potential of 2. 


In contrast to  1, the threshold for reaction of 2 
seemed to be insensitive to the change in solvent from 
DMF to THF. Possibly there is not much change in 
charge localization on going from D -  ' to  the tran- 
sition state for the cleavage of 2 ~ .. 


Pulse radiolysis approach 


Radiolysis of' 1 in either T H F  or DMF using a 
50-500 ns pulse of 4 MeV electrons produced an initial 
transient which is believed to  be the corresponding 
radical anion, 1 - '. In THF the absorption maxima for 
this transient are 350, 470 and 560 nm, as can be seen 
in Figure 1. This is reasonably close to  the spectrum 
reported by Buncel and M e n ~ n ~ ~ . ' ~  for the radical 
anion of 4-nitrotoluene in T H F  with crown ether pre- 
sent. In T H F  the radical anion decays in a first-order 
process with a rate constant k = 4 - 7  x lo5 s- ' .  


In the DMF experiment, the maximum was at 340 nm 
and there was absorption extending out into the visible 
region, as seen in Figure2. The curious aspect of the 
DMF case was the emergence of a peak at 440nm, 


o.oe I I I 


-0.01 I I I L L I 
200 S O 0  400 500 6 0 0  700 BOO  


Wavelength (nm) 
Figure 1. Pulse radiolysis of 1 in THF. 0, 0.1 ps; *, 0.7  ps; 


V ,  8 . 5  ps 


0.06 


0.08 1 8 
a2 


rd 
a 
& 
0 m 0.02 
P 
4 


0.04 


0.00 


-0 .02  I 
200 300 400 500 800 700  800 


Wavelength (nm) 
Figure 2. Pulse radiolysis of I in DMF. 0 ,  20 ps; v , 135 ps; 


*, 412 ps 


which corresponded to a stable product (up to 1 .3  ms). 
We have tentatively assigned this absorption to the 
4-nitrocumyl anion, 1 -, based on the observation of 
the 4-nitrobenzyl anion at 430-450 nm by Buncel and 
Menon I 4 , l 5  and others l 6  and the fact that the only other 
logical product, the 4-nitrocumyl radical, would be 
expected to  appear a t  370 nm (based on the spectra of 
closely related radicals). " Also, this radical would be 
expected to  disappear in a rapid second-order process, 
which is not what was observed. The spectral changes 
which occur after the pulse almost exactly match those 
reported by Maslak et a/. , I s  who studied the cleavage 
of the lithium salts of radical anions of a series of' 
1-(4-nitrophenyl)-2-aryl-l, 1,2,2-tetraethyIethanes in 
dimethyl sulfoxide (DMSO). In these cases the nitroaryl 
radical anion showed maxima at 335 and 470 nm, with 
the latter, weaker band tailing to ca 500 nm. As in our 
case, fading of the 335 band was accompanied by the 
emergence of a band at 440 nm, which was shown to be 
the diethyl(4-nitrophenyl) carbanion. Irradiation of a 
DMF solution of 1 to  a calculated dose of 1 . 5  Mrad 
gave a small conversion to  several products as indicated 
by high-performance liquid chromatography (HPLC). 
One of these corresponded in retention time to 
4-nitrocumene, but we were unable to identify the 
other products. It could be shown that they were not 
4,4 ' -dinitrobicumyl or 2-(4-nitrophenyl)propene 
(p-nitro-a-methylstyrene). 


For radiolysis of 1 in DMF, the disappearance of the 
initial transient and the growth of the product at 
440nm can be fitted to  a first-order decay curve and 
measured rate constants show no dose dependence in 
the range available. This is consistent with a unimole- 
cular dissociation of 1 - '. The rate constant for disap- 
pearance of the absorption assigned to  the radical anion 
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of the dinitrocumene is k = 4.3  X l o 3  SKI. It seems very 
unlikely that the 4-nitrocumyl anion is a direct product 
of  the dissociation of 1 -  -, because NO2 pfus 
4-nitrocumyl anion should be unstable compared with 
NOT and 4-nitrocumyl radical. (In theory, a simple way 
to justify this statement is to determine the reduction 
potential of 4-nitrocumyl radical and the oxidation 
potential of NO2-. Unfortunately, neither of these 
measurements is straightforward. The reduction poten- 
tial of NO2 in acetonitrile is reported to be 0 - 0 7 V  vs 
AglAgNO2 in ace t~ni t r i le"~  and an Eo for the 
N02/NO; couple of 0.32 V has been c a l ~ u l a t e d ' ~ ~  vs 
ferrocene/ferrocinium. This is a t  least 0.5 V positive of 
the potential at which we observe what is believed to  be 
oxidation of the 4-nitrocumyl anion as discussed in the 
electrochemistry section of this paper.) It seems more 
probable that the dissociation process is sufficiently 
slow to allow the initially formed radical anion to  serve 
as a one-electron reducing agent for the 4-nitrocumyl 
radical as it is generated. The peak at  440 nm grows at  
about the same rate as the disappearance of  the peak at 
340 nm, which is possible if the concentration of 4- 
nitrocumyl radical remains low relative to  that of both 
the radical anion and the anion. The kinetics of such a 
first- and second-order reaction sequence can be treated 
analyticallyZo to  the extent that it is possible to show 
that kd,,,/k3 (where k3 is the second-order rate constant 
for reduction of the radical by 1 -  ') is an upper limit 
for the concentration of the 4-nitrocumyl radical. 
Assuming that the rate constant for reduction of the 4- 
nitrocumyl radical by 1 -  ' is a t  the diffusion limit, 
k3 = 10" lmol- '  s -I ,  then kl/k3 = 4.3 x We esti- 
mate the concentration of radical anion to be cu M 
immediately after the pulse. Under these conditions, the 
kinetics for loss of 1 - ' will be essentially first order 
for roughly two half-lives. 


In our radiation product studies, which employed a 
6oCo source of radiation, the steady-state concentration 
of radical anion can be calculated to  be much lower. 
This may explain why we observed other products in 
addition to 4-nitrocumene. 


In aqueous solvents, it appears that the dinitro- 
cumene radical anion is stable on the time scale of pulse 
radiolysis. In isopropanol-water (70: 30, v/v) with 
NaOH present, the initially generated spectrum shows 
an absorption maximum at 330 nm and a broad band at  
cu 440 nm. This spectrum is stable to  4 ms, suggesting 
that the radical anion is responsible for the observed 
absorbance. The relatively small conversions observed 
in product studies carried out in this solvent are also 
explained by the hypothesis of a stable radical anion. 
Neta17 has reported that the radical anion of a closely 
related compound does not undergo cleavage on this 
time scale in an aqueous medium. Also, Scher and 
Lichtin" reported the formation of a stable radical 
anion from 1 with an absorption maximum at 
310 ? 5 nm. Scher and Lichtin's experiment was carried 


out in water which was 16 mM in KOH and 1 M in tert- 
butyl alcohol. The observed maximum shifts to slightly 
longer wavelengths in methanol and Scher and Lichtin 
measured the rate constant for the dissociation process 
at k = 0.5 sC1 in methanol. Moreover, they proved that 
the main product, which under these conditions is 4- 
nitrocumene, arises from the 4-nitrocumyl anion. This 
demonstrates that the reaction sequence that we 
propose to  account for the absorbance at 440nm in 
DMF is possible when the rate of dissociation is suffi- 
ciently slow. Our observed dissociation rate in DMF is 
lo4 times faster than the methanol reaction, but 
we suggest that it is still possible to  produce the 
4-nitrocumyl anion by this route. Of course, the anion 
is not protonated in DMF as it would be in aqueous 
or alcoholic solvents. 


The overall conclusion for the dinitrocumene system 
as deduced from the pulse radiolysis data is that the 
radical anion is stable in water and aqueous solvents at 
least for a few microseconds, but dissociates at a 
measurable rate in DMF and in THF. It is interesting 
that the rate constant for dissociation of 1-  ' is deter- 
mined by pulse radiolysis to  be faster in T H F  than in 
DMF, whereas the rate of reaction of 1 with a given 
donor radical anion is significantly slower in THF than 
in DMF. We suggest that this is due to the effect of ion 
pairing on  kdiss for this substrate, stabilizing the radical 
anion relative to  the transition state for cleavage. In the 
radiolysis experiment, where alkali metal ions are not 
present to  form ion pairs, it would appear that the free 
ion is less stable in THF than in DMF. 


The situation with 2 is less clear. The pulse radiolysis 
experiment with 2 in isopropanol-water-NaOH 
showed a stable absorption at  295 ? 5 nm. It would 
seem that this must be the radical anion of 2, for several 
reasons. First, neither NO5 nor cumyl radical absorbs 
in this spectral region. NO5 has a very weak absorption 
at  350nm and an end absorption starting at cu 
250 nm. 22 The cumyl radical has been reported by 
several investigators t o  absorb at 320-325 nm. In well 
resolved spectra, two peaks appear a t  cu 315 and 
325 nm.23 Moreover, the cumyl radical would disap- 
pear in a rapid, second-order process, which is not what 
we observe. The only possibility would seem to be that 
the 295 nm absorption is due to  2 -  ', which would 
mean that it is relatively stable in aqueous solution with 
NaOH present. 


The data for the mononitrocumene 2 in organic sol- 
vents (THF and DMF) are interesting but fail to yield 
rate constants. In THF, the transient spectrum shows 
absorption maxima at  270 and 310 nm (see Figure 3). 
These absorptions decay in a second-order fashion. In 
DMF, the spectrum is not sufficiently different from 
that observed when DMF alone is irradiated to  justify 
any conclusions. We tentatively assume that our 
observed transient spectra are due t o  the cumyl radical, 
based on  the chemical and electrochemical experiments 
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Figure 3. Pulse radiolysis of 2 in THF. 0,  2 p s ;  *, 11 ps; 
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described in the other sections of this paper which 
indicate that 2 - . dissociates more rapidly than 1 - ' . 
Also, our product studies reported in the Experimental 
section show the clear signature of cumyl radicals. 
Unfortunately, the spectra taken by themselves are not 
definitive and could conceivably be due to  2 -  .. 


One extremely curious result is the formation of a 
relatively stable absorption centered at  285 nm which 
appears when 2 is subjected to  radiolysis in T H F  satu- 
rated with Or. This cannot be 2 - ' ,  because it would 
have been oxidized during the pulse. The only (highly 
speculative) explanation we can offer is that this is 
the cumylperoxyl radical, CsH5C(CH3)200', or some 
species derived therefrom. Simple peroxyl radicals 
absorb at about 250-260 nm, but tail out to  300 nm 
and above. 24 Considering that the starting compound 
absorbs out to  about 300 nm, it seems possible that the 
difference spectrum would show a maximum at 280 nm 
if the cumylperoxyl radical was being generated. If this 
is the case, it would mean that an initially generated 
transient species produces cumyl radicals faster than it 
reacts with 0 2 .  It seems clear from our other exper- 
iments that 2 - '  is not sufficiently short lived to  meet 
this criterion. One possibility is that the solvated elec- 
trons are trapped by both the NO2 group and the phenyl 
group and that this gives two different radical anions, 
2 - .  and 2 - " :  


' - C6HsC(CH3)2N02 and C6&C(CH3)zNO; ' 


2 - . '  2 - .  


In this scenario, both 2 -  ' and 2 -  ' ' are formed from 
solvated electrons, but the latter dissociates faster than 
intramolecular electron transfer to  the nitro group. 
Dissociation produces cumyl radicals. 


I , I 


, I 


Potential in Vol ta  


Figure 4. Cyclic voltammograms of (a) 1 at 50 mV s -  ' and (b) 
5 at 200mVs-'  in DMF with 0 - 1  M TBAP vs SSCE with a 


glassy carbon working electrode at 25 'C 


Electrochemical approach 


A cyclic voltammogram of 1 in DMF at 25 'C is shown 
in Figure4(a). The first cathodic wave (1) appears a t  
-0.98 V vs SSCE and no return wave is observed. The 
peak current is roughly proportional to the square root 
of the scan rate. However, the wave shifts to  slightly 
more negative potentials with increasing scan rate. 
Moreover, the wave is sharper than would be expected 
for a simple one-electron process. Unfortunately, the 
proximity of a second cathodic wave (11), EPL = - 1.18 V, 
precludes a more quantitative analysis of its behavior. 
The second reduction appears to be quasi-reversible at 
room temperature (Epa = - 1.09 V, 111) with ipa/ipc = 1 
and Epa - Epc = 90 mV at  a scan rate of 20 mV s-'. This 
latter process apparently is due to  reduction of 2,3-di(4- 
nitrophenyl)-2,3-dimethylbutane (4,4' -dinitrobicumyl), 
5 ,  formed by dimerization of 1': 


2(1') + ~ ~ N C ~ H ~ C ( C H ~ ) ~ C ( C H ~ ) Z C ~ H ~ N ~ ~  (8) 


This was confirmed by cyclic voltammetry on an auth- 
entic sample of 5 [Figure4(b)]. Compound 5 was 
isolated from bulk electrolysis in DMF. The cyclic vol- 
tammogram of 1 also showed a small anodic peak at 
-0.45 V (IV), which we believe is due to oxidation of 
the 4-nitrocumyl anion, 1 . This peak only appeared 
if the sweep included prior traversal of the first cathodic 


5 
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I I 1 I I I 


wave, suggesting that reduction of 1' to 1- occurs at 
a potential more positive than - 1.15 V. At room tem- 
perature, the peak height of this anodic wave increases 
with increasing scan rate, suggesting that 1-  reacts 
with adventitious water to an increasing extent as the 
scan rate is slowed. Wave IV disappears when water is 
added to the solvent. At low temperature, where it will 
be seen that the one-electron reduction of 1 becomes 
reversible, wave IV disappears as I becomes reversible. 
The cathodic partner of wave IV could not be detected 
under any conditions, even with repetitive cycling at 
rapid scan rates. 


When the temperature of the electrolysis cell is 
lowered to - 40 "C, the oxidation wave associated with 
peak I (oxidation of 1 - ' )  became clearly visible at a 
scan rate of 4015 mVs-' (see Figure 5). At low tem- 
perature with rapid scanning, waves I1 and 111 disap- 
pear, allowing us to treat the remaining voltammogram 
as representative of a simple EC or ECE (E = hetero- 
geneous electron transfer, C = chemical reaction) pro- 
cess. At 5 1  200 mV s-', ipc/ipa was nearly unity and 


1 


I I I I b , I 


T = 0' C rate = 51.200 mV/s d 
T = -40' C rate = 1003 mV/s J 
T = -40' C rate = 4015 mV/s d 
T = -40 C rate = 51.200 mV/s 


T = -70° C rate = 2007 mV/s 4 
0.2 0.0 -0.2 -0.4 -0.6 -0.B -1.0 -1.2 -1.4 


Potential In Vol ta  


Figure 5 .  Cyclic voltammograms of 1 at reduced temperature 
as described in the Experimental section 


wave IV had essentially disappeared. At - 40 "C, the 
rate of cleavage of 1 - ' can be readily calculated using 
the method of Nicholson and in which the 
relationship between ipc/ipa and scan rate is matched to 
a published working curve. Using this procedure, the 
cleavage rate constant for 1 - ' was calculated to be 
11 k 3 s - l  at -40 C. 


When the same cyclic voltammetric measurements 
were carried out on 2 in DMF, a single cathodic wave 
was observed at - 1 -6  V vs a saturated sodium-calomel 
electrode (SSCE). A published E1/2 value measured in 
dimethoxyethane is - 1.61 V. l4 The corresponding 
anodic wave for this couple is entirely absent even in 
scans carried out at the fastest available scan rates 
(51 200mVs-') at -40°C. The temperature was 
further lowered by immersion of the electrochemical 
cell in a solid carbon dioxide-acetone bath. It was then 
possible to measure a weak anodic wave at a tempera- 
ture estimated to be -70 "C (see Figure 6), but the 
kinetic analysis at this temperature was complicated by 
slow heterogeneous electron transfer. The ratio ipc/ipa 
decreases with increasing scan speed, as expected for 
the EC or ECE mechanism with the chemical step being 
relatively fast. That the chemical step is dissociation of 
the initially formed radical anion to give cumyl radical 
is confirmed by bulk electrolysis studies described in the 
Experimental section. 


The cyclic voltammetric curves allowed the estima- 
tion of the rateSonstant for dissociation of 2 -  ' as ca 
100 s- '  at - 70 C. It was also possible to measure the 


T = -65 C. rate = 102 I& 
T = -65 C. rate = 546 :+ 
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dissociation rate constant for 1 - ' under the same con- 
ditions at 1 . 8  t 0.4  s-'. Hence it would appear that 
the dissociation of 2 -  ' is roughly 50 times faster than 
the dissociation of 1 ' at - 70 "C. 


With data at two different temperatures for the dis- 
sociation rate of 1 - ' ,  it is possible, in principle, to 
carry out an Arrhenius extrapolation t o  obtain a room- 
temperature value for the dissociation rate constant; 
however, such a calculation is rendered imprecise by the 
uncertainty in the temperature and conditions for the 
lowest temperature electrochemical experiments. Using 
electrochemical data alone and reasonable error 
assumptions, the value of the rate constant for the dis- 
sociation of 1 can be calculated to be between 50 
and 3 x lo3  s - '  at 25 "C.  


' 


Comparison of results from different methods 


Direct measurement of the rate constant for the dis- 
sociation of I - ' was possible by pulse radiolysis a t  
room, temperature and from cyclic voltammetry at  
-40 C. The value of k d l s s  is half of the observed loss 
of absorbance and therefore k d i s s  = 2 -  1 X lo3 at 25 "c 
in DMF. This falls at the upper edge of the range of 
values extrapolated from low-temperature electro- 
chemical data and is reasonably close to the estimate 
made from the rate of reaction of 1 with AQ - '. Even 
given the uncertainties inherent in these other tech- 
niques, the fact that this value is consistent with values 
estimated from the chemical and electrochemical exper- 
iments offers assurance that the process measured by 
pulse radiolysis is in fact the dissociation of 1 - . . 


Pulse radiolysis offers little help in measuring the rate 
of dissociation of 2 - ' . Howeve:, the electrochemical 
experiments carried out a t  -70 C demand that k d i s s  


for 2 - .  in DMF is at least a factor of 50 larger than 
that for I - . at this temperature. The chemical exper- 
iments suggest that this factor is roughly 100, increasing 
our confidence that the weak oxidation wave seen in the 
cyclic voltammogram of 2 is in fact that for 2 -  .. This 
would put the dissociation rate constant for 2 -  ' at 
k d i s s  = 105-106 s - '  at 25 "C in DMF. A dissociation 
with a rate constant of this magnitude should have been 
observable by pulsed radiolysis in DMF, but 2 -  ' could 
not be detected above solvent background in this 
medium. 


Relationship to previous studies 


Although we cannot measure k d i s s  for 2 - ' at  room 
temperature, we feel safe in saying that it is between 
50 and 1000 times greater than that for 1 - ' .  We 
had earlier estimated a free energy advantage for 
reaction (6) over reaction ( 5 )  of 10 kcalmol-' 
(1 kcal = 4.184 kJ) due to the advantage in stability of 
4-nitrophenoxide ion over phenoxide ion. Differences in 
reduction potential make 4 - . slightly less stable than 


3 -  ', producing an additional ca 1 kcalmol-' advan- 
tage for reaction (6). From this 11 kcalmol-' advan- 
tage must be subtracted any stability advantage of 
4-nitrobenzyl radical over benzyl radical. The magni- 
tude of this stabilization is not known with certainty, 
but work by Creary et al. 26 in which the effect of substi- 
tuents on cyclopropane ring opening to give benzylic 
radicals was determined shows that the 4-nitro- 
substituted system undergoes ring opening ca four times 
faster than the unsubstituted system. This factor is not 
large and, moreover, whatever its magnitude, we would 
expect it to  offer the same advantage for reaction (3) 
over reaction (4) as it does for reaction ( 5 )  over reaction 
(6). In comparing reaction (3) with reaction (4), the 
main difference in thermodynamic driving force is the 
more negative reduction potential of 2 compared with 
1. This difference of ca 0.5 V favoring reaction (4) over 
reaction (3) is essentially equal t o  the advantage of 
reaction (6) over reaction (9, yet our previous studies 
showed that reaction ( 5 )  is a t  least lo4 times faster than 
reaction (6). The present study shows that reaction (4) 
is 50-1000 times faster than reaction (3). Why do the 
electron apportionment restrictions which were sug- 
gested to  account for the slowness of the DR mode in 
the first study not have the same effect on the DR mode 
in the present study? 


One factor which must be kept in mind is the greater 
driving force for both reactions (3) and (4) compared 
with reactions ( 5 )  and (6). The greater stability of nitrite 
ion compared with phenoxide ion may be estimated 
from the relative pKa values of nitrous acid 
(pK, = 3.3)'' and phenol (pK, = 10-0)28 in aqueous 
solution. For substituted phenols, we have found that a 
difference of about 2 pKa units produces a factor of 
roughly 25 in rate constant for reaction (5 ) .  Hence a 
very rough kinetic prediction may be made by multi- 
plying our observed rate constant for loss of phenoxide 
in reaction ( 5 )  (k  = 1.7 x in DMSO)" by 256.7'2 
for the change to  nitrite and by 20 for the change from 
primary to  tertiary to give k,,, = 102s- ' .  (Meot-Ner et 
al. 29 showed that one methyl group increases the rate of 
dissociation of a-substituted 4-nitrobenzyl halides by a 
factor of 20. Additional alkyl groups slowed the 
reaction, but the alkyl groups used were bulky.) Some 
additional allowance must be made for the fact that the 
alkyl group is attached to nitrogen rather than the 
oxygen of the leaving group. Given the uncertainty in 
these various assumptions, it would seem that our 
observed kdlss for 1 -  ' of 2.1 x lo3 s- '  is about what 
would be expected, based on the structural differences 
between 1 - ' and 3 - '. Of course, 2 -  ' and 4-  ' cannot 
be compared in the same way because the cleavage of 
4 - '  was too slow to measure, but it is clear that the 
observed k d l s s  for 2 -  ' is closer to what would be 
expected on thermochemical grounds than is the 
behavior of 4 ' . 


The reasons for this are far from clear, but several 
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differences between the two cases warrant exploration. 
One factor which may be exerting an effect is the 
change from cleavage of a C-0 bond in 3 - ' and 4 - . 
to a C-N bond in 1 - ' and 2-  ' . The bond polariz- 
ation effect discussed" in connection with 3-  . and 
4 -  ' would be lessened for 1 - '  and 2-  '. It is also 
possible that the fact that 4 contains an ether oxygen 
attached to the electron-accepting ring uniquely confers 
some special stability to 4 -  ' or destabilizes the tran- 
sition state through which it undergoes cleavage. 
Lazana et a1.30 have shown that the preferred confor- 
mation for R-0-Ar - ' is that with the R-0 bond 
in the plane of the aromatic ring. However, the energy 
difference between this and an orthogonal conforma- 
tion is small. The fact that nitroanisole has a more 
negative reduction potential than n i t r ~ t o l u e n e ~ ~  and 
that this increased difficulty of reduction extends even 
to unsubstituted aryl ethers3' would seem to indicate 
that bonding interactions between the aromatic ring 
and the non-bonded electrons on oxygen are substan- 
tially diminished after adding an electron to the ring. It 
seems unlikely to us that the residual interaction would 
be strong enough to explain the preferences we have 
observed for DN cleavage in ether radical anions. 


Another, particularly intriguing, difference between 
the ethers and the nitrocumenes is that the thermo- 
chemical advantage for 2 - '  over 1 - '  is on the 
precleavage side of the equation for the cleavage 
reaction rather than in the product as for 4 - .  vs 3 -  '. 
We have previously suggested that for the cleavage of 
4 -  ., product stability is not 'felt' at the transition 
state as effectively for DR type reactions because the 
interaction between the extra electron in the 7r system 
and its potential partner in the u bond has not devel- 
oped at the transition state. It seems possible to us that 
the activation energy would be lowered more by raising 
the energy of the radical anion, which is what happens 
in going from 1 -  ' to 2-  ', than by increasing the sta- 
bility of the product anion as involved in the com- 
parison of reaction ( 5 )  with reaction (6). We plan 
to examine cases related to reaction (6)  in which the 
substituent on the phenoxyl moiety is changed in such 
a way as to make its reduction potential comparable to 
that of 2. 


EXPERIMENTAL 


Solvents and reagents. N,N-Dimethylformamide 
(DMF) was refluxed with calcium hydride at 15-20 Torr 
(1 Torr = 133.3 Pa) for 2 h, fractionally distilled at this 
pressure and stored under argon. Tetrahydrofuran 
(THF) was distiIled from a solution of benzophenone 
ketyl under argon and stored under argon. Donor com- 
pounds were of the best grade commercially available. 
N,N-Dirnethyl-4-nitr0aniline~~ and 2,3-dimethyl-2,3- 


diphenylbutane l4 were prepared by published 
procedures. 


a,p-Dinitrocumene (1) was prepared as described by 
Kornblum et al. 34 and its physical properties and spec- 
tral characteristics were identical with those reported. 


a-Nitrocumene (2) was prepared as described by 
Kornblum and c o - ~ o r k e r s ~ ~ ~ '  and its physical proper- 
ties and spectral characteristics were identical with 
those reported. 


Preparation of solutions of radical anion donors. 
The appropriate amount of radical anion precursor, 
usually 1-2 mmol, and a PTFE-coated stirring bar were 
placed in a round-bottomed flask protected by a 
Mininert valve (Wilmad Glass). The flask was repeat- 
edly evacuated and filled with argon through a high- 
vacuum, screw-valve PTFE stopcock. Small pieces of 
freshly cut potassium metal were added under an argon 
flow and finally solvent (10-20 ml) was added through 
the Mininert valve using a gas-tight syringe. The 
mixture was stirred at ca 25 C for about 12 h, by which 
time the potassium metal had disappeared and the color 
of the radical anion was evident in the solution. Sol- 
utions which were used appeared homogeneous. In 
some cases, particularly with 1,3-dinitrobenzene, 
heating was required to effect complete reaction. For 
2,6dinitroanisole and 2-nitroanisole, the direct prep- 
aration using potassium metal was unsatisfactory and 
the radical anion solutions were prepared by treating a 
solution of the nitro compound in the desired solvent 
with a solution of the potassium salt of naphthalene 
radical anion in THF. Samples of all donor radical 
anion solutions were tested by bubbling in oxygen gas 
followed by the work-up described below. In cases 
where the donor precursor was not recovered by this 
procedure, the donor solution was not used. 


Reaction of radical anion solutions with 1 and 2. In 
the same type of reaction vessel as described above, the 
appropriate amount of a stirred solution of 1 or 2 in the 
reaction solvent was treated with the radical anion 
solution using a gas-tight syringe. After the required 
reaction time, the reaction mixture, usually about 
10 ml, was poured into 30 ml of water and extracted 
with 30 ml of dichloromethane, adding a small amount 
of saturated aqueous sodium chloride. For DMF 
reactions, the dichloromethane solution was washed 
with three 20ml portions of water. The 
dichloromethane solution was dried with anhydrous 
sodium sulfate and the solvent removed under reduced 
pressure. Products from reaction mixtures involving 2 
were then analyzed by NMR spectrometry. The residues 
from work-up of reactions with 1 were treated with a 
small amount of benzene and the white solid precipitate 
collected by centrifugation. This solid proved to be 
2,3-bis(4-nitrophenyl)-2,3-dimethylbutane (5). Wben 
recrystallized from acetone, its m.p. was 285-286 c ,  
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whith is somewhat higher than that reported (lit. 36 m.p. 
265 C, decomp.), but its spectral characteristics 
showed clearly that the structure was that assigned. 'H 
NMR (CDCl3): 6 8.082, 8.037, 7.203, 7.157 (8 H), 
1.38 ppm (s, 12H). IR (KBr): 2987, 1513, 1085, 1015, 
854 cm-'. This compound was very insoluble in most 
solvents. 


For reactions of 1, the product yield was calculated 
from the weight of precipitated 5 plus the small amount 
of this compound evident in the NMR spectrum of the 
mixture. The product from the reaction of 2 with the 
various electron donors was 1,1,2,2,-tetramethyl-l,2- 
diphenylethane (bicumyl), as shown by comparison 
with authentic material prepared following the pro- 
cedure of Hoffmann et a/. l 3  No products other than the 
bicumyl type were detected by NMR in any of the 
reaction mixtures and yields calculated from the loss of 
starting nitro compound were in reasonable agreement 
with the amount of bicumyl produced. 


Electrochemical experiments. These were performed 
using either an E G & G  PAR Model 273 poten- 
tiostat/galvanostat or a Bioanalytical Systems Model 
1 OOA electrochemical analyzer. Electrolytes were of 
electrometric grade from Southwestern Analytical. 
They were recrystallized from methanol and dried in a 
vacuum oven prior to  use in kinetic runs. The working 
electrode was a freshly polished platinum or glassy 
carbon disk, while a platinum coil and a saturated 
sodium calomel electrode (SSCE) served as counter and 
reference electrodes, respectively. 


The low-temperature kinetic runs were carried out 
under similar conditions except that a platinum 
microelectrode (10 pm diameter) was employed as a 
working electrode in some instances. Also, a silver wire 
was used as a (pseudo) reference electrode at low tem- 
perature in order to avoid freezing of the SSCE. The 
silver wire was fully insulated by heat-shrinkable PTFE 
tubing except for the tip, and the uninsulated portion 
was placed within 1-2mm of the working electrode 
surface t o  minimize cell resistance. IR compensation 
was utilized for all kinetic experiments. In addition, it 
was found that an in situ pretreatment of the platinum 
working electrode (several excursions to  the cathodic 
solvent limit) greatly enhanced the heterogeneous 
electron-transfer rate, thus allowing faster scan rates to 
be employed. 


Pulse radiolysis. Pulse radiolysis was carried out at 
the Center for Fast Kinetics Research using a system 
described previously. 37 Solutions were normally 2 mM 
and were bubbled with argon gas for a t  least 0.5 h 
before use. Pulses of 4 MeV electrons of 50-500 ns 
were employed in the radiolysis studies of 1 and 2. 


Products from radiolysis. Product identification 


studies were carried out after radiation of 1 and 2. Sol- 
utions of 1 (10-15 mM) in either DMF, THF or iso- 
propanol-water (1 : 1, v/v) given a dose of 1 . 5  Mrad 
from a 6oCo source gave only very small amounts of 
several products, as judged from UV (250 nm)-detected 
peak intensities. In the DMF run, one of theye 
corresponded in retention time to 4-nitrocumene, but 
neither 4-nitro-a-methylstyrene nor 5 was present. 
Other small peaks were not identified. In THF, no sig- 
nificant amount of 4-nitrocumene or any of the other 
suspect compounds was produced. The main observed 
peak may have been from coupling of solvent radical 
with the 4-nitrocumyl radical, as could be expected 
based on results obtained with 2. However, it was not 
possible to  confirm this because 1, which was the pre- 
ponderant compound in all reaction mixtures, was 
unstable under gas chromatographic conditions. 


In the case of 2, a 20 mM solution in T H F  was given 
a dose of 64 Mrad in 1600 800 ns pulses (shaking after 
every 400 pulses). The starting 2 was reduced to  about 
20% of its initial concentration. HPLC on a cJ6 
column with U V  detection at 260nm showed peaks 
corresponding in retention time to cumene, 
a-methylstyrene and bicumyl. Two other substantial 
peaks appeared and these are believed to correspond to 
peaks assigned by gas chromatographic-mass spec- 
trometric (GC-MS) analysis to  cumyltetrahydrofuran 
and 4-methyl-2,4-diphenylpentene (probably the 2- 
isomer). The former shows a parent ion at m/z  190 with 
major fragments at m/z 119 (cumyl cation) and 71 
(tetrahydrofurfuryl cation). The latter showed an 
apparent parent ion at m/z 236 with significant ions at 
m/z  221 (M-CH3),  143, 128 and 91. A number of 
what appeared to be dimers of tetrahydofurfuryl 
radical were also evident by GC-MS. Analysis of data 
obtained by GC with flame ionization detection in com- 
bination with HPLC information indicates approxi- 
mate relative yields of the five major products of 
cumene, bicumyl, a-methylstyrene, cumyl-THF and 
diphenylmethylpentene of 2 .1  : 1.3: 1.0: 1.0:0.25. The 
same products, with the exception of the cumyl-THF, 
were observed on radiolysis in DMF with less cumene 
and more bicumyl. For low-dose runs in both of these 
solvents, relatively less diphenylrnethylpentene was 
observed. In high-dose runs carried out in isopropanol- 
water, the conversion of nitro compound was lower 
than in DMF or T H F  and the only significant product 
evident by HPLC was the strongly UV-absorbing 
a-methylstyrene. For runs with a dose of 1 . 5  Mrad 
using 6oCo, the amount of a-methylstyrene and 
diphenylmethylpentene was about the same for 
reactions run in all three solvents, but bicumyl was not 
observed using isopropanol--water. 


Products from electrolysis. Electrolysis of a 10 mM 
solution of 1 in DMF with tetrabutylammonium per- 
chlorate (TBAP) (0.1 M) at 1 . O  V vs. SCE gave a white 
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precipitate. HPLC analysis showed that both the preci- 
pitate and the material remaining in solution were pure 
5. The precipiiate after washing with methanol melted 
at about 295 C, with some discoloration preceding 
melting. The melting point was not reproducible, 
seeming to depend on heating rate. 


After electrolysis of a 10mM solution of 2 in DMF 
with TBAP (0- 1 M) at 2.0 V vs. SCE with total charge 
passed equivalent to 1 - 3  electrons per molecule of 2, 
slightly less than half of 1 was converted to bicumyl, 
half to cumene and ca 10070 to a-methylstyrene. 
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SHORT COMMUNICATION 


DIRECT MEASUREMENT OF THE ENERGY BARRIER FOR 1,2-CHLORINE 
ATOM MIGRATION IN CY-METHYL-~-CHLOROBENZYL(CHLORO)CARBENE 
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Department of Chemistry, University of Prince Edward Island, Chariotteto wn, Prince Edward Island, CIA 4P3 Canada 


AND 
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The first direct determination of a 1,2-chlorine atom shift in a chlorobenzylcarbene was achieved by nanosecond laser 
flash photolysis. Arrhenius activation parameters of E,, = 3.39 2 0.14 kcal mol- '  and log [A (s - ' ) ]  = 10.98 5 0.14 
were obtained for 1,2-chlorine migration in a-methyl-a-chlorobenzyl(ch1oro)carbene. The lifetime of this carbene is 
considerably longer than previously estimated and the measured Eat, is in excellent agreement with that determined 
by product analysis. 


Recently, the activation energy for 1,2-chlorine 
migration in a-methyl-a-chlorobenzyl(ch1oro)carbene 
(2) was accurately measured by classical methods. ' The 
energy barrier was determined by the temperature 
dependence on product distribution between intramol- 
ecular rearrangement of carbene 2 to a-methyl-@,@- 
dichlorostyrene (3) and competitive cyclopropanation 
with tetramethylethylene (TME) to  form cycloadduct 4 
(Scheme 1). In order to place the competitive reactivity 
of carbene 2 on a n  absolute scale, a comparison of the 
activation parameters for the cyclopropanation of p-  
chlorobenzyl(ch1oro)carbene with TME was required. 
This comparison resulted in an estimate of the room 
temperature lifetime of carbene 2 to be < 1  ns and 
therefore beyond direct spectroscopic detection in the 
nanosecond regime. In this paper we report the lifetime 
of carbene 2 to have been underestimated and describe 
the measurement of the Arrhenius activation par- 
ameters for chlorine atom migration in carbene 2 and 
the absolute rate constant for reaction of 2 with TME 
by nanosecond laser flash photolysis (LFP). 


The LFP apparatus has been described previously. 
A Quanta Ray DCR-1 Nd : YAG (ca 8 mJ,  pulse width 
ca 6 ns) provided laser excitation at 355 nm with a 
pulsed 1000 W xenon lamp as the monitooring source. 
Temperatures were stabilized to k0 .2  C prior to  
each kinetic experiment. 3-a-Methyl-a-chlorobenzyl-3- 
chlorodiazirine (1) was prepared by the method of 
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Ph(Me)CIC, ,N hv Ph(Me)CIC, k. Ph, ,c! 
Me' CI 


c,/c.; - c,/c: C=C, 


1 2 3 


CI' 


Ph( Me)CIC 


4 


Scheme 1. 


Graham and purified by column chromatography 
(silica gel; hexanes) prior to use. 


It has been demonstrated' that photolysis of diazirine 
1 in isooctane generates ground-state singlet carbene 2 
which primarily yields the chlorine migration product 3 
in the absence of quenching substrates. LFP at 355 nm 
of a 0.8 OD (optical density) solution of 1 in isooctane 
at  room temperature (21 ' C )  resulted in a transient 
absorption signal observed within the excitation pulse 
that closely followed the time profile of the laser pulse 
(Figure 1). The absorption signal ranged from 290 to 
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340 nm (Figure 1 ,  inset) with Xmax = 320 nm. The spec- 
tral characteristics and subsequently observed reactivity 
of this species were found to be nearly identical with 
those of the parent benzylchl~rocarbene,~ and there- 
fore this transient is assigned to carbene 2. 


It was found that at temperatures below -20 "C the 
lifetime of 2 became significantly longer than the excita- 
tion pulse (Figure l), and therefore the absolute decay 
kinetics of 2 could be obtained. Monitoring at 310 nm, 
the first-order rate constants &)"for decay of 2 were 
measured from -20.1 to -71 C .  The temperature 
dependence on ki (Figure 2) resulted in an Arrhenius 
activation energy of Eact = 3.39 2 0-  14 kcal mol-' 
( 1  kcal=4.184 kJ) and log [ A ( s - ' ) ]  = 10.98 f 0.14. 


The activation energy measured is identical with that 
predicted by the relative rate study,' but the A factor 
is considerably smaller than the value of 12.1 previously 
estimated. Using the activation parameters for the 
reaction of pchlorobenzyl(ch1oro)carbene with TME 
as equivalent to those for 2 with TME resulted in the 
erroneous lifetime predicted. The current results predict 
k = A  exp(-EaC1/RT), l / k = 3 * 5 n s  at 21"C, as 
opposed to 0.3 ns (estimated). The longer lifetime is 
consistent with the observation of 2 within the laser 
pulse, since the time for full decay of the carbene would 
be comparable to the pulse profile. 


The differences in activation parameters for k, and 
k T M E  obtained in the previous study' now allow for the 
prediction of ETME = -4.69 2 0.26 kcal mol-' and 
log ATME = 4-  16. Unfortunately these values have not 
been corroborated by direct measurement since the 
determination of ~ T M E  over a substantial temperature 
range was not obtainable. A reliable ~ T M E  of 
(9.49 2 1.16)o~ lo7 1 mol-' s-' was determined, how- 
ever, at -60 C (Figure 2, inset). Calculation of ~ T M E  
at -60°C yields a rate constant of 9 . 3 4 ~  
10' 1 mol-' s- ' .  This discrepancy is not unexpected. 


0.2 I 
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Figure I .  Time-resolved absorption signals observed at 
310 nm following 355 nm LFP of I in isooctane at ( 0 )  21 'C 
and ( 0 )  - 70 'C. Inset, absorption zpectrum observed at 21 "C 
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Figure 2. Arrhennius plot for the I ,2-chlorine atom migration 
of carbene 2.  Inset, quenching plot for the reaction of 2 with 


TME at -6O'C 


however, considering the severe and well gublicized 
non-linearity of Arrhenius plots below - 20 C for the 
reaction of other halocarbenes with TME. 


In conclusion, the first direct determination of a 1,2- 
chlorine atom migration in a chlorobenzylcarbene has 
been reported. Even though the A factor presented 
appears low for an intramolecular reaction, the value 
obtained is similar to those reported6*' for 1,2- 
hydrogen migration in other halocarbenes, and is most 
likely a ramification of a highly ordered transition 
state. 


ACKNOWLEDGMENT 


We thank the Office of Basic Energy Science of the US 
Department of Energy (Notre Dame Radiation Labora- 
tory Contribution No. NDRL-3420) and the Natural 
Sciences and Engineering Research Council of Canada 
for support. 


REFERENCES 


1. M. T. H. Liu, S .  K. Murray and J .  Zhu, J. Chem. Soc., 
Chem. Commun. 1650 (1990). 


2. V. Nagarajan and R. W. Fessenden, J. Phys. Chem. 89, 
2330 (1985). 


3. W. H. Graham, J. Am. Chem. SOC. 87, 4396 (1965). 
4. M. T.  H .  Liu and R. Bonneau, J.  Am. Chem. SOC. 112, 


3915 (1990). 
5. N.  J .  Turro, G .  F. Lehr, J. A.  Butcher, Jr ,  R. A. Moss and 


W. Guo, J. Am. Chem. SOC. 104, 1754 (1982). 
6. M. T. H. Liu and R. Bonneau, J .  Phys. Chem. 93, 7298 


(1989). 
7. J .  A.  LaVilla and J .  L. Goodman, J.  Am.  Chem. SOC. 111, 


6877 (1989). 
8. C.  L. Bird, H. M.  Frey and I .  D. R. Stevens, J.  Chem. 


SOC., Chem. Commun. 7 (1967). 












JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 5 ,  731-735 (1992) 


NUCLEOPHILIC SUBSTITUTION REACTIONS OF METHALLYL 
ARENESULPHONATES WITH ANILINES AND 


N, N-DIMETHYLANILINES 


HYUCK KEUN OH AND CHUL HO SHIN 
Department of Chemistry, Chonbuk National University, Chonju 560-756, Korea 


AND 


IKCHOON LEE 
Department of Chemistry, Inha University, Inchon 402-751, Korea 


Kinetic studies of the reactions of methallyl arenesulphonates (11) with anilines and N,N-dimethylanilines in 
acetonitrile at  45-0 OC are reported. The sign and magnitude of the cross-interaction constants pxz (and BXZ) between 
substituents in the nucleophile (X) and leaving group (Z) suggest that the transition state (TS) is slightly tighter than 
that for the corresponding reactions of ally1 arenesulphonates (I). This is also supported by the observation that the 
magnitudes of px and pz for I1 are uniformly greater than those for the reactions of I. These results are in line with 
the simple MO theory that the 2-position of the ally1 system is inactive electronically. The steric effect of the 2-methyl 
group in 11 causes a rate retardation and a shift of the TS toward a later position along the reaction coordinate with 
a slight increase in the overall tightness of the TS structure. The large 1 pxz 1 value obtained eliminates the possibility 
of an sN2' mechanism. 


INTRODUCTION 


Recently we have been involved with the application of 
cross-interaction constants, pij and Pij, as a measure 
of the transition-state (TS) structure [equation ( I ) ,  
i ,  j = X ,  Y or Z]:  


lOg(kij/kHH) = piui + pjuj + pijoiuj (la) 
log(kij/kHH) = Pi ApKi + Pj ApKj + Pij ApKiApKj (lb) 
It has been shown that the sign and magnitude of p u  
(and Pij) are useful for predicting TS structures and 
their variations with the substituents in the nucleophile 
X, substrate Y and/or leaving group (LG) Z. The defini- 
tion of ~ X Z :  


(2) 
a 2  log kxz apz apx 


auxaaz aux auz 
- -  P X Z  = 


postulates that if ~ X Z  is negative a stronger nucleophile 
(6ux < 0) and/or a better LG (6uz > 0) lead to a 'later' 
TS (6pz > 0 and/or 6px < 0), whereas the contrary is 
true for a positive pxz, i.e. an 'earlier' TS is obtained 
with a stronger nucleophile and/or a better LG. On the 
other hand, the magnitude of pxz is inversely pro- 
portional to the distance rxz between the two reaction 
centres of the nucleophile and LG, a greater 1 ~ X Z  1 indi- 
cating a tighter TS.' 
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In a previous work,2 we applied these criteria to the 
TS structure for the nucleophilic substitution reactions 
of allyl arenesulphonates (I) with anilines (ANs) and 
N ,  N-dimethylanilines (DMAs). We concluded that the 
TS structure for the ailyl system is similar to that of the 
corresponding reactions of ethyl rather than benzyl 
systems, in constrast to the similarity reported in the 
solvolytic behaviour between the allyl and benzyl 
systems. 


In this paper, we report on kinetic studies of the 
reactions of methallyl arenesulphonates (MAAs) (11) 
with ANs and DMAs in acetonitrile at 45.0°C. The 
choice of MAAs as the substrate was partly dictated by 
its importance in the test of Hiickel molecular orbital 
(HMO) theory that a substituent on the central carbon 
(C-2) of the allyl system should be inactive, i.e. a 
substituent 


CH2=CH -CH20S02C6H4Z 
I 


0.0 


C H ~ = C ( C H ~ ) - C H ~ ~ S ~ Z C ~ ~ ~  rfIo. CI /"\ c3 
fO. 5 


I1 111 
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should have practically no effect electronically on the 
rea~t iv i ty ,~  and hence on the TS structure, as HMO 
formal charge distribution of an allylic ion (cation or 
anion) indicates (111). 


RESULTS AND DISCUSSION 
The second-order rate constants, k2, for the reactions 
of MAAs (11) with ANs and DMAs are reported in 
Table 1. The reactivity trends are in accord with those 
expected for an S N ~  process; the rates are greater with 
a more electron-donating substituent in the nucleophile 
and with a more electron-withdrawing substituent in the 
LG. The rate retardation for DMAs (relative to ANs) 
due to the steric effect of the N,N-dimethyl group is 
greater for I1 than for the corresponding reactions of 
allyl systems, 1;' typically kDMA/kAN = 0.50 and 0-44 
for I and I 1  respectively, with X=Z=H. This enhanced 
rate retardation for I 1  may simply be ascribed to the 
additional steric effect of the 2-methyl group in the TS 
for 11. 


One might expect a rate increase from the 2-methyl 
substitution, provided the reaction centre carbon, C-1 , 
is positively charged in the TS, since such a TS will be 
partially stabilized by an electron-donating group, CH3. 


On the contrary, however, the 2-methyl group is seen 
to cause a rate retardation, kIilki= 0-47  and 0.42 for 
AN and DMA with X=Z=H, respectively. This rate 
retardation due to the 2-methyl substitution leaves us 
with two alternative interpretations: (i) the reaction 
centre carbon is negatively charged in the TS so that an 
electron-donating group destabilizes the TS leading to a 
rate decrease; or (ii) the substituent in the 2-position 
has no effect on the TS electronically, as the HMO 
theory  predict^,^ but the rate is decreased owing to the 
steric effect of the 2-methyl group in the TS. The 
decision as to which of these two interpretations is more 


Table 1. Second-order rate constants, k~ (10' dm3 mol-' s - ' )  
for reactions of 2-substituted methallyl arenesulphonates 
with X-substituted anilines and N ,  p-dimethylanilines in 


acetonitrile a t  45.0 C 


v 


likely can be made by considering the change in the 
TS structure due to the 2-methyl substitution; if the 
former explanation holds, the TS should become looser 
since the additional supply of negative charge in the TS 
by the 2-methyl group should lead to a decrease in bond 
formation and an increase in bond cleavage. On the 
other hand, if the latter interpretation is more likely, 
then we should obtain a later TS by the 2-methyl substi- 
tution in accordance with the Hammond postulate; as 
a result, both the degree of bond formation and bond 
cleavage will increase, which will leave the overall 
tightness of the TS approximately the same. 


The TS structure or its variation is reflected in the 
magnitude of various selectivity parameters, such as the 
simple Hammett, pi, and Brensted coefiicients, Pi, and 
the cross-interaction constants, pij and PiJ.' We have 
collected the px (and PX = On") and pz (and PZ = Pig) 
values in Table 2 for the variations of substituents in 
the nucleophile and LG, respectively. 


The magnitude of p x  (and Px) decreases with a more 
electron-withdrawing substituent in the LG (i.e. with a 
better LG) whereas the magnitude of pz (and &) 
decreases with a more electron-donating susbstituent in 
the nucleophile (i.e. with a stronger nucleophile) for 
both nucleophiles, AN and DMA. These substituent 
effects on the TS variation are in accord with those pre- 
dicted by the potential energy surface (PES) diagram lo 


(Figure 1). A better LG and a stronger nucleophile shift 
the TS, 0, towards G and H, respectively, leading to an 
earlier TS. An earlier TS predicted for a better LG 
and/or a stronger nucleophile based on the variation of 
px ( O X )  and pz ( Pz) values in Table 2 requires a positive 
pxz in equation (2),' as is indeed observed in Table 3. 
Reference to Table 3 reveals that the sign is similar, 
p x z > O ,  but the magnitudes of pxz (and P X Z )  for 
MAAs are slightly greater than those for the corre- 
sponding reactions of the allyl and ethyl series. 


The greater magnitude of ~ X Z  for the MAAs than 
that for the allyl system supports the suggestion that the 
2-methyl substitution in an allyl system has virtually no 
effect electronically on the TS structure as the HMO 
theory predicts. In particular, the greater magnitude of 
pxz obtained indicates that the TS has become tighter 
by the 2-methyl substitution in contrast to a looser TS 
expected from the electron-donating effect of the 
2-methyl group if interpretation (i) holds. I The effect of 
the 2-methyl group is only reflected in the rate retarda- 
tion as a result of steric interference which causes to 


p-CH3O 2.81 4.62 11-1 56.3 shift the TS to a later position along the reaction 
p-CH3 1.63 2.55 7.02 33.8 coordinate.5 This will have little effect on the magni- 
H 0.795 1.33 3.74 18.7 tude of pxz,  since an increase in the degree of bond for- 
p-CI 0.291 0.512 1.41 8.93 mation (a shorter Nu-C distance with a greater I p x  I) 


R = CH, will be approximately cancelled by an increase in 
p-CH3O 1-24 2-17 6.01 36-3 bond cleavage (a longer C-I-LG distance with a 


greater 1 pz I), leading to little change in rxz and hence 


L 


X P - C N  H 


R = H  


P - C H ~  0.647 1.11 3.00 19-7 
H 0-280 0,485 1.38 9.46 
p-CI 0.069 0.139 0.429 3.06 in lpxz 1. 
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Table 2. Hamrnett (PX and PZ)" and Brmsted (Oxb and P z ' )  coefficientsd 


Compound z PX P X  X PZ P I  


- 1.96 
(-1.88)' 
- 1.88 


( -  1.84) 
- 1.79 


( -  1.75) 
- 1.58 
(-1.54) 
-2.49 


( - 2.15) 
-2.37 
(-2.10) 
-2.26 


( - 2.03) 
-2.13 
(-1.87) 


0.71 
(0.68)' 
0.68 
(0.66) 
0.64 
(0.63) 
0.57 
(0.56) 
0.68 
(0.59) 
0.65 
(0.57) 
0.62 
(0.55) 
0.58 
(0.51) 


p-CH30 1.38 


p-CH3 1.41 
(1.18) 


(1.20) 
H 1-46 


(1.24) 
p-c1 1.58 


(1.36) 


(1.25) 


(1.27) 
H 1.63 


(1-30) 
p-c1 1.74 


(1.39) 


p-CH3O 1.56 


p-CH3 1.58 


-0.37 
(-0.32) 
-0.38 


(- 0.33) 
- 0.40 
(-0.34) 
-0.43 


( - 0.37) 
-0.42 
(-0.33) 
-0.43 


(- 0.34) 
- 0.44 
- (0.35) 
-0.47 


(- 0.38) 
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'The u values were taken from Ref. 6 


'The pK, values are for methyl transfer.' 
The pK, values were taken from Refs 7 and 8.  


Multiple correlation coefficients were better than 0.994 at the 99% confidence limit. 
The values in parentheses are those for the corresponding reactions of ally1 arenesulphonates. * 


We in fact observed that the magnitudes of px and pz 
for the reactions of the MAA series (11) are uniformly 
greater than those for the corresponding reactions of 
the allyl series (I)' (Table 2) .  However, as in the case of 
a greater P X Z  with a tighter TS in the reactions of ethyl 
arenesulphonates with anilines compared with the cor- 
responding reactions of the methyl system, the increase 
in bond formation seems to exceed that in bond 
breaking in the TS variation owing to steric effects lead- 
ding to a net increase in overall tightness of the TS. '' 


We conclude, therefore, that the 2-methyl group has 
no significant effect electronically on the TS structure as 
the simple HMO theory requires, the rate retardation 
observed for MAA relative to the allyl system ori- 
ginating purely from the steric effect. 


The magnitudes of PX and PZ (Table 2) and those of 
P X Z  (and 6x2) (Table 3) again suggest' a slightly looser 
TS for the reactions with DMAs than that for the 
reactions with ANs, which can be attributed to a 
slightly greater basicity of DMAs. l 3  As to the possi- 


Table 3. Cross-interaction constants, P X Z  and PXZ, for nucleophilic substitution reactions 


(0.25) (0.12) 
MeOH 65.0 0.26 0.12 


~~~~~~~~~~~~~~~~ ~~ ~~~~~~~ ~ ~ ~ ~ ~~~~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~ ~~ ~~ 


'The u values were taken from Ref. 6. References are given in Refs I and 2. 
bThe pK. values of DMAs were taken from Refs 7 and 8 and the pK, values for sulphonic acids from Ref. 1 1 .  
References are given in Refs 1 and 2. 
'The values in parentheses are those in acetonitrile. 
dMultiple correlation coefficients were better than 0.992 at the 99% confidence limit in all cases (this work). 
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Figure 1 .  Potential energy surface diagram showing TS variations with substituent changes (R=H or CH3) 


bility of an sN2' me~hanism, '~  in which the allylic 
system reacts with rearrangement of double bond, 
essentially the same argument that was used for the ally1 
system applies: carbonium ion and/or ion-pair for- 
mation in the TS is unlilkely, as the relatively large pxz 
value suggests a tight TS with negative charge develop- 
ment at the reaction centre carbon in the TS. l5 An sN2' 
mechanism is important when rearrangement can take 
place in the allylic cation, l4 or when the nucleophile can 
attack the other end (C-3) of the allylic system (IV), in 


which case the distance between N and 0 should be 
increased by two C--C bonds so that I pxz I should be 
reduced by ca 1/2-1/4, leading to a smaller value.2 The 
large 1 pxz I observed (reflecting a short N-0 distance) 
in fact provides a novel mechanistic criterion for 
rejecting the sN2' mechanism. 


EXPERIMENTAL 


Materials. Methallyl arenesulphonates were synthe- 
sized by well known methods and the purity of the pro- 
ducts was confirmed by IR and NMR spectroscopic 
a n a l y ~ e s . ~ , ~ ~  All other materials used are as reported 
previously. 


Determination of rate constants. The procedure 
adopted is as described previously. Rates were repro- 
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ducible to within 2 3 % .  We did not perform product 
analyses since the reaction systems and mechanisms 
in this work are similar to those for the ally1 system 
for which the product analyses were carried out and 
confirmed that no unexpected products are formed.’ 
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KINETIC ESR STUDY ON THE REACTION OF VITAMIN E 
RADICAL WITH VITAMIN C AND ITS LIPOPHILIC 


DERIVATIVES IN CETYLTRIMETHYLAMMONIUM BROMIDE 
MICELLES 


ZHONG-LI LIU, ZHENG-XU HAN, KAI-CHAO YU, YA-LI ZHANG AND YOU-CHENG LIU 
National Laboratory of Applied Organic Chemistry and Department of Chemistry, Lanzhou University, Lanzhou, Gansu 


730000, China 


The reaction between a-tocopheroxyl radical (VE') and ascorbic acid (VC) and its lipophilic derivatives ascorbyld- 
caprylate (VC-8), 6-laurate (VC-12) and 6-palmitate (VC-16) was studied by stopped-flow ESR spectroscopy in 
cetyltrimethylammonium bromide (CTAB) micelles. The second-order rate constants for the reaction were found to 
be 9.0, 3.0, 0.7 and 0-03 x lo5 Imol-'s-' for VC, VC-8, VC-12 and VC-16, respectively, indicating a remarkable 
influence of the aliphatic side-chain on the reactivity. The lifetime of the reaction intermediate, ascorbate radical 
anion, was greatly enhanced by the lipophilic side-chain, being 0.4, 5 and 110 s for VC-8-', VC-12-' and VC-16-' 
respectively. Kinetic analysis shows that the inter- and intramicellar diffusion may be the rate-limiting steps for the 
reaction carried out in micelles. 


INTRODUCTION 


a-Tocopherol (the most active and major component of 
vitamin E, VE; 1) is believed to be the principal lipid- 
soluble chain-breaking antioxidant existing in plasma 
and erythrocyte membranes against lipid peroxidation, ' 
a process implicated in ageing, cancer and a variety of 
degenerative diseases. The antioxidant efficiency of 
vitamin E may be greatly enhanced through a syner- 
gistic effect of L-ascorbic acid (vitamin C, VC; 2) 
because vitamin C can reduce vitamin E radical (VE', 
1') to regenerate vitamin E, thereby maintaining the 
vitamin E level in the system (Scheme l).3 


This phenomenon is of significance with regard to 
membrane biochemistry and has attracted much interest 
in recent years.3-'4 The key step of the antioxidant 
synergism of the two vitamins is the reaction between 
vitamin E radical and vitamin C: 


VE '+VC--VE+VC- '  (1) 
Packer et u I . ~  generated vitamin E radical by pulse 


ROO' 


ROOH 


Scheme 1. Antioxidant synergism of vitamin E and vitamin C 


0894-3230/92/010033-06$05 .OO 
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radiolysis and measured the rate constant for this 
reaction as 1 - 5 5  x lo6 lrnol-'s-' in homogeneous sol- 
utions. Recently, Mukai and c o - w o r k e r ~ ~ - ' ~  reported 
that introducing a long hydrocarbon chain at the 6- or 
5-position in vitamin C did not significantly change its 
reactivity towards vitamin E radical in homogeneous 
solutions. On the other hand, Scarpa et al. I '  reported 
that the rate constant for the reaction [equation (l)] 
decreased to 2 x 10' 1 mol-'s-' in soybean phosphati- 
dylcholine liposomes, which is about an order of mag- 
nitude lower than that in homogeneous solutions. We 
have found recently 1 J 9 1 6  that the antioxidant activity of 
vitamin C and its lipophilic derivatives in micelles is 
remarkably dependent on the length of the side-chain of 
the antioxidant and the nature of the micelles. These 
results indicate the critical importance of the micro- 
environment of reaction media and the lipophilicity 
of antioxidants on the reactivity. Therefore, it is of 
interest to examine whether the side-chain of vitamin C 
derivatives will also influence their reactivity towards 
vitamin E radical in micelles. 


In this study we generated a-tocopheroxyl radical 
(VE', 1') by oxidizing a-tocopherol (VE) with Fremy's 
salt (NO', 6) and investigated the reaction kinetics of 
VE' with ascorbic acid (VC, 2), ascorbyl-6-caprylate 
(VC-8, 3), ascorbyl-6-laurate (VC-12, 4) and ascorbyl- 
6-palmitate (VC-16, 5 )  in cetyltrimethylammonium 
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vc 2 


bromide (CTAB) micelles, using a special stopped-flow 
ESR device which enabled us to  detect both VE' and 
VC - ' simultaneously and determine their kinetics. 


EXPERIMENTAL 


Materials. Fremy's salt (NO') was synthesized 
according to  the literature. dl-a-Tocopherol (VE) and 
L-ascorbic acid (VC) were obtained from Merck and 
Beijing Chemicals, respectively, and used as received. 
Ascorbic acid derivatives (VC-8, VC-12 and VC-16) 
were prepared according to the literature. l B  CTAB 
(Sigma) was used as provided. 


Sample preparation. Stock solutions of Fremy's salt 
(0*04-0 .16m~) ,  VE ( 0 . 4 - 1 - 6 m ~ )  and VC and its 
derivatives (0.01-0.6 mM) were freshly prepared 
separately in phosphate buffer (pH 7.2), which was 
made using doubly distilled water and deaerated by 
purging with argon. Then CTAB (0.015 M) was added 
and sonicated for 20 min with a 300 W Shanghai CQ 
250 sonicator to  facilitate the solubilization. The 
solutions were protected from air and transferred 
separately to three syringes in a stopped-flow device for 
ESR measurement. 


Kinetic measurements. Figure 1 shows the device 
used for kinetic ESR measurements. l9 Aqueous 
micellar solutions of Fremy's salt, a-tocopherol and 
ascorbic acid or its derivative were stored separately in 
syringes L1, L2 and L3, respectively. A small pressure 
pump was used to perform rapid injections and stop- 
ping of the syringes. The solutions containing Fremy's 


C 


Figure 1. Arrangement for the stopped-flow ESR experiment 


salt in L1 and ol-tocopherol in L2 were first mixed in a 
1 : 1 ratio and then the mixture, after passing through 
the tube (L4, diameter 3 mm) was mixed in 2 :  1 ratio 
with the solution in L3 containing ascorbic acid or its 
derivative, and then run into a flat quartz cell C 
(0.4 x 5 . 5  x 60 mm) which was fixed within the cavity 
of the ESR spectrometer. The length of L4 was adjusted 
to  ensure that the Fremy's salt was consumed com- 
pletely before mixing with ascorbic acid or its derivative 
and the maximum steady-state concentration of 
tocopheroxyl radical could be obtained. In our system, 
when the concentration of NO' ,  VE and CTAB were 
0.08 mM, 1.6 mM and 0.015 M, respectively, the length 
of L4 was ca 50 cm with a flow rate of ca 60 mlmin-'. 


ESR measurements were performed with a Bruker 
ER 200D spectrometer operated in the X-band with 
100 kHz modulation, modulation amplitude 
0.1-0.25 mT, time constant 0.1 s and microwave 
power 10 mW. The concentrations of VE' and VC- ' 


were calibrated with Fremy's salt under the same exper- 
imental conditions. 


RESULTS AND DISCUSSION 


a-Tocopheroxyl radical (VE') was generated from VE 
by oxidation with Fremy's salt: 


VE + (SO3K)zNO' -+ VE' + (S03K)zNOH (2) 
As indicated in a previous paper, l5 ESR signals of NO' 
and VE' could be detected simultaneously under fast 
flow and, after stopping the flow, NO' decayed very 
rapidly, whereas VE' decayed relatively slowly in 
CTAB micelles. Therefore, if VC or its derivative is 
introduced after all of the Fremy's salt has been con- 
sumed, the reaction between VE' and VC or its deriva- 
tive can be followed kinetically by ESR spectroscopy. 
Figure 2(a) shows a representative steady-state ESR 
spectrum obtained during the reaction of VE' and 
ascorbyl-6-palmitate (VC-16) under fast flow. The 
strong doublet superimposed on the signal of VE' can 
be unambiguously assigned to the reaction inter- 
mediate, ascorbyld-palmitate radical anion (VC- 
16 - .) l6 [Figure 2(b)] . Similar spectra were obtained 
from reactions of VE' with VC-12 and VC-8. 
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Figure2. Steady-state ESR spectra of VE' and VC-16-' 
obtained during the reaction of, VE' and VC-16 in 0.015 M 
CTAB micelles (pH 7.2) at 20 C. Arrows indicate the pos- 
itions of locking the magnetic field for kinetic determination. 
(a) Superposition of VE' and VC-16-' obtained under fast 
flow, flow rate 60mlmin-'; (b) unique VC-16-' obtained 
after stopping the flow. fNO']o = 8 x lo-' M; 


[ V E l 0 = 1 . 6 x l O - ~ M ;  [ V C - l 6 ] 0 = 1 X l 0 - ~ M  


The kinetic traces of both VE' and the radical anion 
of ascorbic acid derivatives were obtained by locking 
the magnetic field at the strongest peak of VE' and the 
high-field peak of the radical anion as shown in 
Figure 2(a) and then stopping the flow. Representative 
kinetic curves are given in Figures 3 and 4. 


It can be seen from Figure 3 that the a-tocopheroxyl 
radical is fairly stable and decays slowly in deaerated 


0 1  2 3 4 


t ( 5 )  


Figure 3. Decay curves of VE' in the absence and presence of 
VC or its derivatives in 0.015 M CTAB micelles (pH 7.2)  
at 20°C. (a) Self-decay; (b) [VC-16]0 = 1.0 x W4 M; (c) 
[ V C - 1 2 ] o = 1 . 0 x 1 0 - 4 ~ ;  (d) [ V C - 8 ] 0 = 1 . 0 ~ 1 0 - ' ~ ;  (e) 


[ v c ] ~  = 5 X 1 0 - 6 M  


l6 t 


0 2 4  6 8 


t (s) 


Figure4. Formation and decay of the radical anion of 
lipophilic ascorbic acid derivatives during their reactions with 
VE' in 0.015 M CTAB micelles (pH 7.2) at 20°C. 
"0'10 = 8 X lo-' M; [VC-8]0 = 
2 . 7  X lo-' M; [vC-12]0 = 1.0  X M; [VC-16]0 = 


[VEJo = 1 . 6  X 1 0 - 3 ~ ;  


M. (a) VC-16'; (b) VC-12'; (c) VC-8' 2 . 0  x 


CTAB micelles. However, the decay rate was greatly 
enhanced when ascorbic acid or its lipophilic derivative 
was added. The steady-state ESR spectrum and the for- 
mation of the radical anion of the ascorbic acid deriva- 
tive, as shown in Figure 2, provide good evidence 
for the synergism of VE with VC and its lipophilic 
derivatives [equation (l)] . 


The decay kinetics of VE' was found to be pseudo- 
first order in the presence of a large excess of VC-16 or 
other derivatives. Plotting the pseudo-first-order rate 
constant, kobsr versus the initial concentration of VC-16 
etc. gave straight lines from which the second-order rate 
constant, kef, was obtained (e.g. Figure 5) and listed in 
Table 1. The rate constant for the reaction with VC was 
obtained by dividing kobs  by the initial concentration of 


0.6 


c 
4 


Y 


- 0.1 
v) 


2 0.2 
s 


0 
0 1.0 2.0 


[VC-16] (10-4H) 


Figure 5 .  Plot of the pseudo-first-order rate constant kobr 


versus the initial concentration of VC-16 in 0.015 M CTAB 
micelles 
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Table 1. Rate constants for the reaction of VE' with VCs in 0.015 M CTAB rnicelles, the binding constants 
of the antioxidants and the half-lives of the corresponding radicals 


~ ~~~ ~ ~ 


ke E k3 K2 a k-2 11/2 


Species (1 rno1-l SKI )  (1 rno1-Is-l) (1 rnol-') (S-I) ( S )  


vc (9 .0  f 1.4) x lo5 1 . 1  x 106 9 . 2  X 10' 1.1 x l o h  
1 . 1  x 105 VC-8 (3.0 2 0 . 6 )  x l o 5  9 . 2  x lo5  9 . 3  x l o 3  


v c - 1 2  (7.0 2.0) x lo4 1 . 9  x 105 4 . 6  x 104 2 . 0  x lo4 
VC-16 (3.0 f 0.8) x lo3 1 . 2 ~  105 1 . 5  x lo5 6 .1  x 10' 
VE' 20 


v c - 1 2  - 5 
VC-16 - ' 110 


v c - 8  - ' 0.4 


'From Ref 20 


VC because at higher concentration of VC the rate was 
too fast to be directly determined. 


From comparison of the rates for the reaction of VE' 
with ascorbic acid or its lipophilic derivatives (Figure 3 
and Table l ) ,  it is interesting that the effective reactivity 
in CTAB micelles is remarkably influenced by the 
length of the side-chain according to  the sequence 
VC > VC-8 > VC-12 S- VC-16, in spite of their similar 
reactivity in homogeneous solutions. l o  The reaction 
rate for VC is about lo6 Imol-'s- ' ,  which is close 
to  the result obtained by Packer et a1.3 using 
homogeneous solutions, but the rate dropped to  
3 x lo3 1 mol-' s - '  with VC-16, with as much as a 300- 
fold decrease. This result reveals the critical importance 
of the lipophilic side-chain of VC derivatives on the 
reactivity. Clearly, this must be related t o  the formation 
of the micelle--VE' and micelle-VC aggregates. Hence 
the decay mechanism of VE' in micelles during its 
reaction with ascorbic acid or its derivative may be 
described by the following equations: 


M-VE' Kl M + V E ' *  , (3) 
k i  


M + A  ' k . 2  ' M-A Kz=kzlk-2 (4) 


( 5 )  


(6) 


k i  
M - V E ' + A  - M - V E + A - '  


VE' + ALVE + A -  . 


M-VE + M-A -- ' (7) 
k .  


M-VE' + M-A 


where M and A represent the micelle and ascorbic acid 
or its derivative, respectively. Equations ( 5 ) ,  (6) and (7) 
represent the possible reaction paths. However, the 
reaction shown in equation (7) must be difficult owing 
to the electrostatic repulsion between the micelles and 
can be ignored. Thus we have 


- ~ I V E ' ] T / ~ ~ = ~ ~ [ M - V E ' ]  [A] +kq[VE']  [A] (8) 


When the equilibria of equations (3) and (4) are 


considered, we obtain 


--d[VE']~/dt=k3[M-VE'l  [ A ] T / ( ~  + k t M I )  
+k4[M-VE'l [ A I T / K I [ M I ( ~  +K2IMI) (9) 


where [VE'IT and [A]T represent the total concen- 
tration of VE' and VC or its derivative present in the 
bulk water and in the micellar phase, respectively. 


To a first approximation, the water-phase reaction 
[equation (6)J can be neglected because vitamin E or its 
radical is generally believed to reside within m i c e l l e ~ , ~  
i.e. [M-VE'] = [VE'IT, hence we have 


- d [ v E ' ] ~ / d f  = k3 [VE'IT [ A ] T / ( ~  + K2 [MI) 
(10) 


The effective rate constant obtained experimentally 


(11) 
That is, keE is related to  the reaction rate of micelle- 
aggregated tocopheroxyl radical with the water-phase 
located ascorbic acid or its derivatives and the aggre- 
gation ability of the ascorbic acid derivative with the 
micelle. Because the equilibrium constant is determined 
by the entry rate, kZ, and exit rate, k-2, of A, k , ~  is also 
related to  these rates. 


It has been proved that" the association rate con- 
stant of a substrate with micelles, i.e. the entry rate, is 
close to  diffusion controlled, i.e. ca lo9 lmol- ' s - ' ,  and 
does not change significantly with variation in the 
length of the side-chain, especially for ionic substrates 
bearing an opposite charge to  the charge of the micellar 
head group.22 The exit rate, however, is much slower 
and strongly dependent on the length of the side-chain. 
If we assume the entry rates of ascorbic acid and its 
derivatives are all the same and equal to 
1 x lo9 Imol- ' s - ' ,  the exit rates can be estimated from 
equation (4). The values obtained are listed in Table 1, 
where the equilibrium constants K2 were determined by 
Griller's method. 20,23 With the K2 values determined, 
the rate constants k j  can be calculated from equation 
(11) (Table 1). 


may be expressed as 


ke5 = k3/ (1  + K2 [MI) 
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It can be seen from Table 1 that the exit rate k-2 
decreases strongly with increase in the side-chain 
length, which is parallel to  the reactivity sequence of 
kCa. The k3 values also change in the same direction, but 
to a much smaller extent. These results enable us to  for- 
mulate a mechanism for the reaction of tocopheroxyl 
radical with ascorbic acid derivatives. For a lipophilic 
ascorbic acid derivative which shows a strong pre- 
ference for the micellar environment to  react with a 
tocopheroxyl radical which resides within another 
micelle, it must diffuse out from the micelle in which it 
is originally located and enter into another micelle, and 
do so repeatedly until it finds one tocopheroxyl radical. 
In this case the reaction may follow second-order 
kinetics with the exit process being the rate-determining 
step. 24 Therefore, the effective rate is greatly influenced 
by the side-chain length uf the ascorbic acid derivatives, 
because it is the side-chain length that governs the inter- 
micellar diffusion rate, i.e. the longer the side-chain 
length, the slower is the exit rate. 21*24 


Moreover, the variation of k3 with the side-chain 
length, especially with VC-16, indicates that the entry 
of a molecule of the VC derivative into a micelle con- 
taining VE' does not necessarily bring about a 
reaction, because the VE' radical may not be located in 
the same place where the VC molecule enters. Hence the 
VC molecule must move around the micellar surface to 
encounter a VE' radical before the reaction can take 
place. This means that the intramicellar diffusion may 
also contribute to  the reactivity. Indeed, Miyashita et 
al. '* have recently shown that the intramicellar 
diffusion rate is also dependent on the side-chain length 
of the substrate. 


I t  is known that ascorbate radical anion decays by 
disproportionation at  a very high rate in solutions 
(kd,3prop. = l o 7  1 mol-I S - I  at p H  7.226). Therefore, it is 
difficult to measure the decay kinetics of ascorbate 
radical anion in homogeneous solutions by ESR spec- 
troscopy. We have found, however, that the steady- 
state concentration and the lifetimes of the radical 
anion of the lipophilic VC derivatives in CTAB micelles 
are greatly enhanced by the side-chain, as shown in 
Figure 4. The half-life is about 0.4, 5 and 110 s in 
0.015 M CTAB micelles ( p H 7 - 2 )  for VC-8- ' ,  
VC-12- ' and VC-16- ', respectively. This is evidence 
that intermicellar diffusion may also be the rate-limiting 
step for the disproportionation of the lipophilic VC - . 
in micelles. A similar micellar effect on increasing the 
lifetimes and concentrations of free radicals in sodium 
dodecyl sulphate (SDS) micelles has been reported by 
Burkey and Griller. 24 


In conclusion, this work has shown that the reactivity 
of lipophilic derivatives of ascorbic acid towards 
tocopheroxyl radical in CTAB micelles is greatly depen- 
dent on their side-chain length. Kinetic analysis reveals 
that the intermicellar diffusion and, to  a lesser extent, 
the intramicellar diffusion play a crucial role in the 


reactivity. The efficient antioxidant synergism of VC 
with VE in biomembranes may be attributed to its free 
migration on the membrane surface. The result may be 
helpful in understanding the antioxidant mechanism in 
biological systems. 
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REVIEW COMMENTARY 


CONCERNING THE DEVELOPMENT OF SCALES OF SOLVENT IONIZING 
POWER BASED ON SOLVOLYSES OF BENZYLIC SUBSTRATES 


DENNIS N. KEVILL* AND MALCOLM J. D'SOUZA 
Department of Chemistry, Northern Illinois University, DeKalb, Illinois 60115, U. S.A. 


Based on  analysis of recently reported measurements, it is suggested that, provided a sufficiently large set of specific 
rate measurements in a wide variety of solvent types is available, the negligible to moderate improvements in the 
correlations of other types of benzylic chlorides, which are gained by use of a benzylic chloride (in place of 
1-adamantyl chloride) as the standard substrate, do not justify the development of new specialized scales of solvent 
ionizing power. A similar conclusion is reached concerning solvent ionizing power scales developed for nse with 
benzylic p-nitrobenzoates. However, such scales could be helpful when specific rates of solvolysis in only a limited 
variety of solvents are available, e.g. when a change in mechanism severely limits the range of operation of one of 
the pathways. Contrary to a previous claim, variations in ion-pair return could be the cause of deviations from 
Grunwald-Winstein plots for solvolyses of benzhydryl chloride in fluorinated alcohol solvents; such effects could be 
coupled, at least in part, with variations in aromatic ring solvation. 


INTRODUCTION 


Recently, a new Y scale for benzylic chlorides (YB, ,c~)  
has been introduced, l V 2  based on the solvolysis of 
2-chloro-2-(3'-chlorophenyl)adamantane (2d). This 
solvent ionizing power scale was developed for use 
within the Grunwald-Winstein equation: 


(1) 
when the solvolyses under investigation involve a ben- 
zylic chloride. In equation ( l ) ,  k and ko are the specific 
rates of soIvoIysis of the substrate in a given solvent and 
in 80% ethanol, rn is the sensitivity of the solvolysis of 
the substrate to changes in solvent ionizing power ( Y )  
and c is the intercept. 


Dispersion effects (separate plots for different binary 
solvent mixtures) has been observed p r e v i o ~ s l y ~ - ~  
when solvolyses of a-aryl-substituted substrates were 
correlated against solvent ionizing power scales based 
on solvolyses of ferf-butyl chloride or, more recently, 
an appropriate adamantyl substrate. Differences in 
solvation effects at the incipient carbocation, associated 
with more efficient charge delocalization, have been 
proposed as the major source of these dispersions. 1s2 ,7*8  


Accordingly, for treatment of sN2 solvolyses of benzy- 


log(k/ko) = rn Y + c 


lic substrates (no carbocation intermediate), it has been 
argued' that the Y scales based on solvolyses of ada- 
mantyl derivatives are appropriate for use within the 
extended (two-term) Grunwald-Winstein equation: 


lOg(k/ko)=lN+ ~ Y + c  (2) 


which is equation (1) with addition of an IN term, 
where I is the sensitivity of the solvolysis to changes in 
solvent nucleophilicity ( N ) .  


It is a well recognized aspect of linear free energy 
relationships that the closer in structure the standard 
substrate is to the one under investigation, the more 
confidence one can place in the correlation. The YB,,c~ 
scale should, therefore, usually give better correlations 
for benzylic chlorides than the YCI scale (based on 
1 -adamantyl chloride solvolysis). However, especially 
in view of the recent proliferation of YX scales," one 
should be reluctant to undertake the development of 
further scales, unless a truly significant improvement in 
correlations can be achieved. Recently, the establish- 
ment of YR scales for solvolysis of RX has been 
discussed" and, also, a YB~OPNB scale for use in the 
correlation of benzylic p-nitrobenzoates has been 
presented. l 2  
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SPECIFIC RATES O F  SOLVOLYSIS 


In Table 1, we present analyses of the specific rates of 
solvolysis of 2d, 2-chloro-2-phenyladamantane (2c), 
2-chloro-2,3,3-trimethylbutane (3), ' 2-chloro-2-(3 ' - 
chloropheny1)propane (lb)' and 2-chloro-3,3-dimethyl- 
2-phenylbutane (4)' against YBnCl [Iog(k/ko) for 
2-chloro-2-(3 ' -chlorophenyl)adamantane (2d )] or YCI lo 


scales. We have also included analyses of data reported 
by Bentley et a/. * for solvolyses of p-rnethoxybenzyl 
chloride (5 ) .  To assist in cross-referencing, the 
previously used' numbering of compounds 1-4 is 
retained. 


Although it was claimed' both that the YCI scale 
failed to  correlate the solvolysis rates of several tertiary 
benzylic chlorides and that the Y B ~ C I  scale was superior 
for this type of substrate, very little numerical analysis 
was presented. In particular, there was no report con- 
cerning the interrelationship between the YB,,CI and YCI 
scales. The first entry in Table 1 (and also Figure 1) pre- 
sents such a correlation. The three specific rate 
measurements in 2,2,2-trifluoroethanol (TFE)-ethanol 
mixtures are combined with recently determined l 3  Ycl 


M e  


l b  2 
c, Ar = phenyl 
d, Ar = 3'-chlorophenyi 


3 4 


irrespective of whether Y B ~ C I  or YCI was chosen as the 
reference scale. 


values for this binary mixture. The correlation can be 
seen to  be of average quality, with a slope (rn value) of 2-Chloro-2-phenyladamantane (2c) 


essentially unity. This indicates that, with a good mix of  Compound 2c differs from the standard 2d only in the 
solvent types in the solvolysis of a given substrate, removal of the 3'-chloro substituent. As one would 
essentially identical m values would be obtained expect, an outstanding correlation of the specific rates 


Table 1. Correlation of specific rates of solvolysis of compounds 1-6 against solvent 
ionizing power using the Grunwald-Winstein equation 


Correlation a n b  M' CC rd 


Zd', YCI 20' 1.01 f 0.07 0.22 f 0.52. 0.956 
zc, YCl 15 0.95 ? 0.08 0.01 f 0.48 0.959 
Ze, YBnCl 15 1.00 f 0.02 -0.18 2 0.13 0.997 
3, YCl 10 0.75 t 0.03 0.13 f 0.14 0.993 
3, YBnCl 109 0.63 f 0.08 0.11 f 0.40 0.933 
Ib, Yci 10 0.68 f 0.06 -0.11 f 0.27 0.975 
Ib, YBKI 10 0.70 ? 0.06 -0.21 t 0.29 0.970 
4, YCl 12 0.79 2 0.06 -0.05 f 0.28 0.969 
4, YBnCl 12g.h 0.65 ? 0.05 0.11 f 0-24 0.976 
5 ,  YCl 31 0.79 f 0.03 - 0 . 1 6 f  0.27 0.985 
5, YBnCl 16 0.83 t 0.04 -0.31 f 0.28 0.981 
6, Yci 21' 0.85 ? 0.06 -0 .14k  0.52 0.954 
6, YBKI 18' 0.90 f 0.03 -0.25 ? 0.26 0.986 


Correlation of log(k/ko) for solvolysis of the indicated substrate against the indicated solvent ionizing 
power scale. 
bNumber of solvents; identical solvents for correlation with Yci or YB.CI for substrates lb ,  2c. 3 and 4. 
'From equation (I), and with associated standard error. 


' YB.CI is defined as log(k/ko) for 2d. 
'Using the solvents of Table 1 in Ref. 2, but omitting (no YCI value available) 95% ELOH, i-PrOH and 
formamide. 
gUsing an extrapolated YB,U value of 2.21 for 40% acetone. 


Using an extrapolated YEKI value of 3.63 for 50% TFE. 
'The 22 solvents indicated in text, but excluding 40% CH,CN (no YCI value). 
'The 22 solvents indicated in text, but excluding 40, 30 and 20% C H K N  and 50% EtOH (no YB,c, 
values). 


Correlation coefficient. 
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Figure 1. Plot of YB~CI against YCI. Solvent systems: ( v ) ace- 
tone-water; ( T ) TFE-HzO; (0) EtOH-H20; (-) 


MeOH-H20; ( ) TFE-EtOH; ( ) acetic acid 


of solvolysis of 2c with YB,,CI and a correlation against 
YCI paralleling that for solvolysis of 2d are observed 
(Table 1). 


2-Chloro-2,3,3-trimethylbutane (3) 


The solvolysis of 3 correlates much better with Y c ~  than 
with YB"c~ (Table 1). However, the number of rate 
measurements is small and it is possible that the differ- 
ences would be reduced with an extended series of sol- 
vents. The low m value (0.75 when YCI is used) does not 
appear to be due to any appreciable nucleophilic 
assistance; multiple regression analysis against both NT 
values I4 and Ycl values" leads to values of 0.10 2 0.04 
for I ,  0.82 t 0.04 for m and 0.13 2 0-  11 for the inter- 
cept (r = 0.996; n = 10). For comparison, tert-butyl 
chloride (with the a-tert-butyl group of 3 replaced with 
a methyl group) gives corresponding values of 
0.37 2 0.04, 0.89 5 0.04 and 0.03 t 0.11 (r = 0.995; 
n = 10) in the same solvents; the appreciable 
dependence of the specific rates of tert-butyl chloride 
solvolysis on solvent nucleophilicity has been discussed 
previously. 


2-ChIoro-2-(3 ' -chlorophenyl)propane (lb) and 
2-chloro-3,3-dimethyI-2-phenylbutane (4) 


A better comparison of the relative efficiencies of Ycl 
and Y B ~ c ~  in correlating the solvolyses of substrates 
containing a-aryl substituents is afforded by the solvo- 
lyses of l b  and 4, which do not closely resemble either 
of the standard substrates. Liu et af. suggested that a 
more pronounced conjugation at the transition state 
within the incipient carbocation formed from l b  leads 


to the Y B ~ C I  scale being preferable for correlation of l b  
and the Ycl scale for correlation of 4. Our analyses 
(Table 1)  do not support either of these assignments. 
We find virtually identical m values and correlation 
coefficients for each of the four correlations involving 
either l b  or 4 with either YCI or YB,,cI. In the earlier 
report,' m and r values of 0.908 and 0.988 were 
reported for correlation of 4 with Ycl. These values can 
be reproduced if the correlation is restricted to the seven 
solvent systems common to the studies of both 3 and 4. 


p-Methoxybenzyl chloride (5) 


Bentley et a/ .*  have developed a scale based on the 
solvolysis of 5. In 31 solvents for which values for both 
this scale and the Ycl scale are available (Ycl values for 
20% and 30% aqueous acetonitrile and aqueous 
dioxane from a recent report"), we find (Table 1 and 
Figure 2) a good correlation (r = 0-985). It follows that 
solvolyses which correlate with one scale will also corre- 
late reasonably well with the other and, provided that 
a sufficiently large assembly of solvents of varying 
character is employed, there will be a little advantage in 
using a scale based on 5 rather than the Ycl scale. 


Although one might expect an improved correlation 
of the specific rates of solvolysis of 5 using YB,,CI values, 
this is not observed in an analysis involving the 16 
solvent systems for which YBnC] values are available; 
a slightly lower correlation coefficient (0.981) is 
observed. Use of the two-term Grunwald-Winstein 
equation to correlate log(k/ko) for 5 with both N T ~ ~ ' ~ ~  
and YcI"*~' values leads to values of 0.10 2 0.10 for I ,  
0.81 2 0.04 for m and -0-13 t 0.27 for the intercept 
(r = 0-986; n = 31), supporting the concept' of little or 
no nucleophilic assistance to the ionization process. A 
corresponding correlation with NT and YB,,cl leads to 


4.0 _I I 3.01 2.0 


cn 
0 0.0 1 - 


-2.0 


-3.0 - l . 0 ~  -3.0 - 1.0 1.0 3.0 5.0 


Figure 2. Plot of log(k/ko) for 5 against YCI. Solvent systems: 
( A ) acetone-water; ( 0 )  EtOH-H2O; (m ) MeOH-HtO; ( +  ) 


97% TFE-H2O; ( 0 )  CH3CN-HtO; ( o ) dioxane-water 
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values of 0.20 2 0.11 for I ,  0.90 2 0.06 for rn and 
-0.25 2 0.26 for the intercept ( r=0.984;  n =  16). 
However, illustrating the advantages of a good mix of 
solvents, the correlation coefficients for the analyses 
involving Ycl fall when the correlations are limited to  
the same 16 solvents as used in the analysis involving 
Y B ~ C I ;  for correlation against YCI,  m = 0.78 k 0.06, 
c =  -0-17 2 0.38 ( r =  0.963; n = 16), and for correla- 
tion against NT and Ycl, I =  0.09 2 0.16, 
m = 0-81 k 0.08, ( r  = 0.963; 
n = 16). Although, for the same solvents, use of the 
YB,,c~ scale leads to a better correlation, a more import- 
ant factor is to  carry out the study with a well chosen 
series of solvents, such that use of YCJ in 31 solvents is 
preferable to the use of YB,,CI in only 16 solvents. 


Scales such as the YB,,CI scale or ,  especially, the scale 
based on solvolysis of 5 could possibly be preferable to 
YCI in situations where only a limited number of specific 
rates of solvolysis of an a-aryl-substituted substrate are 
available; for example, a solvent-induced change in 
mechanism might lead to a carbocation-forming 
pathway dominating for only a very restricted range of 
solvents. 


c = -0.14 ? 0.39 


Benzhydryl chloride (b) 


Benzhydryl chloride has played a major role in the 
study of S N ~  reactions. The mechanism for nucleophilic 
substitution of 6 was established very early as being uni- 
m o l e c ~ l a r ' ~  and it afforded an early example of 
common-ion rate depression, indicative of product for- 
mation from free carbocations. " In considerations of 
Grunwald-Winstein plots, the solvolyses of benzhydryl 
chloride are a prime example of reactions believed to  be 
SN 1 but showing appreciable dispersion for different 
mixed solvent systems in linear free energy plots of spe- 
cific rates of solvolysis against specific rates of solvoly- 
sis of the original standard (tert-butyl chloride) 
substrate.*' Use of a-phenylethyl chloride as the stan- 
dard substrate reduced, but did not eliminate, the dis- 
persion;" the remaining dispersion could be a conse- 
quence of  two aryl groups in the substate but only one 
in the standard. However, parallel correlation against 
the specific rates of solvolysis of p-methoxybenzyl 
chloride (5) demonstrates a considerably reduced 
dispersion. * 


We have made use of previously reported specific 
rates of solvolysis of benzhydryl choride in 22 sol- 
v e n t ~ . " ~ '  [in Ref. 7, the data presented in Table I 
contain several typographic errors. Comparison with 
the corresponding log(k/ko) values of Figure 1 indicates 
that the specific rates reported as being for 50% acetone 
and 60% ethanol are actually for 40070 acetone and 50070 
ethanol, respectively. A specific rate of 177 x s- '  
has been measured recently for the solvolysis in 60% 
ethanolz2]. These solvents are 100, 90, 80, 70, 60, 50 


and 40% (v/v) ethanol-water, 100, 90 and 60% (v/v) 
methanol-water, 90, 80, 70, 60, 50 and 40% (v/v) ace- 
tone-water, 97 and 70% (w/w) 2,2,2-tritluoroethanol 
(TFE)-water, 40, 30 and 20% (v/v) acetonitrile-water 
[by interpolation within data reported for 070 (w/w) sol- 
vents] and acetic acid. 


Correlations against YB,,CI or Y c ~  (Table 1) lead to  rn 
values of 0 .90 or 0.85, with YB,,CI giving the better cor- 
relation (r value of 0.986 as opposed to 0.954). The 
best correlation is, however, against log(k/ko) for p-  
methoxybenzyl chloride (5 )  solvolysis (no values for 
70% TFE and acetic acid). Values for m of 1.01 _t 0.03 
and for c of 0 .10-+0.18 ( r=0 .993;  n = 2 0 )  are 
obtained. 


Use of the extended Grunwald-Winstein equation, 
incorporating NT and YCI values, did not significantly 
improve the correlation over that using YCI alone: 


( r  = 0.955; n = 21). Similarly, only a modest improve- 
ment was achieved with use of NT and Y B ~ c ~  rather than 
Y B ~ C I  alone: I = 0.19 _t 0.07, m = 0-95  ? 0.03, 


The scales based on aryl-substituted standards d o  
give better correlations than Y c ~  but the I and m values 
obtained are very similar and correlations using the Y L I  
scale are adequate for assignment of mechanism. 
Indeed, the most surprising feature of the correlations 
is the indication of a modest nucleophilic assistance 
when NT and YB,,CI values are used within the extended 
(two-term) equation. 


1 = 0 . 1 1  ? 0.17, m z 0 . 8 7  ? 0.07, C =  -0.09 ? 0.53 


C =  -0 .16 2 0.22 ( r=0 .992;  n =  18). 


Tertiary p-nitrobenzoate esters 


Despite an approximately lo9  difference in leaving- 
group ability,23 the Yors solvent ionizing power 
scale, based on solvolysis of 2-adamantyl p -  
toluenesulfonate, 24 has been used to  give an excellent 
correlation of the specific rates of solvolysis of 
diarylmethyl p-nitrobenzoates2' and a very good cor- 
relation of the specific rates of solvolysis of 1-(1-methyl- 
2-pyrrolyl)-2,2,2-trifluoroethyl p-nitrobenzoate. 26 The 
use of Y O T ~  for correlation of p-nitrobenzoate ester 
solvolyses is consistent with the claim of a low 
sensitivity for the p-toluenesulfonate/p-nitrobenzoate 
solvolysis rate ratio towards solvent and structural 
effects. 23 


Recently, Liu et al. I 2  have considered whether the 
scale is also suitable for the correlation of the 


specific rates of solvolyses of four tertiary (as opposed 
to  secondary) p-nitrobenzoate esters (7-10). They con- 
cluded that it is desirable to set up a Y B ~ O P N B  scale, 
similar to the YB,,CI scale, for use in correlations involv- 
ing solvolyses (with alkyl-oxygen bond fission) of ben- 
zylic p-nitrobenzoates. 


In our analyses, comparing the use of YOT* and 
Y B ~ O ~ N B ,  we have adjusted those log(k/ko) values which 
are for solvolyses of the bridgehead adamantyl ester to 
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7 


9 


obtain YOT~ values, in the manner suggested by Allard 
and Casadevall. 28 However, use of non-adjusted values 
as YOT~ led to only very small differences in the calcu- 
lated sensitivities, intercepts and correlation coeffi- 
cients. The rn and c values [equation [l]) plus the 
correlation coefficient for correlations of 2-phenyl-2- 
adamantyl p-nitrobenzoate (7) against YOT~ and for 
correlations of terf-cumyl p-nitrobenzoate (8), 2,2- 
dimethyl- 1-(4'-methylphenyl)-l-phenyl-l-propyl p -  
nitrobenzoate (9) and 1-methyl-1-cyclopentyl 
p-nitrobenzoate (10) against either YOT~ or Y B n O P N B  


[log(k/ko) for 7) are presented in Table 2. 
Compound 7 correlates rather poorly with YoT~, but 


8, 9 and 10 all give reasonable correlations. Surpris- 
ingly, only 9 gives a good correlation with YB~OPNB and 


ph -- C-0F"R 


Me 
I 
8 


M?5°pNB 
10 


Table 2. Correlation of specific rates of solvolysis of compounds 7-10 against solvent 
ionizing powera using the Grunwald-Winstein equation 


Correlationb nc  md Cd re 


7', Yorr 138 1-09? 0.12 
8 ,  YOT~ 13 0.81 _t 0.06 
8 ,  YB~OPNB 13 0.67 f 0.07 
9, YOTS 8 1 .18f0 .14  
9, YB~OPNB 8 0.84 f 0.03 


10, YOTs 12 0.72 f 0.04 
10, YB~OPNB 12 0.57 f 0.08 


0.18 2 0.39 
-0.09 t 0.18 
-0.21 f 0.27 
-0.05 _t 0.31 
-0.06 t 0.11 
-0.05 * 0.12 
-0.13 ? 0.28 


0.935 
0.973 
0-940 
0.961 
0.995 
0.987 
0.919 


'The Yor, scale is using adjusted values (Refs 27 and 28) for those values determined experimentally 
using I-adamantyl p-toluenesulfonate. 


Correlation of log(k/ko) for solvolysis of the indicated substrate against the indicated solvent ionizing 
power scale. 
'Number of solvents, specific rates from Table 1 in Ref. 12. 
'From equation (1). and with associated standard error. 
'Correlation coefficient; values are consistent with those reported in Ref. 12. 
' YB~OPNB is defined as log(k/ko) for 7. 
gThe first thirteen solvents of Table 1 in Ref. 12. 


Table 3. Correlation of specific rates of solvolysis of compounds 7-10 against a combi- 
nation of NT solvent nucleophilicity values and solvent ionizing powera using the extended 


(two-term) Grunwald-Winstein equation 


Correlation b*c Id md Cd 


-0.27 2 0.14 
0.10 2 0.07 
0.22 2 0.11 


-0.02 2 0.16 
0.08 f 0.05 
0-05 2 0-05 
0.08 4 0.14 


0.83 f 0.18 
0.91 _t 0.09 
0.87 f 0.12 
1.14 f 0-27 
0.92 t 0.05 
0.77 f 0.06 
0.64 5 0.15 


0.04 f 0.35 
-0.03 f 0.18 
-0.13 t 0.24 
-0.06 2 0.33 
-0.03 f 0.10 
- 0.02 5 0-  12 
-0.10 f 0.29 


re 


0.953 
0.971 
0.958 
0.961 
0-997 
0.988 
0.922 


'The Yo,, scale is using adjusted values (Refs 27 and 28) for those values based on 1-adamantyl 
p-toluenesulfonate solvolysis. 


Correlation of log(k/ko) for solvolysis of the indicated substrate against a combination of NT values 
and the values from the indicated solvent ionizing power scale. 
'The solvents are identical with those for the corresponding analyses in Table 2. 


Using log(k/ko) = INT + mY + c; with associated standard errors. 
Correlation coefficient. 
YB~OPNB is defined as log(k/ko) for 7. 
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8 and 10 correlate much better with Yors. One can 
rationalize that solvolysis of the non-benzylic 10 should 
correlate better with the non-benzylic Y O T ~  scale than 
with a benzylic YB~OPNB scale, but the value (0-919) for 
the correlation coefficient against YBnOPNB is consider- 
ably lower than one would probably anticipate. The dis- 
persion observed in the plot of 8 against YBnOPNB was 
suggested to arise from nucleophilic solvent assistance. 
Assignments of this nature without detailed analyses 
are dangerous and can lead to erroneous conclusions. 
The dangers in assigning dispersion effects to 
nucleophilic assistance have been discussed, with an 
example, 29 earlier. 30 


To examine quantitatively for possible nucleophilic 
participation in the solvolyses of 7-10, we have 
analyzed (Table 3) in terms of the extended 
Grunwald-Winstein equation [equation (2)]. In all but 
two instances, the low 1 value and only marginal 
improvement in the correlation coefficient (over that 
obtained in correlation against the Y scale alone) 
indicates little or no nucleophilic assistance. 


When solvolysis of 7 ( YB~OPNB) is correlated with NT 
and YoT~, a negative value for I of -0.27 -+ 0.11 sug- 
gests that increases in solvent nucleophilicity tend to 
reduce the rate of solvolysis. It is difficult to see how 
such an effect could operate in the solvolysis of 7. When 
solvolysis of 8 is correlated against NT and YBnOPNB, 
the I value of 0.22 2 0.11 does indeed give support for 
the claim I t  of modest nucleophilic participation by the 
solvent. However, a parallel correlation with YOT~ sub- 
stituted for YB~OPNB leads to both a better correlation 
and a much reduced / value (0- 10 2 0.07). 


POSSIBLE NUCLEOPHILIC ASSISTANCE IN 
SOLVOLYSES OF CUMYL DERIVATIVES 


Liu and co-workers claimed that the analysis in terms of 
the simple Grunwald-Winstein equation of the specific 
rates of solvolysis of both lbIs2 and 812 shows evidence 
for a nucleophilic solvent assistance. However, Liu et 
a/. themselves3' and also Allen et have demon- 
strated convincingly that solvolyses of 1 -aryl-1- 
(trifluoromethy1)ethyl p-toluenesulfonates have 
characteristics which 'indicate a rate-limiting ionization 
process without intervention of solvent participation. ' 31 


It seems very unlikely that replacement of the 
trifluoromethyl group of these compounds by a methyl 
group would cause a shift in the direction of increased 
nucleophilic solvent participation. It is of interest that 
an important contribution to the study by Liu el a/. 
involves linear Grunwald-Winstein plots with slopes of 
close to unity in correlations of the specific rates of 
solvolysis of the benzylic substrates against the non- 
benzylic YOT~ scale. 


Richard et al. 33 have investigated the reactions of 
both cumyl chlorides and cumyl p-nitrobenzoates in 
50% aqueous TFE. They found no evidence for 


nucleophilic assistance, even in the presence of power- 
ful nucleophiles, such as azide ion or propanethiol. 
Their demonstration of the absence of nucleophilic 
solvent participation in the solvolysis reaction in 50% 
TFE is convincing for this high ionizing power" and 
low nucleophilicity l4 solvent. Although the absence of 
bimolecular reaction with powerful nucleophiles would 
argue against it, it is not impossible that a change in 
mechanism could occur, introducing a dependence on 
solvent nucleophilicity, for solvolyses in solvents of 
lower ionizing power and higher nucleophilicity. How- 
ever, when the conclusions of this study are combined 
with those of Liu et and of Allen et 
nucleophilic assistance from solvent towards the solvo- 
lyses of tert-cumyl derivatives appears unlikely. 


We have already demonstrated, in the previous sub- 
section, that analysis in terms of the extended (two- 
term) Grunwald-Winstein equation using NT and 
YB~OPNB values does give support to the claim of 
nucleophilic solvent participation in solvolysis of 8, but 
the calculated I value (0.22 2 0.11) is considerably 
reduced when YOT~ values are substituted for YB~OPNB 
values (0.10 -+ 0.07). Similarly, correlation of the 
solvolyses of l b  against NT and YBnCl leads to values of 
0 .302 0.09 for I ,  of 0 . 9 0 2  0.07 for m and of 
-0.03 k 0.20 for c ( r  = 0.988; n = 10). Again, the I 
value is considerably reduced when Ycl values are 
substituted for the YB,,CI values: I = 0.07 k 0-  11, 
rn = 0.73 2 0-09, c = 0.06 2 0.27 (r  = 0.976; n = 10). 


Since different sensitivities to changes in solvent 
nucleophilicity are indicated for solvolyses of l b  and 8 
when either Y B ~ X  (X = C1 or OPNB) or YX (X = C1 or 
OTs) scales are used within the extended (two-term) 
Grunwald-Winstein equation, we have also considered 
the incorporation of the solvent ionizing power scale 
developed, for use with benzylic substrates, by Bentley 
et a1.* Unfortunately, there is somewhat of a mismatch 
between the solvents used in the study of lb  and 8 and 
those used in the study of 5 (the Bentley standard). We 
can analyze only for a series of aqueous ethanol, 
aqueous methanol and aqueous acetone solvents plus 
100% TFE (actually, 5 was studied in 97% TFE but all 
previous scales for which accurate Yx values are 
available have shown essentially identical values for 100 
and 97% TFE"); an analysis using these solvents 
places heavy weight on the 100% TFE data. 


Correlation of the specific rates of solvolysis of l b  
against a combinaton of NT values and log(k/ko) values 
for 5 (as the Y scale) leads to values for I of 
0.07 ?O-08, for m of 0-87 20 .06  and for c of 
0-  12 2 0- 16 (r  = 0.992; n = 10). Corresponding cor- 
relation of the specific rates of solvolysis of 8 leads to 
values of 0-13 & 0-06 for I ,  0 - 8 0 2  0-06 for m and 
0.02 2 0.14 for c ( r =  0.986; n = 11). A somewhat 
lower correlation coefficient is to be anticipated for the 
correlation of the specific rates of solvolysis of 8, since 
we are using a scale estabIished with a chloride ion 
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leaving group for correlation of the solvolysis of a 
p-nitrobenzoate ester. The I values obtained in these 
analyses are very similar to those obtained when values 
from the Yc~ or Y0ls scales were used, and they are 
noticeably lower than when the YB~CI or YBnOPNB scales 
were employed. 


The indications of nucleophilic solvent participation 
in solvolyses of l b  and 8 when YB~CI or YB~OPNB scales 
are incorporated appear to carry over to other analyses. 
Both p-methoxybenzyl chloride (5)8 and benzhydryl 
chloride (6)7 are considered to solvolyze without 
nucleophilic solvent participation. This view is given 
indirect support by the observation of only a very low 
dependence of the specific rates of solvolysis of both 
p-methoxybenzyldimethylsulfonium ion and benzhy- 
dryldimethylsulfonium ion on solvent composition, 
with the small variations in specific rate being unrelated 
to solvent nucleophilicity changes. 34 It has been 
reported above that correlation of the specific rates of 
solvolysis of 5 and 6 with NT and YB,CI values leads to 
/ values of 0.20 -t 0.11 and 0.19 ? 0.07, respectively. 


The apparently anomalous I values for certain 
substrates associated with incorporation of Y B ~ C I  or 
YB~OPNB within equation (2) may be related to the nega- 
tive I values obtained when YB~OPNB values (based on 
specific rates of solvolysis of 7) are correlated against 
NT and Yors values; a similar negative value is obtained 
in correlations of Ysncl values with NT and YCI values: 
I =  -0.15 5 0.11, m=0-92  5 0.10, ~ = 0 . 1 2  k 0.51 
(r=0.960; n=20). 


CAUSES OF DISPERSION IN 
GRUNWALD-WINSTEIN PLOTS FOR 


SOLVOLYSES OF a-ARYLALKYL DERIVATIVES 


Bentley et al. ' have recently tabulated and referenced 
various suggestions for the origin of dispersions in 
Grunwald-Winstein plots: solvation effects, ion-pair 
return, nucleophilic solvent assistance, anchimeric 
assistance and general-base catalysis. For unimolecular 
solvolyses of benzylic subtrates, dispersions have 
usually been explained in terms of solvation effects 
and/or ion-pair return. The authors favored solvation 
effects, involving the differences in solvation between 
aromatic rings and alkyl groups, as the cause of disper- 
sions frequently observed when the specific rates of 
solvolyses of benzylic substrates were correlated with Y 
scales based on tert-butyl chloride or an appropriate 
adamantyl derivative. For reactions of tertiary benzylic 
substrates proceeding without nucleophilic solvent 
assistance, Liu and co-workers2*12 also favored solva- 
tion effects as a cause of dispersion, and emphasized the 
need to be able to delocalize the developing positive 
charge into the aromatic rings. 2,12 


Fainberg and Winstein 35 recognized the importance 
of differential solvation as a cause of the observed dis- 
persions, but Winstein et a/. 21 also emphasized the 


probability that ion-pair return effects are important. 
They pointed out that, in the acetolysis of benzhydryl 
chloride, the true ionization rate is at least ten times the 
titrimetric rate and, therefore, a situation is to be 
expected where the extent of ion-pair return dimiliishes 
as acetic acid-water mixtures become more aqueous. 
This can rationalize very well the higher slope obtained 
for Grunwald-Winstein plots of solvolyses in this 
mixed solvent system relative to solvolyses in other 
binary aqueous mixtures. In terms of evaluating ion- 
pair return, it is unfortunate that acetic acid-water 
mixtures have been neglected in subsequent Grun- 
wald-Winstein treatments. Ion-pair return has also 
been favored by McManus et as the prime cause 
of dispersions observed in Grunwald-Winstein plots of 
the solvolyses (with anchimeric assistance) of mustard 
chlorohydrins and related compounds. 


Bunton et extended the earlier" studies of 
benzhydryl chloride solvolysis and, in particular, they 
studied solvolyses in fluorinated solvents such as 
l , l ,  1,3,3,3-hexafluoro-2-propanol (HFIP) and 97% 
and 70% aqueous TFE. The specific rates of solvolysis 
in fluorinated solvents were higher than would be pre- 
dicted from a Grunwald-Winstein plot based on other 
binary aqueous mixtures. They argued against ion-pair 
return on the grounds that attack by these low- 
nucleophilicity solvents on intermediate ion pairs would 
be disfavored and one would predict negative not posi- 
tive deviations from the Grunwald-Winstein plot. 
Although the arguments are sound for nucleophilic 
attack on ion-pair intermediates, they represent a mis- 
reading of the situation for benzhydryl chloride solvoly- 
sis, where nucleophilic attack is believed to be primarily 
(consistent with common-ion rate depression) at the 
free ion stage. For such a situation, the competition 
would be between ion-pair return and ion-pair separ- 
ation, leading towards free ions. The separation process 
will be favored by high ionizing power (as in the fluori- 
nated solvents) and will be essentially independent of 
solvent nucleophilicity. With this view of the overall 
mechanism of solvolysis, positive deviations in fluori- 
nated solvents are consistent with, and could very well 
arise from, ion-pair return effects. 


Even extensive ion-pair return would not necessarily 
lead to deviations from Grunwald-Winstein plots. It is 
possible that, for a given substrate, the percentage of 
ion-pair return following ionization might over a range 
of hydroxylic solvents be fairly constant. The 
1-Ad'CI- ion pairs formed during solvolysis-decom- 
position of 1-adamantyl c h l o r ~ f o r m a t e ~ ~  show fairly 
constant solvolysis/collapse ratios. What is needed, in 
order to obtain dispersions in Grunwald-Winstein 
plots, are appreciable variations in the extent of ion- 
pair return, relative to the return to the standard 
substrate, as the solvent is varied. To  take an extreme 
example, as outlined above, if for one substrate attack 
is at the ion-pair stage then the collapse/solvolysis ratio 
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will have a high dependence on solvent nucleophilicity, 
and it would vary with solvent in a different way to a 
situation for which capture by solvent is after progres- 
sion to free ions, where the collapse/solvolysis ratio 
would have a high dependence on solvent ionizing 
power. The adamantyl substrates, recommended as 
standards, represent an intermediate situation, with 
attack believed to be at the solvent-separated ion-pair 
stage,38 and, again, such a situation would be expected 
to show a different pattern of solvent-induced vari- 
ations is the extent of ion-pair return39 relative to, for 
example, solvolyses of p-methoxybenzyl or benzhydryl 
derivatives, where products are formed after further 
separation of the ions. Accordingly, differences in ion- 
pair return patterns could very well lead to dispersions 
in Grunwald-Winstein plots of unimolecular solvolyses 
of benzylic derivatives against YX scales based on solvo- 
lyses of adamantyl derivatives. 


Variations in solvation of the aromatic rings and 
variations in ion-pair return, relative to the correspond- 
ing changes induced by solvent variation for the 
aliphatic standard substrates, are not necessarily totally 
independent processes. In the solvolyses of benzylic 
substrates, products tend to be produced at a later stage 
in the Winstein ion-pair scheme,38 owing to the 
carbocation-stabilizing influences of the dispersal of 
positive charge from the a-carbon into the aromatic 
rings. Solvation at the rings can disperse the positive 
charge further (into the solvent) and influence any 
dispersions in Grunwald-Winstein plots associated 
with ion-pair return. 


1 .  


2. 
3. 


4. 
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6. 
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QUANTITATIVE ASPECTS OF CHIRALITY. I. METHOD OF 
DISSYMMETRY FUNCTION 


v. E. KUZ'MIN,* I. B. STEL'MAKH, M. B. BEKKER AND D. v. POZIGUN 
A .  V. Bogulsky Physico-Chemical Institute of the Academy of Sciences of the Ukraine, 86 Chernomorskaya dorogu, ,770080 


Odessa. Ukraine 


To study molecular features connected with chirality, a procedure for the quantitative estimation of the chirality level 
of compounds of different classes is needed. A procedure for estimating the molecular asymmetry level relative to 
mirror-reflection axes of symmetry, Si, Sz, S4 and S6, has been developed. The geometrical mean of these parameters 
is the disymmetry function (OF). To calculate the DF, the molecule must he fixed in the coordinate system, transferred 
to the main axes of inertia. 


INTRODUCTION 


At the present level of stereochemical knowledge, three 
fundamental concepts take a central position: chirality, 
configuration and conformation. ' Chirality is the most 
common property of molecules, being involved in living 
matter. 2,3 For understanding and regulating stereo- 
specific processes such as asymmetric synthesis and 
catalysis, substrate - enzyme and effector - receptor 
interactions, etc., and for interpreting and predicting 
the different properties of molecules due to chirality, 
the quantitative characteristics of this phenomenon 
need to be elucidated. Therefore, the elaboration of 
theoretical approaches for estimating the 'level of chira- 
lity' in chemical systems of various structures is 
necessary. 


Numerous studies dealing with the quantitative 
aspects of chirality have been published (see, e.g., Refs 
4-11). The papers by Ruch and c o - w o r k e r ~ ~ ~ ~  are 
important as the method of chirality function was pro- 
posed and applied. In terms of this model, one can 
quantitatively evalute the degree of chirality, although 
only for systems that can be represented as an achiral 
skeleton with different substituents (ligands), i.e. the 
chirality is determined by the difference in these substi- 
tuents. In spite of these limitations, the method of 
chirality functions has been successfully applied in a 
number of cases (see, e.g., Refs 12 and 13) for solving 
practical problems. The possibilities with most of the 
other models for the quantitative evaluation of chirality 
were demonstrated only on various model examples. It 
is evident that the universal approaches to the quanti- 


tative analysis of chirality must be based on symmetry 
concepts. Symmetry, a universal property of matter, an 
organizing principle of its harmony, I 4 - l 6  is closely con- 
nected with chirality, since the latter is characterized 
by the absence (defect) of mirror-reflection axes of 
symmetry. 


The main purpose of this work was to develop an 
a p p r ~ a c h ' ~ * ' ~  in which the degree of chirality could be 
defined by measuring the asymmetry of the objects 
under study concerning only mirror-reflection axes. It is 
important to note that elaboration of such an approach 
is also of great importance as a means of studying the 
influence of structural factors on properties of chiral 
compounds such as optical activity, stereoselectivity of 
reactions, efficency of induction of helical ordering in 
nematic liquid crystals under the influence of chiral 
dopants, enantiodifferentiating properties of macro- 
cyclic complexes and many other properties conditioned 
by chirality. 


The analysis of the influence of regularities of struc- 
tural fragments on molecular dissymmetry may be 
useful for the design of novel compounds with a range 
of useful properties. 


METHOD OF DISSYMMETRY FUNCTIONS 


The quantitative aspects of chirality phenomena are 
one of the important and least studied field of 
stereochemistry, which is why we tried to elaborate an 
approach for measuring the degree of difference 
between enantiomers of a chiral object, i.e. to measure 
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its ‘chirality level,’ defining the position of enantiomers 
with respect to the border between the homochiral 
subclasses. The following scheme illustrates the above: 


A 
1 /-- 


V 
a a 


2 1 
a a 0 


1 2 


A‘ 


coordinates for M and M‘ that is invariant with respect 
to their structures and (2) to choose the function of r;;’. 


If we consider a molecular object as a physical body, 
its rotation can be described with the tensor of inertia 
T: 


T =  


where A and A ‘ are homochiral subclasses, l9 a, and a,’ 
are enantiomers and 0 is border between A and A ’ ,  
obviously including the achiral objects. It is clear that 
I Oa, 1 = 100: 1 is the wanted quantitative characteristic 
of an object a,, chirality, which can be defined as half 
the length of the interval 1 a,a,‘ 1 .  To put it another way, 
the greater the difference between an object and its anti- 
pode, the higher the ‘chirality level’ is. Thus, for 
example, if we try to put a left-hand glove on the right 
hand this will cause a certain discomfort, although it 
will be easier to do it with a mitten. It can be concluded 
that there is a greater difference between the antipodes 
of gloves than between the antipodes of mittens. Of 
course, such an intuitive analysis is not possible in 
all cases, and a formalized pattern of measuring the 
‘chirality level’ is necessary which could be applied to 
chiral objects with various structures. 


Any molecular object can be regarded as a system of 
points (atoms) in space. Let M be a set of marked 
points m of an object in a Cartesian system, consisting 
of k elements. Each point has its quantitative (weight) 
parameter p ,  characterizing some atom property, and 
they are also designated according to their ‘kinds,’ J 


M =  {m,J] J =  1,s i =  1,k 


where s is the number of the points ‘kinds’ (s < k ) .  The 
indication of the ‘kind’ is important for differentiating 
points with the same p , .  Two elements of the set M are 
equivalent if in the case of their exchange the set M 
reflects into itself. In other words, two elements are 
equivalent only when their ‘kinds’ and weight par- 
ameters are the same. If we apply the symmetry S, 
operation (corresponding to the mirror-reflection axis 
order n )  to the figure M ,  the criterion of its chirality 
may be formulated as, if vS, S,M # M, then the figure 
is chiral. It is evident that if M is achiral then 3Sn 
S,M = M .  From the above, it can be concluded that the 
level of difference between the antipodes M and M’ 
(M’  = S,M) may be a function of distance r,,‘ between 
each point mi‘ of the initial figure and equivalent point 
of enantiomer (mi’)‘  c M ’ .  


Thus, in order to define the extent of difference 
between the antipodes M and M ‘ ,  it is necessary to 
solve two problems: (1) to choose a common system of 


- - 


where p,  are the corresponding masses of the points and 
x,, yi and zi are the coordinates of the ith point. The 
eigenvectors of the tensor T define the main axes of 
inertia corresponding to moments ZI, ZZ, Z3. Hence the 
main axes of inertia may be used as the coordinate axes 
(the reduced coordinates system). The mentioned 
system has a characteristic feature: if an object has an 
axis or plane of symmetry, it will necessarily coincide 
with the corresponding element of the coordinate 
system. 2o It is evident that in such a system, closely con- 
nected with the object’s symmetry, it is most convenient 
to compare the enantiomers only for such systems 
where any operation of the symmetry S, applied to the 
achiral objects makes them reflect into themselves. 
Therefore, there appears to be a possibility of 
measuring the dissymmetry only for mirror-reflection 
axes which can serve as a quantitative measure of 
chirality. 


The formalism of the method of measuring chiral 
objects can be illustrated by two two-dimensional 
examples (Figure 1). 


Let M = [ a ,  6 ,  c )  , a chiral triangle, orientated in a 
reduced system of coordinates, and M’ = ( a ’ ,  b’, c ’ )  is 
its image received resulting from the operation S, (e.g. 
Sl) [Figure l(A)]. In this case we observe a certain 
correspondence between M and M ‘ ,  a * a ‘ ,  b * b‘ ,  
c * c’, and for each of these pairs we define the corre- 
sponding segments r,, rb, r,, the centres of which form 
the achiral analogue M” of enantiomers M and M ’ .  
Points a ” ,  b” and c” are always on the coordinate axes 
(in the coordinate plane in three-dimensional space) if 
in the initial object there are no equivalent points. If M 
has such points bl and b2 [Figure l(B)], then from the 
possible pairs b1-b~ the least rb should be taken (for bl, 


I blbi 1 ;  for bz, 1 bzbi I ) .  Only with such an approach 
for any achiral object [Figure l(C)] do we have r, = 0, 
rb, = 0 ,  rb2 = 0, i.e. M = M ’ .  It should be pointed out 
that for the systems with equivalent points the achiral 
analogue is a spatial figure (polyhedron). 


Thus, bearing in mind the terms of moments of 
inertia, it is possible to define the quantitative charac- 
teristic of the difference between M and M‘ as the level 
of dissymmetry ( L D ) :  


L D =  C p,r.? 
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It can be readily shown that LD"' possesses metric 
characteristics. In fact, the parameter LD reflects the 
weight distance of the enantiomer M (or M ' )  relative 
the achiral analogue M". Hence the value of LD can 
characterize the relative change of the object M's dis- 
symmetry with different changes of the structure. It is 
evident that for each operation of symmetry S ,  in a 
reduced system of coordinates a certain characteristic 
value which shows the degree of difference of an object 
and its reflection obtained as a result of the operation 
S ,  can be obtained. We shall only consider the oper- 
ations sl(o), s~(i), s4 and s6, since chemical com- 
pounds with symmetry S, where n > 6 are rather rare. 
Taking into account all possible ways of proceeding 


C I 
Figure 1. Dissymmetry function calculation scheme 


with the operations SL, S2, S4 and s6 along the coor- 
dinate axes, a molecular dissymmetry (dissymmetry 
function, DF) is defined as a geometric average of the 
mentioned LDs: 


DF= ( L D S ~ L D S ~ L D S ~ L ~ ~ L D S ~  
x LDS~YLDS~LDS~L~S$L~~)'/'~ 


It is evident that DF = 0 if any LD = 0. This conclusion 
is valid if ZI # Zz # Z3. With the equality of the two 
principal moments of inertia the positions of two axes 
of the given scheme are not determined, in addition to 
the value of DF. In this case it is necessary to pick out 
the minimum value of DF with rotation of the object 
about the only defined axis. The choice of the minimum 
is stipulated by the fact that for an achiral object we 
must obtain DF = 0. At I1 = Zz = I3 the value of DF is 
determined non-invariantly. However, such a situation 
can be realized only for chiral structures belonging to 
the axial groups of T ,  0, Z symmetry, and molecules 
with this symmetry are rare. From the above, it is clear 
that the weight parameters of atoms are concerned both 
in defining the given system of coordinates and in calcu- 
lating the DF. This is why the alternation of different 
characteristics of the atoms leads to the set of DF deter- 
mining the dissymmetry of a molecule with respect to its 
different properties: 


OFM = dissymmetry function with respect to the atom 
masses (pi = mi); 


DF" = dissymmetry function with respect to Van der 
Waals volumes (pi = V;); 


DFR = dissymmetry function with respect to the atomic 
refractions (pi = Ri); 


DFG = dissymmetry function characterizing only the 
spatial distribution of atoms for all pi which are 
regarded as equal to unity. 


It is probably possible to use other properties of the 
atoms for calculations of DF. For an adequate com- 
parison of structures differing in number of atoms, size, 
etc., the characteristics of DF' ( J =  M ,  V ,  R, G) should 
be normalized for the corresponding values. So, we 
define 


D F J N  = DF'IN 
= Dissymmetry function, normalized for the 


number of atoms; 


= dissymmetry function, normalized for the sum 
of the weight parameters; 


= dissymmetry function, normalized for the sum 
of square radii of inertia (R;) .  
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, Masses centre 
I 


In a number of cases a double normalization is used, 
e.g. DFPR. For the analysis of the chiral environment of 
a group of atoms we calculate the dissymmetry function 
of the chiral environment. In this case the orientation of 
the structure in the given system of coordinates is 
defined taking into account all atoms of the molecule 
and calculation of DF is carried out only for a group of 
atoms: 


11, 
X 1 X 


DFJ (C - X )  = f [ L D J ( C  - X)] 
L D ~  (C - x) = p,i: + pCi: 


It is evident that the types of DF offered have the 


The method of dissymmetry function is realized by 
same value for enantiomers. 


means of the program DISMOL. 
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KINETIC MODEL FOR ACID-CATALYSED HYDROLYSIS OF 
BENZOHYDROXAMIC ACID* 


KALLOL K. GHOSH,f SURENDRA K. RAJPUT AND KISHORE K. KRISHNANI 
School of Studies in Chemistry, Ravishankar University, Raipur, 492010, India 


The kinetics of the hydrolysis of benzohydroxamic acid have been investigated in hydrochloric, sulphuric and 
perchloric acids in 10% (v/v) dimethyl sulphoxide-water at 55 'C. Activation parameters were also determined. Rate 
correlation by the Cox-Yates excess acidity method shows an A-2 mechanism involving rapid pre-equilibrium 
protonation of the substrate followed by rate-limiting attack of water at the carbonyl carbon atom to form a 
tetrahedral intermediate which collapses, in a fast step, to the products. 


INTRODUCTION 
Recently, much attention has been focused on 
biological and analytical studies 3,4 of hydroxamic 
acids. Surprisingly very little work has been carried out 
on the hydrolysis of hydroxamic acids under non-dilute 
acidic conditions. 5 -  lo The acid-catalysed hydrolysis of 
hydroxamic acids affords carboxylic acids and hydrox- 
ylamine. We have previously shown that N-benzyl- 
benzohydroxamic acid6 (BBHA) hydrolyses by an A-2 
mechanism in mineral acids at all concentrations, 
whereas N-phenylbenzohydroxamic acid9 (PBHA) 
hydrolyses by an A-2 mechanism but switches to an A-1 
mechanism at high acidity. As an extension of our work 
on the mechanistic aspects of its hydrolysis reactions, 
we report here the hydrolysis of benzohydroxamic acid 
(C6H5CONHOH) (BHA) catalysed by mineral acids in 
10% (v/v) dimethyl sulphoxide (DMSO) medium. The 
excess acidity method l 1  has been applied to hydrolysis 
rate data. Buglass et al.12 also examined the acid- 
catalysed hydrolysis of BHA and five para-substituted 
derivatives. Their study covered the low-acidity range, 
where the information gained about detailed 
mechanisms is limited. 


RESULTS AND DISCUSSION 
The kinetics of the hydrolysis of BHA were followed 
spectrophotometrically by following the decrease in the 
characteristic absorption of the iron(II1)-BHA com- 


plex. The reaction followed pseudo-first-order kinetics: 
d 
dt  


- - [BHA] = k[BHA] [ H'] 


= k+ [BHA] 


Benzoic acid and hydroxylamine were the products of 
the hydrolysis. 


Recently, the excess acidity method l 1  has proved to 
be of considerable value in determining the details of 
the mechanisms of reactions in strongly acidic media 
and several examples of the use of the method are 
available. 1 3 -  l5 This method, applied to reaction 
kinetics, consists in deriving a rate equation based on a 
reasonable reaction mechanism. Kinetic data, together 
with other relevant information, are given in Table 1. 
Rate maxima were observed for all three acids used and 
these maxima are similar to those observed in the acid- 
catalysed hydrolysis of PBHA9 and BBHA.6 At low 
acidity, an increased acid concentration causes an 
increased hydrolysis rate by increasing the concen- 
tration of protonated substrate. However, as the acidity 
becomes sufficient to convert a large fraction of the 
substrate into its protonated form, further increases in 
acid concentration have little additional effect. A new 
factor now becomes important, namely the decrease in 
the activity of water with increasing acid concentration. 
As water becomes progressively less available, the 
hydrolysis rate diminishes steadily. In a recent analysis 
of the rate maxima which exist in the acid-catalysed 
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Table 1. Pseudo-first-order rate constants for the hydrolysis of BHA 


HCI HC104 
Concentration 
(M) 45'C 55'C 65°C 45OC 55°C 65'C 45°C 55OC 65'C 


0.75 
1.75 
2-9  
3.5 
4.2 
5.0 
5.8 
6 .5  
7.5 
8 .5  
9 .5  


10.4 


0.51 1.40 
1.44 3.33 
2-35 5.85 
- 6.60 


3.0 7.40 
- 8.03 
- 8-30 


3.46 8.72 
- 8.37 


2.73 7,65 
- 5.14 
- 4.44 


3.51 
7.40 


14.4 


18.3 
.- 


- 
- 


22.5 


21.0 
_- 


__ 
- 


- 2.12 
1.20 3-10 
2.16 5.30 


2.40 6.80 
2.34 7.10 
- 6.40 


1.87 4.70 
- 3.10 


0.509 1.50 
- 0.40 


- - 


- - 


5.20 
7.76 


12.3 


18.9 
19.6 


14.0 


- 


- 


- 
4.40 
- 


- 


1.20 
0.634 2.74 6.18 
0.979 3.88 8.73 


4.25 
1.17 4.30 10.8 


3.40 
0.820 2.47 5.58 


1-12 


- - - 


Higher perchloric acid concentrations bring about uncontrollable reactions (destruction). 


hydrolysis of benzamides, Lemetais and Carpentier l6 
proposed that the rate maxima occur because the 
acid-base pre-equilibrium step and the transition-state 
formation step are governed by different acidity func- 
tions. In particular, the acidity function controlling the 
transition-state formation increases less rapidly than the 
acidity function governing the acid-base equilibrium 
with increasing acid concentration. The catalytic effect 
of acids is characteristic of a bimolecular mechanism " 
decreasing in the order HCI > HzS04 > HC104. 


Activation parameters were also determined for some 
of the acid solutions (Table 2). These values are not 
substantially different from those obtained for an ester 
and amide hydrolysis according to an A-2 mechanism. 
Therefore, we conclude that the hydrolysis of' BHA 
proceeds via a rate-determining attack of water on the 
protonated substrate, with formation of a tetrahedral 
intermediate that rapidly breaks down to products. No 
evidence for a unimolecular pathway, such as changes 
in activation entropies, was seen for the hydrolysis of 
BHA in the acidity range studied. 


Rate-acidity correlations 


Several methods for the correlation of rates wih acidity 
functions have been reported. These include 
Bunnett-Olsen LFER, l8 Yates-McClelland r 
hydration treatment, l9 Modena-Scorrano treatment, 2" 


the M, function of Marziano et al." and the 
Cox-Yates excess acidity method. ' I  The excess acidity 
method is capable of revealing mechanistic features 
which other methods of analysing kinetic data in strong 
acids cannot. We employed this method to test for an 
A-2 mechanism. The r plots of the Yates-McClelland 
hydration treatment (using HA values) lie close to a 
straight line (Figure 1) with slopes r =  1.90 in HCI, 
2.13 in and 2.30 in HC104. The r value gives a 
measure of the change in hydration on going from the 
protonated species to the rate-determining transition 
state. For typical A-2 ester hydrolysis, r = 2. Treatment 
of the data according to  Bunnett-Olsen LFER (Figure 
1) gave linear plots with slope values 4. (Table 3). The 
experimental curves in Figure 1 indicate an A-2 


Table 2. Activation parameters for the hydrolysis of BHAd 
~~ 


HCI 
Concentration 
(w) E, A G f  AH' A S '  


HC104 
~~ 


E, A G '  A H *  AS' E, AG' AH' AS*  


0.75 20.6 25.5 19.9 -17.2 
1.75 17.5 24.9 16.8 -24.7 
2.9 19.4 24.3 18.7 -17.8 
4 .2  19.3 24.4 18.6 -17.7 
6.5 19.9 24.2 19.2 -15.6 
8 . 5  21.7 24.6 21.1 -10.2 


19.7 25.3 19.0 -19.2 
19.3 24.9 18.6 -19.5 
18.5 24.8 17.8 -20.7 
22.5 24.4 21.9 -8.0 
21.6 24.6 20.9 -11.5 
23.7 25.4 23.0 -7 .5  


- - - - 
23.1 25.3 22.4 - 8 . 5  
23.7 24.6 22.4 - 7 . 8  


20.4 25.2 19.7 -16.8 
- - - - 


- - - - 
~~~ 


"€,, AH' and AC' in kcal mol-' and A S f  in e.u. 







ACID-CATALYSED HYDROLYSIS OF BENZOHYDROXAMIC ACID 41 


0 I I I I 


'YATES- McCLELLAND PLOTS * 


I I I I I 


BUNNETT- OLSEN LFER PLOTS 


OQ 0 t . 


Table 3 .  Rate correlations for the hydrolysis of BHA As two water molecules are involved in the rate- 
determining step equation (1) is modified to 


Yates-McClelland Bunnett-Olsen Excess acidity 
Acid ( r )  (6 ) (mZ*m*) log k+ - log CH+ - 2 log U H ~ O  


HC1 1.90 0 .74  0.26 
HzS04 2.13 0.83 0.37 
HCl0.t 2.30 0.98 0.12 


mechanism. Similar treatment of data had been 
employed earlier by Edward et a/ .  22 concerning the A-2 
hydrolysis of 4-nitrothioacetanilide. The p K s ~ +  value 
of BHA is - 1-93 (using the HA scale) taken from 
earlier studies of Buglass et al. l2 


To apply the Cox-Yates excess acidity treatment, 
equation (1) is derived for A-2 mechanism in Scheme 1 : 


log k+ - log CH+ - log UH,O 


=(log kl/KsH+) + m?m*X (1) 


= (log ki/E(sH+) + m f m * X  (2) 


A plot of the left-hand side of equ2tion (2) against X 
should be linear with slope = m:m . For A-2 reactions 
m? = 1 and M *  for carbonyl oxygen protonation is 
0.6  or less. Hence an overall slope13923 against Xof 0 . 6  
or less should result for equation (2). The plots 
obtained are shown in Figure 2, and it is seen that 
linearity is achieved. The slope values for all three acids 
are given in Table 3. The mgm* values indicate that 
BHA reacts by an A-2 mechanism over the entire range 
of acidity. X values for HCl, HzS04 and HC104 were 
obtained from - (HA -+ log CH+). We used HA because 
the protonation behaviour of hydroxamic acids corre- 
lates better with HA than Ho. In fact, HA has been 







i 


-2.0 


- 2 . 2 ,  
0, 
X 


0 


8l 


1 " 


' 


Scheme 1 


pp-0 - 2  .o 


- 2 . 2  [ A 3  


-7.4 


- 2 . 6  


I I I I I 


0 .5  1 .O  1.5 2.0 2 . 5  
X 


Figure 2. Cox-Yates plots for the A-2 mechanism of hydrolysis of BHA at 55  'C. 0,  HCI; , H2.504; *, Hc10.1 
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shown to be applicable when ionization or protonation 
on oxygen was occurring. We favour protonation on 
oxygen for BHA (see Scheme 1). Recently, Novak et 
al.’ suggested that for acid-catalysed hydrolysis of N- 
hydroxyacetanilides, the protonation of the carbonyl 
oxygen is favoured over the hydroxyl oxygen by about 
seven orders of magnitude. 


The detailed mechanism for an A-2 reaction as set 
out in Scheme 1 would involve two molecules of water 
in the rate-determining step, as indicated by the Cox- 
Yates excess acidity method demonstrated above. The 
requirement for two water molecules stems from the 
need for one to act as a nucleophile and the other to 
assist in dispersing the positive charge developed on 
oxygen in the transition state as progress is made 
toward the tetrahedral intermediate To. The second 
water molecule is then in a position to accept a proton 
in the formation of neutral species To; further+proton 
transfers result in the intermediates T &  and T - , Pro- 
tonation of To at nitrogen gives T &  and this is the 
major fate of To. In acidic media strong enough to 
support the formation of a protonated ester, T& can 
lose NHzOH directly, as shown. More probable at 
moderate and low acid concentrations is the loss of an 
OH proton to give the zwitterion T - , which then 
readily loses NH2OH to give the acid. 


In summary, it may be concluded that rate and 
product studies, combined with activation parameters 
and three quantitative analytical treatments, have pro- 
duced an extensive description of the mechanistic 
framework of hydroxamic acid hydrolysis. 


EXPERIMENTAL 


The benzohydroxamic acid was prepared by a standard 
method. 24 The acids used were of analytical-reagent 
grade. Their concentrations were determined by titra- 
tion with standard alkali. DMSO (Sarabhai M 
Chemicals (India) Laboratory Reagent) was used 
without further purification. The iron(II1) chloride 
solution used in the colorimetric procedure was 
prepared by dissolution of 44.0 g of anhydrous 
iron(II1) chloride (SM, LR) in 1 1 of distilled water con- 
taining 10 ml of concentrated hydrochloric acid. Kinetic 
measurements were made by use of the spectropho- 
tometric method reported previously9 using a Specol 
instrument (Carl Zeiss, Jena, Germany) set at 520 nm. 
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MECHANISTIC SIGNIFICANCE OF THE MAGNITUDE OF 
CROSS-INTERACTION CONSTANTS 


IKCHOON LEE 
Department of Chemistry, Inha University, Inchon 402-751, Korea 


The relationship between the magnitude of the cross-interaction constant, I pij 1, and the force constant of activation, 
AF;, has been derived and their equivalence has been shown, where AF; = (force constant in the transition state, 
AF; - force constant in the ground state, F:). When bond formation is involved in the activation process, AF; 
becomes equal to F; and I p~ I is inversely related to the distance, rh, between reaction centres Ri and Rj. However, 
for bond-breaking processes, interpretation of 1 pij 1 becomes complicated, since AF; = F; - F: may be negative or 
positive depending on the relative size of F; and F:. Some examples of re-examination are given for various cases 
of I pij I in the bond-breaking processes. 


INTRODUCTION 


For several years we have been involved with 
developing the use of cross-interaction constants, pIj in 
equation (I) ,  as a mechanistic tool for organic reactions 
in solution: 


(1) log(kij/kHH) = piUi + pjuj + PijuiUj 
As a typical example, we have attempted to correlate 
the magnitude I pij I with the transition-state (TS) struc- 
ture, especially of sN2 reactions (Scheme I).' 


In contrast to the simple Hammett coefficient pi (or 
pj), which is of limited use within a particular family of 
closely related  reaction^,',^ we found that the magni- 
tude of pij provides a quantitative measure of bond 
length rij between reaction centres Ri and Rj (i, j = X, 
Y or Z in Scheme 1) when both substituents i and j 
(denoted ui and uj in Scheme 1 )  interact with their 
respective reaction centres simultaneously in the TS. l S 2  


Scheme 1 


On the other hand, theoretical analysis has shown4 
that the positive stretching force constants FL of the 
symmetric vibrational modes in the TS are correlated 
with the bond length rb by an equation similar to the 
empirical expression known as Badger's rule: 


(2)  rb = a - /3 log FL 
where a and @ are constant for a related series of bonds. 


If we assume a sufficiently small change in the dis- 
tance, 6rl,  due to a variation of substituent, ha,, a linear 
correlation between the two may be assumed to exist.6 
It has indeed been shown based on the analysis of 
experimenatal data' that the distance between the 
reaction centres in the TS varies (6rf or 6rj)  linearly 
with the substituent constant in a reactant, 6ur or 6uJ: 


(34  
Arb = 6ri + 6rj = a h ,  + b6uJ (3b) 


where 6ri and 6rj represent the portions of 6rL due to 
changes in uI and u,, respectively. In particular for iden- 
tity exchange reactions, equation (4) with XN = LZ, 
where X ,  Y and Z are the substituents in nucleophile 
(N), substrate (R) and leaving group (L) respectively, 
the constants a and b are found to be negative, and the 
small distance changes, 6r,, are linearly correlated with 


XN + YRLZ = XNRY + LZ (4) 
Hence a more electron-donating substituent, e.g. 
X = Z = p-Me0 for which ux = uz < 0, leads to a 
greater distance between the two identical groups in 


6ri = a&, and 6r: = b6uJ 


6 G '  
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the TS, 6riz = 26r& = 26& > 0, since a < 0 and 
ax = uz < 0. Conversely, a more electron-withdrawing 
substituent, e.g. X = Z = p-NO2, leads to a decrease in 
the distance, 6rfxz = 26& = 26r:z < 0.  


It is by no means clear, however, how the magnitude 
of cross-interaction constant, 1 pi, j 1 ,  is correlated with 
the distance between the reaction centres in the TS, rL. 
A clear understanding of the correlation between the 
two should provide a sound basis for the application of 
I pi, 1 as a quantitative measure of the TS structure. In 
this work, we show that 1 pc I is related to the difference 
in the force constant between the initial and transition 
states, AFL, which may be termed a 'force constant of 
activation,' and the mechanistic interpretation of 1 pi j  1 
should therefore be re-examined in accordance with this 
postulate. 


SIGNIFICANCE OF THE MAGNITUDE OF 


Let us consider a system consisting of two interacting 
fragments i and j with substituents ui and uj and 
reaction centres Ri and Rj at a distance rij (Scheme 2).  
One can define the potential energy of activation, AUT 
as the potential energy difference between ground state 
(GS) and transition state (TS). * The potential energy of 
the GS, U', is expanded in a Taylor series around a ref- 
erence point ui = a, = 0 (U8)  which is not necessarily at 
the minimum point of the potential energy surface. 
Neglecting cubic and higher terms (for sufficiently small 
displacement, higher terms are negligible in general9), 


CROSS-INTERACTION CONSTANTS 


= - u8 = (yPlu.  + U9lu. + '@It  .. P 1 J J 2 llff2 


+fp ..uz + UO"..u.a. ( 5 )  
J J J  Y 1 J 


Likewise for the potential energy of the TS, 
6U$= (J'- Uf, = uf'ui + U?fU. + 


J J  2 1 1  


+ 1u!."uj2 2 JJ + uj,"uiuj (6) 
The difference of the two gives the variation in the 
potential energy of activation (6AW3 due to substi- 
tuents ui and a, from the potential energy of activation 
at the reference point, AWf,.  Hence 6 and A represent 
the variation of a quantity due to changes in substi- 
tuent, 6ui or 6uj, and in state from GS to TS, 
respectively. 
6AU'= 6(U'- @ ) = A C r i ' ~ j +  AU:'oj+fAUii''ui" 


+ f A Ujj"uf + A CJ$" uiuj (7) 


Scheme 2 


Obviously, 


On the other hand, a Taylor expansion of log(kij/kaa) 
up to second order is given by' 


+ ' A U i , " ~ 2  2 J J J  + AUL"uioj) + A@( T )  (9b) 


where k" is the rate constant for a reaction with 
dual substituents ui and uj in the reactants, 
p i  = (a  log kij/aui)o, p i j  = (a2  log kij/auiauj)oo, etc., and 
A 0 ( T )  is a term which includes corrections for zero- 
point energies and other temperature-dependent factors 
including entropy terms. 'JO For sufficiently small dis- 
placements from the reference point, 6ri= aui and 
6rj= buj with 6ri+Srj=SrG, where a and b are 
constants6*' [equations ( 3 ) ] ,  so that equations (8) 
become 


where Afi  and AFL may be deemed the force and 
force constant of activation, respectively. 


Thus, at a constant temperature, neglecting pure 
second-order terms, l1 


ab 
where A 0 (  T )  can be a constant or negligible for substi- 
tuent variations at constant temperature. l2 This means 
that we can ignore the temperature-dependent term, 
A 0  ( T ) .  It is widely known and generally accepted that 
the Gibbs free energy changes, AG*or AGO, brought 
about by meta and para substituents are virtually 
changes in AU' or A U o  since substituent does not 
greatly affect entropy changes, i.e. 6AG*= 6AU' or 
6AGo = 6 A P  in solution-phase reactions. l2 Com- 
parison of equations (1 la) and (1 lb) indicates that the 
magnitudes of pi and pij  are related to the magnitudes 
of the force and force constant of activation, Afi  and 
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AF;, respectively: 


I p i I = A  IAfIl 


I pij I = B  I AFL 1 (12) 


where A and B are positive constants. Since the force 
constant Fij is a change in the interaction (potential) 
energy between the two substituents ui and uj (through 
Ri and Rj)  per unit distance changes, i.e. SAUij for 
6rl = Sr2 = 1.0, AFL represents a change in the inten- 
sity of interaction from the GS to the TS, j ) :  
AF$ = F!.  - FP. 


IJ IJ 


= (intensity of interaction between ui and uj 
through Ri and Rj in the TS)- (intensity of 
interaction between ui and uj through Ri and Rj 
in the GS) 


= Z;nt(i, j )  - Z&t(i, j )  
= AZtnt(i, j )  (13) 


Since force f is a product of the force constant, F, and 
displacement r, i.e. A$ = FijArj, the use of I p i  I 
( a 1 A f: I) as a measure of r,, should be limited to the 
systems with a constant rj (a uj), i.e. Arj = constant. 
Thus the 1 p i  I values for different reaction series cannot 
be directly compared to deduce changes in ri, unless 
R(uj) is constant. This is why the simple Hammett’s 
coefficient has a serious limitation in its scope of 
application as a measure of TS structure. 


The relationship betwen the two quantities, 1 p i  1 and 
1 pi j  I (i.e. I A fi 1 and I AF; I) is similar to that between 
rate and rate constant, kij; in general, rates for different 
reacting systems are legitimately compared at unit con- 
centration of the reactants, i.e. using rate constants. 
This means that it is more appropriate to use IpijI 


rather than I pi  1 for comparing the intensities of interac- 
tion between two reaction centres for different reacting 
systems. Since the change in the intensity of interaction, 
AZint(i, j ) ,  is intimately related to the distance rij, the 
magnitude of pi j  provides a more general measure of the 
TS structure. In other words, the magnitude of pij  can 
be a direct measure of the TS structure, whereas 1 p i  I 
gives only a relative measure requiring the constancy of 
the other reaction centre, Rj(uj). l 3  


APPLICATION 


Let us examine the significance of I pij  I in a typical S N ~  
reaction, Scheme 1, where X, Y and Z fragments rep- 
resent nucleophile, substrate and leaving group (LG), 
respectively. 


For a rate-limiting bond-formation process, there will 
be no significant bond cleavage in the TS, F:z = F!z 
and A& = 0; according to equation (12) this will lead 
to a vanishing ~ Y Z  value, pyz = 0. ’ Likewise, for a rate- 
limiting bond-breaking process, FLY = FRY and 
A F ~ Y  = 0 so that ~ X Y  = 0 ’  [equation (12)]. 


Another special case is a reaction type in which the 
two substituents, Ui and uj, can interact through mul- 
tiple channels; if there are two interaction channels 
available, two force constant changes will result and 
give two separate pi, values leading to a greater I pi, 1 
when added together; e.g. 


I pij  1 (1) = B I AF:j 1 (1) 
1 pi j  I (2) = B’ I AFL 1 (2) 


[equation (12)], and hence 


I pi j  I (total) = I pi j  I (1) + I pij  I (2) 


The resulting p i j ,  I pij  I (total), will be greater than that 
for any of the single-component channel: 


I pij  I (total) > I pi j  1 (1) or I pij  1 (2) 


For i, j = X, Y or X, Z, F$ = 0, since in the GS the 
nucleophile can be considered to be at an infinite 
distance: 


AF?.- F!. - F O .  - F ! . -  I !  (. 
IJ - IJ IJ - v - int 2,  j )  


Since 


rij = 01 + f i  log - ( j i j )  


[equation (2)], it follows that 


The distance rL between Ri and R, in the TS is a 
logarithmic inverse function of 1 pij  I, provided that the 
distances rl and rj between Ri and ui and between Rj and 
uj, respectively, are kept constant during the activation 
process. Hence the greater is 1 pi, 1, the shorter is the 
distance between the two reacting centres, Ri and Rj. 
Therefore, straightforward application of equation (14) 
is possible for the cases of i, j = X, Y or X, Z, with the 
inverse relationship between rb  and 1 pi j  1 .  It has 
been shown that the degree of bond formation is greater 
(i.e. rky is shorter) when lpxy I is greater’ and the 
tighter the TS (the shorter is rkz)  the greater is 
1 pxz I. I4 Such a simple relationship between rL and pi, 
does not exist, however, for i, j = Y, Z or for processes 
involving bond cleavage in the TS, and re-examination 
of the significance of the magnitude I p y z  I is necessary. 
In the bond-breaking process, FL < F$, i.e. the force 
constant (or intensity of interaction) decreases from GS 
to TS, since the distance between the two reacting 
centres increases in the TS: 


& . -  I J - I J  ~ 5 . -  F . .  E < o  
AZint (i, j )  = l i n t  (i, j )  - I&t (i, j )  < 0 


The difference, however, will become greater, i.e. the 
magnitude of A F >  or A&(i, j )  increases, with the 
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degrees of bond cleavage, so that 


I PYZ I a I AILt(Y,  Z) I 
0: 1 Arkz 1 = rkz - r$z ,  with r$z > r$z 
0: rbz, since rOyZ = constant. 


An example is the p y z  value for an SNI reaction, for 
which a large PYZ is obtained. For the solvolyses of 
a-tert-butylbenzyl (Y) arenesulphonates (Z), PYZ was 
0.4-0.5 [the PYZ values were estimated for the solvo- 
lyses of a-tert-butylbenzyl ( Y )  arensulphonates (Z) in 
80% aqueous acetone and 80% aqueous ethanol using 
Y = p-tert-butyl, rn-CH3, rn-CI, rn-CN, p-CF3, rn-NO2, 
p-CN and p-SOzMe and Z=p-CH3 and m-NO2, 
taken from Ref. 151. There can be exceptional cases 
where FL is abnormally large or small so that 1 PYZ I is 
abnormally small or large, or in some cases FL can be 
greater than F$ and hence AFL > 0 for i ,  j = Y ,  Z: 


(i) multiple interaction paths exist in the TS by 


(ii) bond contraction takes place in the TS; 
(iii) resonance shunt occurs. 


Examples are as follows. (i) In the reactions of 1-  and 
2-phenethyl benzenesulphonates with anilines, a four- 
centre TS is possible by a hydrogen-bond bridge 
providing dual interaction routes: 


hydrogen-bond bridge formation; 


Thus AFbz = F ~ Z  - FBz = small and hence I PYZ 1 is 
small ( p &  = 0.11 and 0.07 respectively), l6 since F$z 
is enhanced, i.e. F$z = F $ z .  (ii) In the solvolysis of 
I-phenyl-2-propyl arenesulphonates in hexafluoro- 
isopropanol (HFIP), aryl participation results in a TS in 
which one C-C bond is bypassed between u y  and UZ, 
and F$z can be substantially greater than F$z,  hence 
a large 1 p y z  1 (=0.41) is obtained: l7 


Ts 


> Products 


Rough estimates of bond length changes (based on 
values in Ref. 18) during the activation process, i.e. 
reduction of one CTC bond and stretching a C-0 
bond, give a cu 1.0 A decrease in the distance between 
the two substituents through reaction centres: 


Ar(c-0)  = 1.91 - 1-42 = 0-50 (stretching of C-0 
bond, assuming cu 35% stretching at the TS)19 


Total Ad'= -1 .53+0 .50=  -1.0 A 


= - 1 - 53 A (reduction of one C-C bond) 
t 


Hence 


A F $ ~  * o 
(iii) In the reactions of phenacyl arenesulphonates with 
anilines, the charge transfer from the nucleophile leaks 
to the carbonyl oxygen so that interaction between u y  
and uz is reduced, leading to an enhanced I6F& 1 and 
hence a greater value of I PYZ 1 (= 0.62) is obtained,'3b 
since Fkz is abnormally low: 


A F ~ ,  = AF$, - A F ~  4 o 


H H  


;.....+)s- 
I" 


The interaction between substituents Y and Z is con- 
siderably reduced since the electron density change on 
C-0 is strongly coupled to the carbonyl oxygen rather 
than to Y. 


ACKNOWLEDGEMENTS 


We thank the Korea Science and Engineering Founda- 
tion and the Ministry of Education for support of this 
work. 


REFERENCES 


1. (a) I .  Lee, Chem. SOC. Rev. 19, 317 (1990); (b) I. Lee, 
Adv. Phys. Org. Chem. 27, 57 (1991). 


2. I .  Lee, C. S. Shim, S. Y. Chung, H. Y. Kim and H. W. 
Lee, J.  Chem. SOC., Perkin Trans. 2 1919 (1988). 


3. (a) D. J .  McLennan, Tetrahedron 34, 2331 (1978); (b) 
B.-L. Roh, Can. J.  Chem. 57, 255 (1979); (c) I .  Lee, H. 
K. Kang and H. W. Lee, J. Am. Chem. SOC. 109, 7472 
(1987). 


4. (a) I .  Lee, J. K. Cho and C. H. Song, J. Chem. SOC., 
Faraduy Trans. 2 84, 1177 (1988); (b) I.  Lee, J .  K. Cho, 
H. S. Kim and K .  S. Kim, J.  Phys. Chem. 94.5 190 (1 990). 







740 I. LEE 


5 .  (a) R. M. Badger, J. Chem. Phys. 3,710 (1934); (b) R. M. 
Badger, Phys. Rev. 48, 284 (1935); (c) J. Waser and L. 
Pauling, J.  Chem. Phys. 18,618 (1950); (d) R. M. Badger, 
J. Chem. Phys. 3, 710 (1934). 


6. S. Wold and M. Sjostronss, in Correlation Analysis in 
Chemistry, edited by N. B. Chapman and J.  Shorter, 
Chapt. 1. Plenum Press, New York (1978). 


7. (a) I. Lee, J. Chem. Soc., Perkin Trans. 2 943 (1989); (b) 
I. Lee, Chem. SOC. Rev. 19, 133 (1990). 


8. H. S. Johnston, Gas Phase Reaction Rate Theory, p. 169. 
Ronald Press, New York (1966). 


9. H. S. Johnston, Gas Phase Reaction Rate Theory, p. 70. 
Ronald Press, New York (1966). 


10. (a) I. Lee, Bull. Korean Chem. SOC. 9, 179 (1988); (b) 0. 
Exner, in Advances in Linear Free Energy Relationships, 
edited by N. B. Chapman and J. Shorter, Chapt. 1. 
Plenum Press, New York. 


11.  (a) W. P. Jencks, Chem. Rev. 85, 511 (1985); (b) J.-E. 
Dubois, M.-F. Ruasse and A. Argile, J.  Am. Chem. SOC. 
106, 4840 (1984); (c) I. Lee, Bull. Korean Chem. SOC. 8 ,  
200 (1987). 


12. (a) G. W. Klumpp, Reactivity in Organic Chemistry, pp. 
274-282. Wiley, New York (1982); (b) N. S. Issacs, 
Physical Organic Chemistry, p. 13 1. Longman, Harlow 
(1987); (c) K. J. Laidler, Chemical Kinetics, p. 211. 
Harper and Row, New York (1987); (d) 0. Exner, in 
Advances in Linear Free Energy Relationship. edited by 
N.  B. Chapman and J. Shorter, pp. 8-9. Plenum Press 
New York (1972); (e) J. W. Larson and L. G. Hepler, in 


Solute-Solvent Interactions, edited by J.  F. Coetzee and 
C. D. Ritchie, pp. 31-34. Marcel Dekker, New York 
(1969); ( f )  J.-E. Dubois and M. Marie de Ficquelmont- 
Laizos, Tetrahedron Lett. 635 (1973); (g) 0. Exner, Prog. 
Phys. Org. Chem. 10, 411 (1973); (h) I. Lee, J.  Korean 
Chem. SOC. 7, 211 (1963); (i) I. Lee, Bull. Korean Chem. 
SOC. 9, 179 (1988). 


13. (a) I. Lee, S. C. Sohn, Y. J. Oh and B. C. Lee, Tetrahe- 
dron 42, 4713 (1986); (b) I. Lee, C. S. Shim, S. Y. Chung 
and H. W. Lee, J.  Chem. SOC., Perkin Trans. 2 975 
(1988). 


14. I. Lee, H. J .  Koh, B.-S. Lee, D. S. Sohn and B. C. Lee, 
J. Chern. SOC., Perkin Trans. 2 1741 (1991). 


5.  Y. Tsuji, M. Fujio and Y. Tsuno, Bull. Chem. SOC. Jpn. 
63, 856 (1990); M. Fujio, M. Goto, T. Susuki, I .  Akasaka, 
M. Mishima and Y. Tsuno, Bull. Chem. SOC. Jpn. 63, 
1146 (1990); M. Fujio, M. Goto, T. Susuki, M. Mishima 
and Y. Tsuno. J.  Phys. Org. Chem. 3, 449 (1990). 


6. (a) I. Lee, H. Y. Kim, H. K. Kang and H. W. Lee, J. Org. 
Chem. 53, 2678 (1988); (b) I. Lee, Y. H. Choi, H. W. Lee 
and B. C. Lee, J. Chem. SOC., Perkin Trans. 2 1537 
(1988). 


17. I. Lee, W. H. Lee, H. W. Lee and B. C. Lee, J. Chem. 
SOC., Perkin Trans. 2 785 (1991). 


18. L. E. Sutton (Ed.), Tables of Interatomic Distances and 
Conjiguration in Molecules and Ions, Special Publication 
No. 18, Chemical Society, London (1965). 


19. I .  Lee, C. K. Kim and B.-S. Lee, Unpublished results. 












JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 5, 299-307 (1992) 


QUANTITATIVE ASPECTS OF CHIRALITY. 11. ANALYSIS OF 
DISSYMMETRY FUNCTION BEHAVIOUR WITH DIFFERENT 
CHANGES IN THE STRUCTURE OF THE MODEL SYSTEMS 


v. E. KUZ'MIN*, I .  B. STEL'MAKH, I. v. YUDANOVA, D. v. POZIGUN AND M. B. BEKKER 
A .  V.  Bogatsky Physico-Chemical Institute of the Academy of Sciences of the Ukraine, 86 Chernomorskaya doroga 


270080 Odessa, Ukraine 


The efficiency of the developed method of dissymmetry functions was studied using various model systems. The 
alteration of the dissymmetry function was analysed with systematic variations of the bond lengths, valence angles 
and masses of atoms in model tetrahedra. The behaviour of the dissymmetry function was studied for 
conformationally labile systems and chiral polyhedra. In general, it was found that in all cases the alteration of the 
dissymmetry function is in agreement with the speculative representations of the changes in degree of chirality. 


INTRODUCTION 


To evaluate the efficiency of the dissymetry function 
(OF) method elaborated in Part I, ' it is necessary to  
study the properties of DF in different model systems 
and to  study its behaviour with systematic structural 
changes. 


To evaluate the 'sensitivity' of DF to modifications of 
molecular structure we have tried to  determine whether 
such a change in the weight of any point mi and corre- 
sponding change in the radius, vector R; (coordinate of 
the point i), for which the value of DF does not change 
is possible. 


Let us consider the point with mass m and radius 
vector R (XI, xz, x3), which is substituted for the point 
m'  and R'. Since the value of DF is determined by the 
position of the object in the reduced system of coor- 
dinates, it is necessary to  preserve the components of 
the inertia tensor. The tensor of inertia can be written 
as 


To preserve the inertia centre position it is necessary 
to  satisfy the equality 


R' = (m/m')K 


* Author for correspondence. 


and therefore the equality 


T = T '  = C mi [R':6ik - x/(s)xL(s)] 
S 


is true if 


m(RZ6;k - x ; x ~ )  = m'[(m/m')R26ik - (m/mf)2XiXk]  


or 


(R2Aik - x;xk) = - (m/m ')2(Rz6ik - xixk) 


and thus 
m/m'  = 1 


The following conclusion is evident: it is impossible 
to change the weight of one point and simultaneously to 
change the radius vector and preserve without change 
the tensor of inertia and consequently DF. 


ANALYSIS OF MODEL SYSTEMS 


We have calculated the values of DF for molecules of 
different groups of symmetry (Table 1). As expected, 
DF proved to be different from zero only for systems 
with the C,, D, symmetry. 


In order to  study the behaviour of the dissymmetry 
function with regular structure changes, the values of 
DFT of model tetrahedra were calculated (see also Re!. 
2) in which initially all the valence angles were 109-5 


t In this work dissymmetry functions corresponding the atom 
masses OFM, OFF, DF2, D F ~ R  are used.' 
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Table 1 .  Dissymmetry of model structures 


Structure Symmetry group LDSl LD'z LDs4 LDSs DF 


H 
I 


CI Br + F :: 


F 


F 


H +: 
P = 3O0 


c1 1 1 1  674 439 307 316 


D3 


D3 


270 0 787 640 0 


206 640 926 700 541 


965 0 0 2080 1393 


807 2749 1833 1353 1532 


758 1285 0 1734 0 


388 388 2532 2035 938 


1.7 1.7 22 9 4.9 


1098 1038 616 238 53 1 


D3d 0 0 121 0 0 
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_, ... . . . .  .. ..... . . . . .  . .  .- .. .... ... ~~ ,_ ... - - .. 


the bonds lengths (intervals between points) 1-54 A 
and atomic masses (point masses) mi = i (a.m.u.). The 
following parameters were varied: (a) values of m5 from 
5 to  90m(a.m.u.), (b) all the bond lengths Iz-, from 1.64 
to 10 A and (c) bond length 12- I from 1-54 to 10 A .  


As can be seen from Figure 1, the value of OFM 
increases monotonically and for higher m5 reaches a 
plateau, and the value of DF? decreases and tends to 
zero at higher m5. Probably, with a background of high 
m5 mass, the differences between the other substituents 
level out. 


It is also interesting to analyse how the components 
of DF change when m5 changes. The corresponding 
correlations clearly show that in all cases there is a 
monotonic increase of all LD. 


The increase in OFM with alteration of the length of 
one or  all bonds of  the model tetrahedron (Figure 2) is 


3 


4 2 -  
I 


1 


.rb 


1.J) 5: 


p: 
,c n 


....... -. .................. ... . ....... 
_. .- 


..- ..--- 


if, 


4.5 ,., ,.. . .  
1- . 


....... -. .............. ... . ....... 
_. .- 


..- ..--- 


. .  . . . . . . . . .  ._ . . . . . . . . . . . .  . . . . . .  .. 


:I , iI_ [d  1 +------t-----i 
6 L i V  1 H P 10 r5 


Figure 1 .  Changes in DF and its components for the model tetrahedron with variations in mass m5 
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f.E 2.5 3.5 4.0 8.0 8.5 r.6 


Figure 2. Dependence of DF on linear sides of the model tetrahedron 


caused by the increase in I ,  which determines the LD. 
The results are different for the corresponding 
dependence for DF?. In this case with increase in all 
the linear sizes of the tetrahedron, as could be expected, 
its ‘level of chirality’ remains constant and with 
increase in one of the bond lengths it decreases, since 
the system tends t o  be of the ‘pivot’ kind. 


We then analysed the changes in DF with angular 
deformations of a model tetrahedron (Figure 3): 
(a) diagonal twist; (b) tetrahedral compression; and 
(c) transfer without achiral intermediate. 


As a n  argument we used the average valence angle 0, 
which is defined as the arithmetic mean of five indepen- 
dent angles of the tetrahedron: 123, 124,423, 521, 523. 
In order t o  represent the DF suitably a conventional 
sign ( + or - ) is introduced, depending on the region 
of configuration spaces in which the initial or final 
tetrahedron is situated. As is shown in Figure 3,  in the 
cases of diagonal twist (a) and tetrahedral compression 


(b), the DF continuously changes on passing from one 
enantiomer to another, becoming zero with a flat form 
(achiral intermediate). In enantiomerization without an 
achiral intermediate (c), the function has a gap in the 
place of the link between the homochiral subclasses. 
Hence it can be concluded that the offered DF is a 
piecewise-continuous function. A change in the mol- 
ecular structure usually brings about a change in the 
DF, and the latter proves our intuitive imagining of the 
change in the ‘degree of chirality’ of the molecules. 


When studying the properties of the DF, we thought 
it necessary to analyse the change in the dissymmetry 
function in the case of a decrease in the difference in the 
substituents at the chiral centre. We calculated the DF 
for the following set of model structures: 


D-(CH2)n-CH(OH)-(CH2)n-H, = 1-4 


It is clear that with an increase in n the ‘level of chiral- 
ity’ should decrease. Whereas with such changes in 
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D F ~  


40 


0 


-40 


Figure 3.  Modes of enantiomerization of a chiral tetrahedron. The + or - signs are conventionally ascribed to the function DF 
for differentiating the enantiomers 


structure DFincreases (Figure 4), which is probably due 
to the increase in the number of atoms and size of the 
molecules, the normalized DFf decreases. We also 
analysed the change for the described case of the value 
of DFM(OH), characterizing the dissymmetry of the 
functional OH group surroundings. ' As can be seen in 
Figure 4, the DFf and DFM(OH) change in parallel. 


A necessary aspect of the study of the behaviour of 
DF with structural changes in the molecules is the 
analysis of the DF of conformationally mobile systems. 
From Figure 5, it is clear that with changes in the 
torsion angle in the ethane molecule all the eclipsed and 
hindered conformations are achiral. These conforma- 
tions are maximally dissymzetric when the torsion 
angle 4 = ( 2 n +  1)*30", n=0.5.  


From above, it is clear that the dissymmetry function 
is sensitive to different changes in the structure of mol- 
ecules and its behaviour is usually in agreement with the 
traditional knowledge of stereochemistry. 


We thought it worth carrying out an analysis of the 
dissymmetry of chiral polyhedra (polytopes) to study 
the effectiveness of the method for such systems and 
also to study the regularities of the influence of struc- 
ture on the 'degree of chirality' of the coordination 
compounds. 


The models of chiral polyhedra with coordination 
numbers 4 (tetrahedron, trigonal pyramid), 5 
(tetragonal pyramid, trigonal bipyramid) apd 6 
(octahedron) were built with bond lengths of 1 A and 
atom masses a =  20, b=30 ,  c=40, d =  50, e = 6 0 ,  
f = 70 a.e.m. 


The mass 10 a.e.m. was placed in the centre of the 
polyhedron. All the possible chiral polyhedra of the 
mentioned types were counted according to data from 
Ref. 6. The results of the calculations of the dissym- 
metry characteristics of these systems are given in 
Table 2 .  


It is easy to see that in all cases an increase in the 
number of the same substituent in a chiral centre results 
in a decrease in the dissymmetry of the molecule. This 
agrees with the fact that the development of this process 
should result in an achiral system. The use of the value 
DF& allows one to define the so-called 'inner chirality' 
of the molecule, depending only on the position of the 
ligands and the type of polyhedron. The dissymmetry 
of the polyhedron decreases with increase in their coor- 
dination number, which is understandable as in this 
instance the system tends to a spherical symmetry. For 
pentacoordinated compounds the trigonal bipyramids 
are more dissymmetric than the tetragonal pyramids, 
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Figure4. Changes in OFM, DFf  and DF'"(0H) with a decrease in the difference in the substitutents at the chiral centre for 
D-(CH2),-CH(OH)-(CH2),-H 


Figure 5 .  Dependence of DFM on rotation angle 
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Table 2. Polyhedron dissymmetry for different types of polyhedra as illustrated 


Type of Number of Positions of 
No. polyhedron same ligands substituents DF& 


1 
2 
3 
4 
5 
6 
7 
8 
9 


10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 


A 0 
A 0 
A 0 
A 0 
A 0 
A 0 
A 0 
A 0 
A 0 
A 0 
A 0 
A 0 
A 0 
A 0 
A 0 
A 2 
A 2 
A 2 
A 2 
A 2 
A 2 
A 292 
A 292 
A 2,292 
A 3 
B 0 
B 0 
B 0 
B 0 
B 0 
B 0 
B 0 
B 0 
B 0 
B 0 
B 2 
B 2 
B 2 
C 0 
C 0 
C 0 
C 0 
C 0 
C 0 
C 0 
C 0 
C 0 
C 0 
C 0 


0.3594 
0.3546 
0.3530 
0.3554 
0.3491 
0.3461 
0.3541 
0-3419 
0.3404 
0.3465 
0.3405 
0.3367 
0.3420 
0.3376 
0.3362 
0.3397 
0.3320 
0.3297 
0.3195 
0.3167 
0.3075 
0.3058 
0-2999 
0.2966 
0.2768 
0.4279 
0.4143 
0-4036 
0.3977 
0.4043 
0.3997 
0.3988 
0.4009 
0.4050 
0.4157 
0.3671 
0.3703 
0-3811 
0.3972 
0.4026 
0.4146 
0.3869 
0.3888 
0.41 12 
0.3850 
0.3868 
0.3972 
0-3821 
0.3835 


continued 
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Table 2. (Continued) 
L a d a 


No. 
Type of 


polyhedron 
Number of 


same ligands 


50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 


C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
D 
E 
E 
E 
E 
E 
E 
E 


0 
0 
0 
0 
0 
2 
2 
2 
2 
2 
2 
2 


2,2 
3 
0 
0 
0 
0 
0 
2 
2 
2 


0.3904 
0.41 16 
0.401 1 
0.3976 
0.4116 
0.2634 
0.2704 
0.2241 
0.2705 
0.2169 
0.2148 
0.2383 
0.2857 
0.2463 
0.4966 
0.5114 
0.4877 
0.4734 
0.4677 
0.4367 
0.4367 
0.4213 


and in tetracoordinated compounds a trigonal pyramid 
is more dissymmetric than a tetrahedron. 


Analysis of the correlation of chiral octahedral struc- 
tures with their dissymmetry indicates a n  interesting 
and important regularity: if in the fixed set of ligands 
on the opposite sides of the line, passing through the 
centre, there are ligands that are very similar in their 
properties (e.g. in their masses), then the dissymmetry 
of such a system is maximum, and vice versa. For 
pyramidal structures a ligand with small mass at the 
peak of the pyramid stimulates an increase in the 
dissymmetry. 


POSSIBILITIES OF APPLICATION OF 
DISSYMMETRY FUNCTION METHOD 


We presume that for the analysis of the properties of 
molecules ( P )  due to chirality, the method of dissym- 
metry functions can be applied with the hypothesis that 
the higher the dissymmetry of a molecule is the more 
differences there are in the properties of enantiomers 
caused by chirality, i.e. the greater is the difference in 
enantiomers under the influence of different chiral 


phenomena on the one hand and the stronger is the dis- 
symmetrizing influence of a molecule on its surrounding 
on the other. Here, it should be borne in mind that in 
a number of cases it is not the dissymmetry of the whole 
molecule which is important but the dissymmetry of the 
surroundings of the same fragment (e.g. the reaction 
centre). 


Hence the whole problem can be expressed in terms 
of making and analysing a correlation P = f ( D F ) .  On 
the analogy of the Taft-Hammett equations, the sphere 
of application of the given model is bounded by the 
reaction series,’ i.e. the whole set of  molecules under 
study must take part in a one-type physico-chemical 
process, when only the structure of a molecule (its frag- 
ment) changes, while all the remaining factors (tem- 
perature, solubility, reaction conditions, etc.) remain 
constant. It should be emphasized that in the given 
approach it is possible not to  take into account different 
intramolecular interactions as they are similar for each 
of the enantiomers and their relative reaction ability for 
a fixed chiral influence (e.g. the same chiral reagent) will 
probably be determined by the structural differences of 
the enantiomers, which are taken into account by the 
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dissymmetry function. Unlike the Taft-Hammett REFERENCES 
models, in our case the parameter DF is not taken 
empirically but is calculated from the geometry of the 


properties Of the atoms’ 
Hence we do not have to confine ourselves only to a 


1. v. E. Kuz’min, I .  B. Stel’makh, M. B. Bekker and D. v. 
Pozigun, J. Phys. Org. Chem. (POC 352). and 2. V. E. Kuz’min and J .  B, Stel’makh, Zh. Strukt. Khim. 28, 
45-49 (1987). 


linear correlation dependence. It should also be noted 
that the flexibility of the proposed model is based on the 
rational choice of the properties of atoms in the calcu- 
lation of the DF, depending on the problem to be 5 .  K .  Mislow and P .  Bickart, Isr. J .  Chem. 15, 1-6 


6.  YU. G .  PapulOV, Simmerria molecul. (in Russian), 
Izdatelstvo Kalininskogo Universiteta, Kalinin (1979). 


reaktzij, Khimiya, Leningrad (1977). 


3. v .  I .  Sokolov, Vvedenie v teoreticheskuyu stereokhimiyu 


4. E. Ruch, Acc. Chem. Res. 5 ,  49-63 (1972). 
(in Russian), Nauka, Moscow (1982). 


solved. (1 976-77). 
The application of the proposed method to the sol- 


ution of definite stereochemical problems we will be 
7 .  v. A. Pal,m, Osnovy kolichestvennoj reoric organicheskih illustrating in forthcoming publications. 
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EVALUATION OF THE CONFORMATIONAL, HYDROGEN 
BONDING AND CRYSTAL PACKING PREFERENCES OF 


ACYCLIC IMIDES 


SUSAN M. REUTZEL* AND MARGARET c. ETTERT 
Department of Chemistry, University of Minnesota, Minneapolis, Minnesota 55455, U. S.  A .  


The molecular recognition properties of 18 acyclic imides were studied to evaluate the relative contributions of 
conformational, hydrogen bonding and crystal packing forces to the stabilization of specific aggregate patterns in the 
solid state. The crystal structure of diisobutyramide and the aggregate patterns of the 18 imides are presented. The 
stabilization by hydrogen bonding was found to override the conformational preferences of imides, while packing 
forces often precluded the formation of the most stable hydrogen bonded aggregate. The aggregate patterns of imides 
were also found to be a function of the type of substituents present as R groups. h i d e s  with R groups of similar 
shape and size prefer to pack as bifurcated hydrogen bonded chains, whereas dimers or singly hydrogen-bonded chains 
form when the R groups have significantly different spatial requirements. Analysis of imide aggregate patterns revealed 
the similar spatial requirements of isopropyl and phenyl groups. The molecular recognition properties of acyclic imides 
are summarized as a set of hydrogen bond rules, which can be used to design new imide aggregates. 


INTRODUCTION 


Small molecules have been used extensively to model 
the specific binding interactions found in larger bio- 
chemical systems. Much effort has been put into 
designing synthetic receptors, which are relatively rigid 
and have complementary hydrogen bonding functiona- 
lity in appropriately sized cavities, to  bind biologically 
significant molecules. I Rigidity has been found to  
enhance binding, partly because it keeps the host from 
self-associating.' Flexible host-guest systems have been 
particularly useful in studying the selectivity of self- 
assembly by hydrogen bonding, yet in these systems 
self-association often competes with complexation. 
Therefore, to  understand the origin of the specific 
competitive hydrogen bonding processes that occur in 
flexible host-guest systems, the molecular recognition 
properties of the individual host and guest molecules 
must also be considered. 


As part of a comprehensive study of the molecular 
recognition properties of small organic molecules, we 
have recently reported studies on the host--guest 
chemistry of acyclic imides using co-crystallization as a 
synthetic tool for preparing host-guest complexes. In 
this paper, we focus on the properties of the host alone. 


We find that the hydrogen bond properties that host 
molecules exhibit in the presence of guest molecules can 
often be derived from the way the host molecules bind 
to  themselves in their own homomeric crystal forms. 
The factors contributing to  the observed hydrogen 
bonding patterns include conformational energy pro- 
files and differential steric demands and hydrogen bond 
strengths. In this paper, we show that several common 
features recur in 20 acyclic imide aggregate patterns, 
including that of diisobutyramide (S), whose crystal 
structure is presented here, and report that it is often 
possible to  predict apriori which pattern is expected for 
a particular imide. 


EXPERIMENTAL 


General methods. Melting points were determined 
on  a Fischer-Johns apparatus and are uncorrected. 
Infrared spectra were recorded on a Nicolet SDXB 
Fourier transform spectrometer from Nujol mulls and 
are reported in cm-'. 'H and I3C NMR spectra were 
recorded on IBM NR200AF and Varian VXR-300 spec- 
trometers, respectively, and chemical shifts are reported 
in parts per million (6) from tetramethylsilane. I3C 
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cross-polarization magic angle spinning (CP-MAS) 
NMR spectra were recorded on an IBM NRlOOAF spec- 
trometer operating at a carbon frequency of 25.178 
MHz and with a Doty solid-state probe. 13C chemical 
shifts are reported (6) relative to p-di-tert-butylbenzene 
(CH3 6 3 1 .O). Spectroscopic-grade solvents were used 
for all recrystallizations. Deuterated solvents were 
obtained from Aldrich Chemical. Acyclic imides, 1, 
10-12 and 15-18, were synthesized and their hydrogen 
bonding patterns characterized in the solid state as 
described previously. 4s 


N-Acetylpropionarnide (2). To a stirred solution of 
5.0 g (68 mmol) of propionamide in 25 ml of CCL were 
added 0 - 1  ml of concentrated HzS04 and 4.8 ml 
(68 mmol) of acetyl chloride in 5 ml of CC4 dropwise 
by syringe over 1 h. After refluxing for 10 h, the solvent 
was removed in vocuo. Recrystallization from diethyl 
ether afforded 2 (quantitative yield) as colorless plates: 
m.p. 85-86 "C (lit.6a m.p. 86-87 "C); IR (Nujol), 3271, 
3178, 1761, 1732, 1539, 1506, 1419, 1243, 1178, 1080, 
1036, 995, 938, 879, 808 and 735 cm-I; 'H NMR 
(200 MHz, CDCU), 6 1.13 (t, 3 H, J = 7 * 3  Hz), 2-33 
(s, 3 H), 2.55 (q, 2 H, J =  7.4 Hz) and 9.31 (bs, 1 H); 
I3C NMR (50 MHz, CDCl3), 6 8.4, 25.0, 30.6, 171.3 
and 173.9; 13C CP-MAS NMR (25 MHz), 6 7-5,  24-2, 
30.2, 169.2, 172.7, 176.6 and 178.6. 


Dipropionamide (3). Dipropionamide was obtained 
by acid-catalyzed condensation of propionamide and 
propionyl chloride. 6b Recrystallization from ethanol 
gave colorless plates: m.p. 154-156°C (lit.6b m.p. 
154°C); IR (Nujol), 3177, 3268, 1736, 1507, 1422, 
1366, 1186, 1073 and 723 cm-I; 'H NMR [200 MHz, 


J =  7.4 Hz) and 9.4 (bs, 1 H); I3C NMR (50 MHz, 
CDCl3) 6 8-4 ,  30.7 and 174.2; 13C CP-MAS NMR 
(25 MHz), 6 6.9, 29.9, 171.9 and 179-0. 


(CD3)2CO] 6 1.06 (t, 3 H, J =  7.4 Hz), 2.58 (4, 2 H,  


Di-n-butyramide (4). To a stirred solution of 2.5 g 
(27 mmol) of n-butyramide in 25 ml of CC14 were 
added 0. I ml of concentrated HzS04 and 2.98 ml 
(27 mmol) of n-butyryl chloride in 5 ml of CCL. The 
mixture was refluxed for 6 h, then the solvent was 
removed in vacuo. Recrystallization from light petro- 
leum yielded 1.2 g of pure 4 as a white solid (28% 
yield): m.p. 8 0 4 2 ° C ;  IR (Nujol), 3262, 3177, 1733, 
1503, 1464, 1414, 1341, 1307, 1272, 1169, 1076 and 
724 cm-I; 'H NMR (200 MHz, CDC13), 6 0.97 (t, 3 H, 
J=7 .4Hz) ,  1.67(sext, 2 H ,  J = 7 * 4 a n d 7 . 5  Hz),2.56 
(t, 2 H, J =  7.3 Hz) and 8.28 (bs, 1 H); I3C NMR (50 
MHz, CDCl3), 6 13-9, 18.0, 39.5 and 173.4; I3C 


and 175.8. 
CP-MAS NMR (25MHz), 6 13.5, 16.0, 37.5, 170.8 


Diisobufyramide (5). To a stirred solution of 2.0 g 
(23 mmol) of isobutyramide in 10 ml of freshly distilled 


THF (sodium spheres-benzil ketyl) at 0 'C were added 
9 .2  ml (23 mmol) of 2.5 M n-butyllithium in hexane 
dropwise by syringe. The syspension was stirred for 
10 min and cooled to - 78 C. After stirring for an 
additional 10 min, 2 -4  ml (23 mmol) of isobutyryl 
chloride were added dropwise by syringe. The solution 
was stirred for 10 min and then allowed to warm to 
room temperature, at which time 10ml of saturated 
NH4Cl were added. The white solid was filtered, dis- 
solved in hot water and extracted with EtOAc. The 
organic extracts were combined and the solvent was 
removed in vucuo to yield 5 (1.4 g, 38%): m.p. 
153-155 "C; IR (Nujol), 3263, 3181, 1732, 1521, 1507, 
1463, 1383, 1181, 1169, 1107 and 721 cm-I; 'H NMR 


2.88 (sept, 2 H, J =  6.8 Hz) and 10.4 (bs, 1 H); 13C 
NMR (50MHz, (CD3)2SO), 6 18-9, 34-6 and 177.5; 
I3C CP-MAS NMR (25MHz), 6 16.5, 20.1, 35.0, 
175.7, and 182.6. 


N-Acetyhobutyramide (6). To a stirred solution of 
1 g (1 1.5 mmol) of isobutyramide in 50 ml of toluene 
were added 0.1 ml of concentrated HzS04 and 0.82 ml 
(1 1 * 5  mmol) of acetyl chloride in 5 ml of toluene. The 
mixture was refluxed for 24 h then the solvent was 
removed in vacuo to yield 0.8 4 of pure 6 as a white 
solid (52% yield): m.p. 56-58 C; IR (Nujol), 3276, 
3177, 1733, 1697, 1516, 1466, 1376, 1243, 1188, 1156, 
1108, 1023, 918 and 730 cm-'; 'H NMR (200 MHz, 
CDCl3), 6 1.16 (d, 6 H, J =  6.9 Hz), 2.42, (s, 3 H), 
2.67 (sept, 1 H, J = 6 . 8  Hz), and 8.4 (bs, 1 H); I3C 
NMR (50 MHz, CDCls), 6 18.8,25.3, 35.9, 172-4 and 
176.1; I3C CP-MAS NMR (25MHz), 6 17.6, 23.8, 
35.0, 168.7, 175.1 and 181.2. 


N-(CyclohexylcarbonyI)cyciohexyiamide (7). To a 
stirred solution of 3 g (24 mmol) of cyclohexane car- 
boxamide in 30 ml of freshlr distilled THF (sodium 
spheres-benzil ketyl) at 0 C were added 9.41111 
(24 mmol) of 2.5 M n-butyllithium in hexane dropwise 
by syringe. Theosolution was stirred for 10min and 
cooled to -78 C. After stirring for an additional 
10 min, 3.2 ml (24 mmol) of cyclohexanecarbonyl 
chloride were added dropwise by syringe. The solution 
was stirred for 30 min and then allowed to warm to 
room temperature, at which time 5ml  of saturated 
NH4CI solution were added. The white solid was 
filtered, dissolved in hot water and extracted with 
EtOAc. The organic extracts were combined and the 
solvent was removed in vacuo to yield 7 (4.0 g, 71 Oro): 
m.p. 190-192°C IR (Nujol), 3262, 3170, 1732, 1695, 
1525, 1507, 1464, 1454, 1315, 1244, 1171, 1161 and 
1138 cm-I; 'H NMR [200MHz, (CD3)2CO], 6 
1-26-1.36 (m, 10 H), 1.5-2-5 (m, 10 H), 2-8-3.0 (m, 
2 H) and 9.5 (bs, I H); I3C NMR [50MHz, 
(CD3)2SO], 6 25.3, 25.5, 28.7, 44-3 and 176.4; I3C 
CP-MAS NMR (25 MHz), 6 26.5, 45.1, 174.2 and 


[200 MHz, (CD3)2SO] 6 1.03 (d, 12 H, J =  6.8 Hz), 


180.7. 
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N-(Phenylacety1)phenylacetamide (8). To a stirred 
solution of 1 * 5  g (1 1 mmol) of phenylacetamide and 
0.1 ml of concentrated HzS04 in 20 ml of toluene were 
added 1.5 ml (11 mmol) of phenylacetyl chloride in 
5 ml of toluene dropwise by syringe over 30 min. After 
the solution had been refluxed for 6 h, the solvent was 
removed in vacuo. The solid which remained was 
washed with EtOAc and dried to yield ,8 (0.97 g, 36%) 
as a pale yellow solid: m.p. 193-195 C; IR (Nujol), 
3262, 3170, 1729, 1526, 1496, 1456, 1419, 1346, 1319, 
1226, 1139, 726, 697 and 690cm-I; 'H NMR 
[(CD3)2SO], 6 3.86 (s, 4 H), 7.29 (m, 10 H) and H(N) 
not found; I3C NMR [50 MHz, (CD3)2SO], 6 43.3, 
126.8, 128.4, 129.7, 134.8 and 171-9; I3C CP-MAS 
NMR (25 MHz), 6 42.4, 125.7, 127.6, 130.6, 135.3, 
170.0, and 176.1. 


Dipivalamide (9). To a stirred suspension of 
pivalamide (2 g, 19-8 mmol) in 20 ml of freshly distilled 
THF at O'C were added 7 .9ml  of 2.5 M n- 
butyllithium (19.8 mmol) by syringe. The solution was 
stirred at 0 "C for 10 min and cooled to - 78 "C, then 
2.4 ml of pivaloyl chloride (19.8 mmol) were added 
dropwise by syringe. The mixture was stirred for 
lOmin, warmed to 0°C and quenched with saturated 
ammonium chloride. The white solid was collected by 
filtration and purified by flash chromatography (5% 
ethyl acetate-hexane) to afford 3.4 g (94% yield) of 9: 
m.p. 107-110°C (lit.4 m.p. 109°C); IR (Nujol), 3408, 
3382, 1750, 1460, 1401, 1377, 1132and 1111 cm-'; 'H 
NMR [200 MHz, (CD3)2SO] 6 1.19 (s, 18 H) and 8.96 
(bs, 1 H); I3C NMR [50 MHz, (CD3)zSOI 6 26.6, 40.4 
and 176.0; I3C CP-MAS NMR (25 MHz), 6 27-6,40.9, 
174.0 and 179.8. 


N-Isobutyrylbenzamide (13). To a stirred solution of 
5 g (41 mmol) of benzamide in 20 ml of hot acetonitrile 
were added 4.3 ml (41 mmol) of isobutyryl chloride in 
5 ml of acetonitrile dropwise. After the solution had 
been refluxed for 2 h, it was poured over 100 ml of ice 
and warmed to room temperature. The solid was 
filtered, washed with 5% NaHCO3 and recrystallized 
from methanol-water to yield 13 (3.2 g, 40%) as a 
white crystalline solid: m.p. 156-157 "C (lit.4 m.p. 
156°C); IR (Nujol), 3267, 3157, 3062, 1749, 1722, 
1683, 1673, 1601, 1581, 1505, 1488, 1465, 1385, 1273, 
1182, 1153, 1105, 708 and 688cm-I; 'H NMR 


(sept, 1 H, J = 6 . 8 H z ) ,  7.46-7-64 (m, 3 H ,  
J = 7 * 6 H z ) ,  7.84 (d, 2 H ,  5 = 6 . 8 H z )  and 8.5 (bs, 
1 H); I3C NMR [~OMHZ,  (CD3)zSO], 6 19.0, 34.8, 
128.5, 132-7, 133.9, 166.6 and 178.0; I3C CP-MAS 
NMR (25MHz), 6 16.5, 20.6, 35.3, 127.6, 129.1, 
132.0, 134.0, 165.5, 172.2, 177.7 and 184-2. 


(200 MHz, CDCl3) 6 1.25 (d, 6 H, J =  6.8 Hz), 3.65 


N-Pivaloylbenzamide (14). To a stirred suspension 
of benzamide (3 g, 24.8 mmol) in 20 ml of freshly dis- 


tilled THF at 0 ° C  were added 9.9 ml of 2.5 M n- 
butyllithium (24-8 mmol) by syringe. The soluLion was 
stirred at 0 "C for 10 min and cooled to - 78 C, then 
3.1 ml of pivaloyl chloride (24.8 mmol) were added 
dropwise by syringe. The mixture was stirred for 
10 min, warmed to 0 "C and quenched with saturated 
ammonium chloride. The solid precipitate was collected 
by vacuum filtration, washed and dried to yield 1 - 6  g 
(32% yield) of 14: m.p. 124-126aC; IR (Nujol), 3311, 
1733, 1685, 1507, 1480, 1447, 1258, 1133, 699, 669 and 
630cm-'; 'H NMR (200MHz, CDCl,), 6 1-33 (s, 
9 H), 7.44-7.58 (m, 3 H, J values include 5.7, 5.8, 
6.9 and 1.7 Hz), 7.74 (d, 2 H, J = 6 - 7  and 1.7 Hz) 
and 8.5 (bs, 1 H); I3C NMR (50 MHz, CDC13), 6 27-1, 
40.6, 127.8, 128-8, 132.8, 133.9, 166.5 and 176.3; 
I3C CP-MAS NMR (25MHz), 6 25.9, 40.2, 128.0, 
131.1, 136.1, 165-6, 173.0, 174.5 and 181.5. 


Polymorphism. Polymorphs of acyclic imides were 
identified using powder x-ray diffraction (XRD), solid- 
state IR, melting point analysis, optical microscopy and 
I3C CP-MAS NMR. Single crystals were isolated when 
possible and characterized by their different melting 
points and solid-state IR spectra. Bulk powder samples 
having melting points and IR spectra identical with 
those of the single crystal forms were then analyzed 
using XRD and I3C NMR. XRD was also used to show 
that the samples were homogeneous. 


Crystal structure determination for 5.' Data were 
collected on an Enraf-Nonius CAD4 diffractometer 
with graphite monochromated Mo K a  radiation 
(A = 0.71069) using the w-20 scan technique. Lattice 
parameters were obtained from least-squares analysis of 
25 reflections. Structure was solved by direct methods 
with MITHRIL and DIRDIF. All non-hydrogen 
atoms were refined anisotropically. All NH protons 
were refined isotropically. The other hydrogen atoms 
included in the structure factor calculations were placed 
in idealized positions (dC-H = 0.95 A )  with assigned 
isotropic thermal parameters (B = 1.2B of bonded 
atoms). The experimental details of the x-ray analysis 
of 5 are given in Table 1. The last entry in Table 1 gives 
the graph set, which is a representation of the topology 
of hydrogen-bonded sets of molecules in the crystal.* A 
description of how this assignment was made and of 
how to use graph sets to analyze acyclic imide patterns 
will be given in a future paper. 


*The  notation used in graph set analysis is G;(r) .  The pattern 
designator, G ,  is assigned as S = intramolecular (or self), 
D = a non-cyclic finite pattern (e.g. a dimer), R = a cyclic finite 
pattern (ring) or C =  an infinite pattern (chain). The 
parameters a and d refer to  the number of acceptors and 
donors participating in the hydrogen bond, respectively. The 
degree or 'size' of the pattern, r ,  is given in parentheses. For 
a detailed discussion of graph set analysis, see Ref. 10. 
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Table 1. Crystallographic data for 5 


CsHisNOz 
157.21 
Iba2 


8.992 (2) 
12.139 (2) 
8.876 (3) 


90.0 
90.0 
90.0 


968.8 (7) 
4 
1.08 
0.50 x 0.40 x 0.30 


p (Mo K , a )  (cm-') 


No. of unique data, total 
No. of data used 
R" 
R w  


Range of hkl 


TCC) 


20max(') 


(Shift/error),,, 
Largest peak (e- A - 3 )  


Graph set 


0.72 
23(1) 


1122 
828 


0.034 
0.042 


O < h < l l  
53.9 


- 15 < k < 15 
- l o < / <  1 1  


0.44 
0.10 


C: (4) IR %)I 


Molecular modelling. The energy minima of the 
possible planar cis-cis, cis-trans and trans-trans con- 
formers of the arylalkyl imides were calculated with 
Macromodel, a molecular mechanics program using 
the AMBER" force field. 


RESULTS 


The detailed patterns of hydrogen bonding and the 
forces contributing to these patterns were studied for a 
series of acyclic imides. Fifteen acyclic imides, 1-15, 
having no hydrogen-bonding functional groups other 


Imide 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
I1 
12 
13 
14 
15 
16 
17 
18 


R'  
-CH3 
-CHzCH3 
-CHzCH3 
-CH2CHzCH3 
--CH(CH~)Z 
--CH(CH3 12 
--CH(CH2)s 
-CHzPh 
-C(CH3 13 
-Ph 
-Ph 
-Ph 
-Ph 
-Ph 
-Ph 
-(2-OH)Ph 
-(2-OH)Ph 
-(2-OH)Ph 


than -CONHCO-, and three having an additional 
hydroxyl group (16-18) were synthesized and their 
hydrogen bonding patterns characterized (details of the 
spectroscopic characterization will be given 
elsewhere 13). Herein is presented the crystal structure 
of 5. The hydrogen bonding patterns of all 18 imides 
are also presented and interpreted in terms of confor- 
mational and hydrogen bonding preferences and solid- 
state packing efficiency. 


Crystallographic studies of acyclic imides 


Acyclic imides may exist in three planar conformations, 
cis-cis, cis-trans and trans-trans, differentiated by the 
relative positions of the carbonyl groups with respect to 
the central NH bond. Previously reported x-ray crystal 
structures of acyclic imides (uncomplexed and with no 
hydrogen bonding functional groups present in the R 
groups) show that the trans-trans conformation is 
found in six (ID, 3, 9, lop, 13 and 15) of the nine 
known structures. 5a314*15 The other three imides, la ,  11 
and 12, adopt the cis-trans conformation in the solid 
state. 


R R' R O  0 0  


I1 I1 t 1  


cis -cis cis - t ratis wcins-trans 


The x-ray crystal structure of 5 was determined to 
provide an insight into the role that substituents play in 
determining the molecular conformation and the 
hydrogen bonding and packing patterns of this class of 
compounds. Diisobutyramide, 5, is a sterically hindered 
dialkyl imide and is found in the trans-trans conforma- 
tion in the solid state [Figure I(a)] . 


Deviations of the -CONHCO- moiety from 
planarity due to repulsive 1,5 interactions between the 
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a. 


" W  - -" -u - 
Figure 1. (a) Molecular geometry and hydrogen bond scheme of 5. Molecules of 5 are observed in the trans-trans conformation 
and are hydrogen bonded in chains linked by bifurcated NH...O hydrogen bonds between screw-related molecules. In this structure, 
the hydrogen bond chains are oriented parallel to one another. Thermal ellipsoids are depicted at  50% probability. Dashed lines 


indicate hydrogen bonds. (b) Stereoscopic view of the unit cell of 5 ,  viewed along [loo] 


two oxygen atoms are seen in 5.  These distortions lead 
to an increase in the O...O:eparation in 5 from an ideal 
distance of abfut 2.4  A ,  assuming normal bond 
lengths and 120 bond angles, to 2.758 (3) A .  


All imides have two potential hydrogen bond accep- 
tors (C=O) and one hydrogen bond donor (NH), which 
are used in different ways in the three different 
hydrogen bonding patterns observed previously for nine 
known acyclic imides. The cis-trans conformers always 


occur in a dimeric hydrogen bond pattern (hereafter 
called aggregate A) and all trans-trans conformers, 
except 9, occur in chains. Usually the molecules in the 
chains are linked by bifurcated hydrogen bonds 
(aggregate B), but one structure (lop) has been found 
having the trans-trans imide linked into chains by two- 
centered hydrogen bonds (aggregate C). In aggregates 
A and C ,  only one of the hydrogen bond acceptors is 
used in forming hydrogen-bonded dimers and chains, 


fJN'AR 
1 


I R 


I !' 
A R c 
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Table 2. Hydrogen bond geometries and selected intra- and 
intermolecular bond lengths for 5 


respectively. The trans-trans conformers in aggregate B 
use both hydrogen bond acceptors in forming chains 
linked by bifuracated NH...O hydrogen bonds, interac- 
tions which stabilize the trans-trans conformation in 
the solid state. '* 


The expected hydrogen bonding pattern for 
trans-trans imides, B, is observed in 5 [Figure I(a)] . 
The bifurcated hydrogen-bonded chains are linked by 
NH...O hydrogen bonds from the N H  of one molecule 
to t t e  carbonyl groups of its aeighbor "H.e.0 = 2-34 
(3) A ,  N(H)..-O = 2.980 (2) A ] and are oriented along 
the c axis. The hydrogen bond geometries and selected 
intra and intermolecular bond lengths found in the 
structure of 5 are given in Table 2. 


The unit cell packing pattern of 5 is shown in 
Figure I(b). The mean molecular glane of one imide 
makes a dihedral angle of about 75 with screw-related 
molecules in the hydrogen bond chain. These hydrogen 
bond chains in 5 are all oriented in the same direction. 


Comparative molecular conformations and hydrogen 
bond patterns of acyclic imides 
h i d e s  2, 4, 6-8, 1Oa and 14 were also synthesized and 
their hydrogen bonding patterns characterized by non- 
crystallographic means using solid-state IR and solution 
and solid-state I3C NMR.5 Assignments of their 
hydrogen bond aggregates were made by extending cor- 
relations previously made between the spectral data of 
imides 1, 3, 5, 9, 100, 11-13 and 15, and specific struc- 
tural features observed in their x-ray crystal structures. 


By solid-state IR, imides 2,4 ,6-8  and 14 were found 
to be in the trans-trans conformation, whereas lOa was 
cis-trans, with the acetyl carbonyl cis and the benzoyl 
carbonyl trans. This cis-trans imide conformation is 
also observed in the other arylalkyl imides (11 and 12), 
where the alkyl group is primary. Both the trans-trans 
and the cis-trans conformations are observed in two 
separate polymorphs of 10 (a and p),  but only one 
polymorph of 11 or 12 has yet been isolated. 


We modelled the four possible planar imide con- 
formers of 10-13 and 15 and determined their energies 
using Macromodel. The results of the energy minimiza- 
tions are shown in Table 3. As expected, the cis-trans 
conformers observed in the solid state (column 4, Table 
3) were found to be the most stable in 10-12. The 
energy difference between the most stable cis-trans 
form and trans-trans form is smaller in 10 than it is in 
11 or 12, however (0.12 kcalmol-' in 10 vs 
0.29 kcalmol-' in 11 and 12). This finding suggests 
that 10a and -0 are relatively close in energy so that 
either conformation is possible in the solid state. It is 
not clear that a 0.29 kcalmol-' energy difference 
should be consistent with polymorph formation, but to 
date none have been found for 11 and 12. 


Bulkier substituents (secondary, tertiary, phenyl) 
force the arylalkyl imides (13-15) into the trans-trans 


Table 3. Conformational energies (kcal mol- ' )  of arylalkyl h idesa  


0 0  R O  


Imide R I-t c-I t-c C-C 


10 Me 2.02 
11 Et 3.39 
12 "Pr 4.00 
13 'Pr 4.08 
15 Ph 11.58 


1.90 4.44 8.42 
3.10 5.73 9-61 
3.71 6.36 10.13 
5.55 6.41 12.33 


13.12 13.12 16.84 


Energies calculated using Macromodel (AMBER force field). 
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Table 4. Acyclic imide hydrogen-bond patterns 


Solid-state 
lmide R R' aggregate 


1% P 
2 
3 
4 
5 
6 
7 
8 
9 
IOa ,  P 
11 
12 
13 
14 
15 
16 
17 
18 


-CH3 
-CH3 
-CH2CH3 
-CH2CHzCH3 
-CH(CH3)z 
-CH(CH3)2 
-CH(CH2)s 
-CHzPh 
-C(CH,h 
-Ph 
-Ph 
-Ph 
-Ph 
-Ph 
-Ph 
-(2--OH)Ph 
-(2--OH)Ph 
-(2-OH)Ph 


-CHI A, B 
-CH2CH3 B a  
-CH2CH3 B 
-CH2CH2CH3 Ba 
-CH(CH3)2 B 
-CH3 C" 


Ba 
Ba 


Aa,C 
A 
A 
B 
Ba 
B 


b 


c 


c 


a Proposed hydrogen bond aggregate. 
bDoes not form hydrogen bonds in the solid state. 
' 1 s  involved in a different hydrogen bond aggregate. 


conformation to avoid the destabilizing 1,5 steric 
interactions between the alkyl groups and their 
neighboring benzoyl oxygens. Macromodel also showed 
that the fruns-trans forms of 13 and 15, which are 
observed in the solid state, are their lowest energy con- 
formers (Table 3). 


Hydrogen bonding interactions were characterized 
using solution and solid-state NMR. The NMR studies, 
coupled with the IR results, showed that the expected 
eight-membered ring dimer (aggregate A) is formed in 
10a. Imides 2, 4, 7, 8 and 14 were found to  form B-type 
aggregates and 6 to form the relatively rare C-type 
aggregate. In this aggregate, the isobutyryl carbonyl 
group of 6 participates in hydrogen bonding and the 
acetyl carbonyl group is free. Table 4 summarizes the 
hydrogen bonding patterns observed for imides 1-18. 


So far we have focused on acyclic imide analogs that 
d o  not have any hydrogen bonding functionality other 
than the imide moiety itself. Intramolecular interactions 
with competitive functional groups can interfere with 
the inherent selectivity of the imide group as it forms 
intermolecular hydrogen bonds. Examples of how 
imide hydrogen bonding preferences are changed by 
introducing intramolecular hydrogen bonding func- 
tional groups are provided in the crystal structures of 
three salicylamide derivatives 16-18. 5b*'6 


Interestingly, the molecular conformations of the 
imide fragments in 16-18 are the same as in the corre- 
sponding arylalkyl imides (1001, 11 and 15) having no 
ortho-hydroxyl groups. The addition of the hydroxyl 
group dramatically changes the structures of the 
hydrogen bond aggregates, however. In 16, the antici- 
pated eight-membered ring dimer of 10a is disrupted by 
the additional hydroxyl group, which hydrogen bonds 
to  the imide NH. This same NH...O(H) interaction in 
18 disrupts the anticipated hydrogen bond chain that is 
observed in 15. In 17, however, the additional O H  
proton donor is accommodated most efficiently by 
simply bonding to the otherwise unused benzoyl 
oxygen. 


DISCUSSION 


Conformational preferences, hydrogen bonding inter- 
actions and crystal packing forces play key roles in 
determining the patterns of the solid-state aggregates of 
acyclic imides. In the absence of hydrogen bonding 
interactions or packing considerations, we might expect 
to see imides in the stable cis-trans conformation, 
which has a lower dipole moment and predominates in 
solution for all analogs except 9.  " In concentrated sol- 
utions and in the solid state, cis-frans imides form 
eight-membered ring hydrogen bond dimers (A). This 
aggregate is stabilized by strong two-centered hydrogen 
bonds from the N H  of one moleple  to the cis carbonyl 
group of the other in the dimer pair, but is destabilized 
by not using the trans carbonyl group in hydrogen 
bonding. 


16 1 7  18 
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In the solid state, where intermolecular hydrogen 
bonding interactions and crystal packing forces become 
important, the imides occur predominantly in the 
trans-trans conformation. Imides adopting this confor- 
mation form chains linked by either three-centered (B) 
or two-centered (C) hydrogen bonds. A common 
feature of all three hydrogen bond aggregates is that 
only the syn lone pairs of electrons are used in 
hydrogen bonding. Of the syn lone pairs, only those on 
the trans carbonyl oxygens of cis-trans imides are not 
used in hydrogen bonding. 


0 
R’ 0 


I I  


cis-lrms tmis-trans 


Acyclic imides not only form predictable aggregate 
structures, but these aggregates have been found to 
pack in predictable patterns themselves. h i d e s  in 
A-type hydrogen bonding patterns are most frequently 
found in sheets, while B- or C-type chains pack closely 
in columns. 


How conformational preferences, hydrogen bonding 
interactions and crystal packing contribute to the stabi- 
lization of specific solid-state aggregates is determined 
primarily by the nature of the R and R‘  groups. The 
conformational preferences of the arylalkyl imides, for 
example, can be understood from analysis of the steric 
requirements of their R and R’ groups. In 10a, 11 
and 12, the primary alky groups are not sterically 
demanding, so the cis-trans conformation is found. 
Increasing the bulk of the alkyl groups destabilizes the 
cis-trans form relative to the trans-trans conforma- 
tion, so the latter is observed in all arylalkyl imides 
(13-15) substituted with secondary, tertiary or phenyl 
groups. The occurrence of two conformers of 10 
(R = Me) has been explained in terms of the similar 
conformational energies for the two forms. 


Rationalizing the formation of specific aggregates 
based on the steric requirements of the R groups alone 
represents an oversimplification of what is occurring in 
the solid state, however. For example, steric consider- 
ations cannot be used to explain the conformational 
preferences and occurrence of B-type hydrogen bonding 
patterns of the diacylamines 10 and 2-4 (Table 4). In 
these imides, both R groups are primary and therefore 
not sterically demanding, so the cis-trans conformation 
would be expected. By forcing imides clearly preferring 


the cis-trans conformation into the trans-trans form, 
the three-centered hydrogen bonds in aggregate B 
apparently stabilize h i d e s  to a greater extent than does 
one strong, two-centered hydrogen bond to a single 
carbonyl group, leaving the other group free, as in 
aggregate A. 


If B-type aggregates are observed when the R groups 
are small, and increasing the size of the substituents 
only serves to stabilize the trans-trans conformer rela- 
tive to the cis-trans form, the imides should always be 
trans-trans in the solid state. Other arguments, such as 
crystal packing, are therefore needed to explain the for- 
mation of cis-trans imide dimers (A) in the solid state. 
The B-type aggregates are observed for imides bearing 
large and small substituents, but only when R and R’ 
are of comparable shape and size. When the substi- 
tuents have significantly different spatial requirements, 
the A- or C-type aggregates form preferentially. This 
relationship between R group compatibility and prefer- 
ential aggregation suggests that the bifurcated hydrogen 
bond chains form the highest density structures when 
the R groups are comparable in shape and size. Alterna- 
tively, when the spatial requirements of the substituents 
are mismatched, the A- or C-type aggregates are 
observed because they close pack more efficiently. 
Other packing forces, such as dipolar interactions, may 
also be influencing the aggregate patterns. With the 
limited data set, however, it i s  very difficult to assess the 
role of these interactions in the overall packing of the 
h ides .  We have previously observed in 1@ and 2-4 that 
the stabilization provided by specific hydrogen bonding 
interactions can override irnide conformational pre- 
ferences. We now find that packing effects may pre- 
clude the formation of the most stable B-type hydrogen 
bond aggregates. 


Since bifurcated hydrogen bond chains are observed 
only when the R groups are comparable in shape and 
size, the formation of this aggregate pattern in 13 may 
serve as an indication that isopropyl and phenyl groups 
are isosteric. The similar “spatial requirements of 
isopropyl and phenyl groups have been previously 
observed in the elegant studies carried out by Endo, 
whereby the acylurea framework was used to evaluate 
the role of shape similarity in molecular recognition. ’’ 
Endo found that crystalline 1:l complexes of sub- 
stituted acyclic acylureas, including the complex 
of l-isopropyl-3-(p-nitrobenzoyl)urea and I-(p- 
dimethylaminophenyl)-3-phenylurea (see formula), can 
be formed provided that the shapes of the R groups are 
comparable. l 9  


The compatibility of these R groups in acyclic imides 
is evident when comparing 5 ,13  and 15, the only imides 
to form bifurcated hydrogen bond chains and to 
crystallize in polar space groups (all other imides in this 
study forming the B-type aggregate are in centric space 
groups). The hydrogen bond chains in 5, 13 and 15 are 
all oriented along the c axis [Figures 2(a)-(c)], and the 
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0,N 


0 I I  


b. 


C -  


Ctl, 0 CII, 


1 3  


molecules pack in layers. The c axes of*these analogs 
are similar (c= 8.876, 9.009 and 9.001 A in 5, 13 and 
15, respectively), indicating that the isopropyl and 
phenyl groups have at  least one dimension in common, 
and the groups orient so their common dimensions are 
parallel to  the chain direction. 


Figure 2. Bifurcated hydrogen bond chains of (a) 5, (b) 15 and 
(c) 13. These imides crystallize in polar space groups, with the 
chains formed along the c axes and oriented parallel to one 
another. The chains pack with the imides in layers in these 
structures. The repeat units are all equally spaced as evident by 
the very similar unit cell lengths along the chains ( c =  8.876, 


9.009 and 9.001 A in 5 ,  13 and 15, respectively) 


The packing of the hydrogen bond chains of 5, 13 
and 15 in the a and b directions is shown (Figure 3), 
from which the spatial requirements of the substituents 
in these directions are seen. In diisobutyramide, 5, the 
isopropyl groups in the neighboring chains appear to be 
pointing at one another [Figure 3(a)]. The phenyl 
groups in 15, on the other hand, prefer to be in the 
grooves of the neighboring chains [Figure 3(b)]. When 
these groups are present in the same molecule, as in 13, 
the phenyl and isopropyl substituents partition them- 
selves [Figure 3(c)], so that the phenyl groups are only 
interacting with phenyl groups and the isopropyl groups 
are only seeing other isopropyl groups. In this struc- 
ture, the phenyl groups in the grooves formed by 
neighboring chains and the isopropyl groups appear to 
be interacting head on, just as they do in 5 and 15. 


The arrangement of the isopropyl and phenyl groups 
in 13 suggests that these substituents are isosteric since 
the groups pack as if they and their partners were the 
same. Despite the similar spatial requirements of the 
substituents, there is no disorder in this structure. This 
finding is not surprising since isopropyl and phenyl 
groups are not isoelectronic. Clearly the attractive dis- 
persive forces of the isopropyl>groups and the dipolar 
interactions between phenyl groups dictate that these 
substituents will be partitioned in 13. 


The similarity between the packing of isopropyl and 
phenyl substituents is also revealed in 6 and lop, the 
only imides to  form the anomalous C-type aggregates 
shown. The hydrogen bond aggregates of these analogs 
are identical, presumably because each analog has a 
methyl group as one of its substituents and the other 
groups (phenyl and isopropyl) are comparable in shape 
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a .  


b. 


C .  


isopropy I 
groups 


phenyl isopropyl 
groups groups 


Figure 3.  Crystal packing of the bifurcated hydrogen bond 
chains of (a) 5,  (b) 15 and (c) 13 as seen along the chain axes. 
The isopropyl groups in neighboring chains appear to be 
pointing toward one another in (a). The phenyl groups in (b) 
prefer to position themselves in the grooves of the neighboring 
imide chains. In (c), the phenyl and isopropyl groups of 13 
partition themselves. Both the isopropyl and phenyl regions in 
13 are identical with the corresponding regions of 5 and 15, 
with the isopropyl groups directed at one another and the 
phenyl groups in the grooves of neighboring chains. The 
arrangement of the isopropyl and phenyl groups in 13 


indicates that these groups are isosteric (as in 5 and 15) 


and size. It is reasonable to expect that a B-type aggre- 
gate should not form in 6 or lop since the two R groups 
are significantly different in size, thus preventing the 
bifurcated hydrogen bond chains from close packing 
efficiently. What is unexpected in these structures is that 
the less stable trans-trans conformation is present even 
though it is not stabilized by bifurcated hydrogen 
bonding interactions. In 10, the conformational ener- 
gies of the cis-trans and trans-trans forms (columns 3 
and 4, Table 3) are similar, so it is not unreasonable to 
find the only slightly less favorable conformation in the 
solid state. 


From the previous analyses, diacetamide, la, can be 
viewed as an anomaly since both R and R ’  are small, 
and packing of trans-trans chains should not be prob- 
lematic. That la is the stable form of this imide again 
indicates that packing influences are as important as 
conformational preferences or hydrogen bonding inter- 
actions in determining the structures of the solid-state 
molecular aggregates. 


CONCLUSIONS 


We have demonstrated in our systematic studies of the 
molecular recognition properties of acyclic imides that 
it is possible to determine how crystal packing forces, 
hydrogen bonding and conformational preferences 
balance one another in forming specific hydrogen 
bonding patterns. The size and shape of the R and R’  
groups seem to play a major role in determining how 
acyclic imides prefer to aggregate. Certain features are 
common to the nine crystal structures ( la ,  lp, 3, 9, 
106, 11-13 and 15) from the literature, the crystal 
structure (5) presented in this paper and the five other 
solid-state aggregates of simple (no additional hydrogen 
bonding substituents) acyclic imides that have been 
characterized spectroscopically: 


1. 


2. 


3. 


4. 


5 .  


The NH protons and at least one carbonyl oxygen 
are used in hydrogen bonding. 
Only the syn lone pairs of electrons of the carbonyl 
groups are used in hydrogen bonding. 
Cis-trans imides (three crystal structures) pack in 
A-type hydrogen bond patterns. 
Trans-trans imides (five crystal structures) usually 
form B-type hydrogen bond chains, but C-type 
aggregates (one crystal structure) are also possible. 
When the R and R ’  substituents are comparable in 
shape and size, B-type aggregates are observed. 
When they have significantly different spatial 
requirements, A- and C-type aggregates form. 


These correlations should be useful for predicting a 
priori which of several possible hydrogen bond patterns 
will form for new acyclic imides in the solid state. 
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Sugar ring conformations of a number of 2' - and 3 '  -substituted 2',3' -dideoxyribonucleosides were determined in 
'H2O by 'H NMR spectroscopy. First-order rate constants for the cleavage of their N-glycosidic bond in aqueous 
acid were measured. The dependence of sugar ring conformation and hydrolytic stability on the polar nature of the 
2'/3'-substitutent is discussed. 


INTRODUCTION 


In addition to 3 '-azido-3 ' -deoxythymidine, the gen- 
erally known inhibitor of human immunodeficiency 
virus (HIV), several 2' ,3 ' -dideoxyribonucle~sides,~-~ 
their 3'-azido5"' and 3'-fluoro derivatives, 3+7910-17  


and 2'  ,3 ' -didehydro  analogue^^^'^*^^*'^-^^ show 
marked anti-HIV activity. 2' -Substituted 
2 ' ,3 ' -dideoxyribonucleosides are in this respect less 
promising, although 2' ,3'-dideoxy-2'-fluororibo- 
nucleosides have been reported to exhibit some 
activity. 22*23 The relationship between structure and 
selective inhibition of HIV-1 replication in vitro has 
been reviewed. 24 


In view of the potential antiviral activity of 2'- and 
3 '-substituted 2' ,3 '-dideoxyribonucleosides, the con- 
formations that these compounds adopt in aqueous sol- 


* Author for correspondence. 
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ution are of considerable interest and may help in 
understanding their biological function, although the 
preferred conformation does not necessarily relate 
directly to the biological activity. X-ray structures 
have been reported for 2' ,3 ' -dideoxycytidine, 25*26 
3 ' -deoxythymidine,26 3 -deoxy-2' -fluorothymidine, 27 


2' -azido-3 ' -deoxythymidine2' and several 
2 '  ,3'-dideo~y-3'-fluoro-~~~~~-~~ and 3'-azido-2',3'- 
dideoxyribonucleosides. 34-42 The data on conforma- 
tions in solution are more scanty, being limited to NMR 
spectroscopic studies on 3 ' -azido-3 ' -deox~thymidine~~ 
and 2 ' -  and 3'-halo-substituted pyrimidine 
nucleosides. 44 The results of these studies, together 
with comparative laser Raman spec t ros~opy ,~~  suggest 
that the solid-state structures do not adequately rep- 
resent the conformational behaviour in solution. 
3 ' -Azido-3 ' -deoxythymidine, for example, exists in 
dimethyl sulphoxide as a mixture of C-2'-exo/C-3 '- 
endo and C-2' -endo/C-3' -ex0 conformers, the former 
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puckering being slightly favoured.43 However, the com- 
pound crystallizes as a mixture of C-2'-endo/C-3 '-ex0 
and C-3 ' - exo/ C-4 ' - endo forms. 35-39 


To obtain more extensive data on conformations of 
potentially antiviral nucleoside analogues in aqueous 
solution, in this work vicinal 'H, 'H coupling constants 
of sugar protons of a great variety of 2 ' -  and 3'-  
substituted 2' ,3 ' -dideoxyribonucleosides were deter- 
mined in 'Hz0. The results are compared with the 
known solid-state conformations, and the effect of the 
polar nature of the 2'/3'-substituent on conforma- 
tional parameters is discussed. 


Hydrolytic Stability is a factor that affects the 
applicability of nucleoside analogues as antivirals. To 
elucidate this property, first-order rate constants for 
cleavage of the N-glycosidic bond of a number of 2 ' -  


and 3 ' -substituted 2 ' ,3 ' -dideoxyribonucleosides were 
determined in 0- 1 m ~ l d m - ~  hydrochloric acid. The 
hydrolytic stability is correlated with the polar nature of 
the 2'/3'-substituent. 


RESULTS AND DISCUSSION 


Conformational analysis 


Tables 1 and 2 record the 'H NMR chemical shifts for 
the 2 ' ,3 ' -dideoxyribonucleosides studied (structures 1 
and 2). The vicinal 'H,'H coupling constants of the 
sugar protons are listed in Tables 3 and 4. The pseudo- 
rotation parameters, which define the sugar ring puck- 
ering, were calculated from these values by applying the 
two-state (N and S) model of Haasnoot et al.46 For the 


Table 1. 'H NMR chemical shifts of 3'-substituted 2',3'-dideoxyribonucleosides in 'H20a 


~ -~ ~ 


€3 x H-I' H-2' H-2" H-3' H-4' H-5' H-5" X B 
~ 


A 
A 
A 
G 
C 
C b  
Cb 
C 
T 
T 
T 
T 
T 
T 


C 


d 


~~ 


OCH2SCH3 6.32 2.74 2.60 4.64 4.25 3.81 3.76 2.18, 4.75, 4.79 
OCH2SOzCH3 6.44 2.86 2.76 4.78 4.39 3.81 3.79 3.12, 4.86 
N3 6.39 2.93 2.67 4-55 4.17 3.84 3.78 
OCH2SCH3 6.24 2.79 2.62 4.65 4.23 3.80 3.76 2.19, 4.77, 4.80 
OCH3 6.18 2.29 2.57 4.12 4.18 3.81 3.74 3.39 
OCHzSCH3 6.21 2.37 2.60 4.49 4.21 3.84 3,76 2.17, 4.73, 4.76 
OCHzOCHs 6.21 2.28 2.52 4.36 4.14 3.81 3.75 3.40, 4.74, 4.76 
OCH2Nj 6.21 2.31 2.56 4.42 4.17 3.80 3.75 4.80, 4.83 
OCH2SCHj 6.24 2.37 2.49 4.50 4.13 3.83 3.77 2.18, 4.73, 4.77 
OCH20C(CH3)3 6.22 2.33 2.48 4.41 4.11 3.81 3.74 1.25, 4.86, 4.88 
OCH20CH3 6.24 2.38 2-49 4.40 4.13 3.83 3.76 3.41, 4.75, 4.77 
OCHzN3 6.24 2.41 2-52 4-46 4.16 3-83 3-78 4.82, 4.85 
OCH2CN 6.25 2.38 2.50 4.47 4.15 3.82 3.77 4.90 
F 6.30 2.36 2.61 5.31 4.34 3.78 3.78 
N3 6.15 2.49 2.53 4.31 4.02 3.86 3.77 
F 6.29 2.35 2.69 5.32 4.38 3.79 3,79 
F 6.24 2.32 2-79 5.31 4.44 3.80 3.78 


8.10, 8-20 
8.21, 8.27 
8.20, 8.28 
7,97 
6.18, 8.00 
6.22, 8.06 
6.02, 7.77 
6.02, 7.77 
1.89, 7.61 
1.87, 7.60 
1.88, 7.60 
1.88, 7.60 
1.88, 7.60 
1.86, 7.63 
8.12 
8.12 
8.63 


'For B and X see structure 1. 
Hydrochloride. 
5-Chlorouracil. 
5-~yanouracil. 


Table 2. 'H  NMR chemical shifts of 2'-substituted and 2',3'-disubstituted 2',3'-dideoxyribonucleosides in 
'H20" 


T H N3 5.86 4*4b  2.14 2.10 4.4b 3.93 3.74 1.85, 7.63 
T H F 5.99 5.34 2.27 2.13 4.50 3.96 3.75 1.85, 7.67 
T F F 6.09 5.28 5.42 4.42 3-88 3-83 1.86, 7.59 


aFor B, X and Y see structure 2. 
bApproxirnate values, due to overlapping. 
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1 2 


phase angle, PN,  and amplitude, +N, of pseudo- 
rotation of the C-2'-exo/C-3'-endo (N-type) con- 
former, constrained values46 of 9-5" and 35.3" were 
usually employed. However, in cases where the N-type 
conformer predominates the data were recalculated 
with theo S form constrai2ed to typical values of 
PS = 164 and +s = 38.8 . With 3'-deoxy-2',3'- 
difluorothymidine the amplitudes, % and +s, were 
constrained to the values obtained with the N con- 


former of 3 ' -deoxy-2' -fluorothymidine and S con- 
former of 3 '-deoxy-3 '-fluorothymidine, leaving PN, Ps 
and xN adjustable. A value of 1-05 was used for the 
Huggins electronegativity of the azido group. Rotation 
of the hydroxymethyl group about the C-4'-C-5 ' 
bond was described by populations of the conventional 
gg, gt and tg forms.47 The conformational parameters 
obtained are given in Tables 5 and 6. 


The data in Table 5 show that alkylation of the 3'- 
hydroxyl group of 2' -deoxyribonucleosides has only a 
moderate effect on the relative stability of C-2 ' -em/ 
C-3'-endo (N) and C-2'-endo/C-3'-exo (S) con- 
formers, irrespective of the structure of the alkyl group. 
As with the parent nucleosides, the S type of puckering 
is favoured, the mole fraction, XN, of the N form 
ranging from 0.2 to 0.3. Only the 3'-0-CHzSOzCH3 
derivative of 2 ' -deoxyadenosine exhibited a slightly 


Table 3. Vicinal 'H,'H coupling constants of the sugar protons of 3'-substituted 
2 ',3 -dideoxyribonucleosides in 'H2O" 


J (W 


B x 1'J' 1',2" 2',3' 2",3' 3',4' 4 ' 3 '  4',5" 


A OCHISCH~ 7.9(2) 6.2(1) 6.2(2) 2.8(1) 2.6(1) 3.5(1) 4.3(1) 
A O C H ~ S O Z C H ~  8*3(2) 6.0(2) 5.9(3) 2.0(3) 2.1(2) 3'7(2) 3.9(2) 
A N3 6.5(1) 6.5(1) 7.0(1) 4.8(1) 4*5(1) 3.5(1) 4.2(1) 
G OCH2SCH3 7*6(1) 6.3(1) 6.2(1) 3.0(1) 3.0(1) 4.0(1) 4.7(1) 
c OCH3 7.2(1) 6.3(1) 6.4(1) 3.1(1) 3.2(1) 3.9(1) 5.2(1) 
C OCHzSCH, 6.6(1) 6-4(1) 6-8(1) 3-6(1) 3.3(1) 3.7(1) 5.1(1) 
C OCHzOCH, 7.1(1) 6.4(1) 6.8(1) 3.6(1) 3.6(1) 3.9(1) 5.1(1) 
C OCH2N3 7.1(2) 6.5(2) 6.6(2) 3*4(2) 3*6(2) 4.1(2) 4.9(2) 
T OCHzSCH3 7.2(1) 6.4(2) 6.9(2) 3.3(2) 3.4(2) 3.9(1) 5.0(1) 
T OCH~OC(CH~)J  7.1(2) 6.5(2) 6*9(2) 3*4(2) 3.4(2) 3.7(2) 5*0(2) 
T OCHzOCH3 7.1(1) 6.5(1) 6.9(1) 3*7(1) 3.7(1) 3.8(1) 4*9(1) 
T OCH2N3 7.3(1) 6.5(1) 6*8(1) 3.4(1) 3.5(1) 3*9(1) 4.9(1) 
T OCHzCN 7.6(1) 6.3(1) 6-6(1) 3.2(1) 3.4(1) 4.1(1) 5.0(1) 
T F  9.1(4) 5.7(3) 5.4(4) 0.1(3) 0.0(3) 3.9(3) 3.9(2) 


N3 5.9(3) 6-3(3) 7*7(4) 5*7(4) 5.6(4) 3.5(4) 4.4(4) 
b F  8.8(2) 5.7(2) 5.3(2) 1.2(1) 1.3(1) 4.3(2) 4.3(2) 
' F  8.4(2) 5.9(2) 5.2(2) 0.0(2) 0.0(2) 3.7(2) 4.4(2) 


aFor B and X see structure 1. Uncertainty of the first decimal (standard deviation of the optimized 
value) is given in parentheses. 


'5-Cyanouracil. 
5-Chlorouracil. 


Table 4. Vicinal 'H,'H coupling constants of the sugar protons of 2'-substituted and 
2',3'-disubstituted 2',3 '-dideoxyribonucleosides in 'H20" 


J (Hz) 


B X Y  1',2' 2',3' 2',3" 3',4' 3",4' 4 ' 5 '  4',5" 


T H N3 2*3(1) 6.3(1) 3.0(1) 9.4(2) 6.1(1) 2.9(1) 4.6(1) 
T H F 0.0(1) 4.7(1) 0*2(1) 11*2(2) 5.1(1) 2-9(1) 4.7(1) 


4-6(2) 2-9(2) 4.0(2) T F F 4.5(2) 4.7(2) 


'For B, X and Y see structure 2. 
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Table 5. Conformational parameters for 3 '-substituted 2',3'-dideoxyribonucleosides in 'HzOa 


Pseudo-rotational parameters Populations' 


B X XN Pd") @do) gg gt tg 
~~~ ~ 


A OCH2SCH3 0.20 167 33.8 0.58 0.29 0.13 
A OCHzS02CH3 0.15 170 35.5 0.61 0.24 0.15 
A N3 0.40' 154 33.4 0.59 0.28 0.13 
G OCHzSCH3 0.24 166 33.7 0.50 0.32 0.18 
C OCH3 0.26 165 32.6 0.46 0.37 0.17 
C OCHzSCH3 0.31 168 30.5 0.48 0.37 0.15 
C OCH20CH3 0.30 157 31.8 0.46 0.37 0.17 
C OCHzNs 0.29 160 31.7 0.46 0.34 0.20 
T OCHzSCH3 0.27 158 30.6 0.48 0.35 0.17 
T OCH20C(CH3)3 0.28 160 30.2 0.49 0.36 0.15 
T OCHzOCH3 0.31 156 31.2 0.49 0.35 0.16 
T OCHzN3 0.28 158 31.1 0.48 0.35 0.17 
T OCHzCN 0.26 156 32.9 0.46 0.35 0.19 
T F 0.00 174 31.7 0.59 0.23 0.18 


N3 0.49g 134 35.6 0.57 0.30 0.13 
F 0.07 164 34.3 0.51 0.26 0.23 
F 0.00 186 32.1 0.55 0.30 0.15 


d 


d 


e 


a For B and X see structure 1 
bPseudo-rotational parameters according to Haasnoot et al 4' Constrained values PN = 9 5-  and @N were employed for the 
conformer 


Populations of the C-4'-CHzOH rotarners calculated on the basts of the coupling constants of conventional gg, gt and tg 
forms 4x 


5-Chlorouracil 
' 5-Cyanouracil 
'XN = 0 59, PN = I5 5 O ,  @N = 27 I" when constrained values of P,  = 164', 
( X N  = 0 19, PN = 6 4'. @N = 26.5 when constrained values of Ps = 164O, Qs = 38.8" were employed 


= 38 8 O  were employed 


Table 6. Conformational parameters for 2'-substituted and 
2 ',3 '-disubstituted 2',3 -dideoxyribonucleosides in 'H20a 


dideoxyuridine were 0 *40 and 0-49, respectively. In 
contrast, 2 ' ,3 ' -dideoxy-3 ' -fluororibonucleosides adopt 
almost entirely an S-type conformation. Both findings 
are expected on the basis of the polar nature of the 


parameters Populations' 3'-substituent. The 3'-fluoro group, as a highly electro- 
negative substituent, tends to  take a pseudo-axial orien- 


B x y XN PN(') @N(') gg gt tg tation. and hence S-tvue conformations are favoured. 


Pseudo-rotational 


<. 


The 3'-azido group is, in turn, slightly less elec- 
l.OOd 7.8 31.5 o.59 o.35 o.06 tronegative than the 3'-hydroxy group, and the equi- 


T F F 0.46e 22.2 o.67 o.28 o.05 librium is thus shifted towards the N-type 


T H N3 0.82d 17.0 30.1 0.60 0.35 0.05 


conformations. At the 2'-position the effect of these 
substituents on the sugar ring uuckering is naturally aFor B, X and Y see structure 2 .  


Pseudo-rotational parameters according to Haasnoot et al. 46 opposite (Table 6). Thetendency-of the 2 '--fluor0 group 
to take a pseudo-axial Orientation compels the sugar 
ring to  be entirely in the N conformation. The situation 


'See footnote c of Table 5 .  
'Constrained values of pS = 164' and @s = 38.8' were employed for 
the S conformer. 
'Constrained values of QN = 31.5' and 9 s  = 31.7' were employed 


smaller value of XN (0.15). The spread in the optimized 
pseudo-rotation parameters of the S form is also 
relatively small: 154O < PS < 170", 31" < 9 s  < 35". 


Replacing the 3'-hydroxyl group with an azido group 
shifts the N-S equilibrium towards the N form, as 
reported previously for 3 ' -azido-3 ' -deoxythymidine. 43 


The values observed for XN of 3'-azido-2',3'- 
dideoxyadenosine and 3 ' -azido-5-chloro-2' ,3 ' - 


is analogous with 2' -azido nucleosides, but the pre- 
dominance of N-type conformations is less complete 
than with the 2'-fluoro derivative. When both C-2' and 
C-3 ' bear a fluorine atom, an approximately equimolar 
mixture of N and S conformers is obtained. 


The conformation about the C-4'-C-5' bond is not 
markedly sensitive to the 3'-substituent. The gg form 
predominates with all the 3 ' -substituted nucleosides 
studied, the mole fraction of this rotamer falling in the 
range 0-45-0.67. The gt form is more stable than 
the tg form (0.24 < xgt < 0.37, 0-13  < xt, < 0-23). 
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The gg form is slightly more favoured with 2'- than 
with 3 ' -substituted derivatives. 


The syn-anti equilibrium about the N-glycosidic 
bond was studied with only two compounds by 
applying the method of Davies et aL4' The 'J(C2,Hl') 
and 'J(C6,Hl') values obtained with the 3 '-0- 
CHzSCH3 derivatives of thymidine (2.2 and 3.8 Hz) 
and 2'-deoxycytidine (1 - 6  and 3.2 Hz) were almost 
identical with those reported earlier4' for the unsubsti- 
tuted nucleosides, indicating that the conformation 
about the N-glycosidic bond is not significantly influ- 
enced by 3 ' -0-alkylation. 


Table 7 summarizes the solid-state structures 
reported in the literature for 2'- and 3 '-substituted 
2',3 '-dideoxyribonucleosides. As can be seen, most of 
the 3 '-substituted derivatives are crystallized in two 
forms. One of them shows conformational features 
which are fairly common in nucleosides, viz. a C-2'- 


Table 7. Conformational parameters of the solid-state struc- 
tures reported for 2'- and 3'-substituted 2',3'- 


dideoxyribonucleosides a 


endo/C-3 '-ex0 of the furanose ring, gg conformation 
of the C-4'-CH20H group, and a glycosidic torsion 
angle (C-2-N-l--C-l'-04 ) of about - 120 . The 
other crystal structure may closely resemble this, 
exhibiting a mor+ negative glycosidic torsion angle 
( -  160' to - 170 ), or the sugar ring pucker may be 
C-3'-exo/C-4'-endo, the C-4'-CHzOH groupoh the 
gt form and the glycosidic torsion angle - 180 . It is 
worth noting that although 3'4ubstituted 2' ,3'- 
dideoxyribonucleosides have been crystallized only as S 
conformers, or in forms resembling the typical S con- 
formation, the proportion of N-type conformers in sol- 
ution is not negligible. The pseudo-rotation parameters 
obtained for the S form in solution, keeping those of 
the N torm constrtined to the typical values 
(PN = 9.5 , +N = 35.3 ), do not deviate markedly from 
the values observed in the solid state. Accordingly, the 
conventional two-state model appears to describe 
adequately the conformational behaviour of these 
compounds in solution. 2'-Substituted 2' ,3'- 
dideoxyribonucleosides are crystallized as N con- 
formers, consistent with the predominance of this form 
in solution. 


B X Y P(") x ( ' )  do) Ref. 


Cb  
C 


T' 


T 
T 


T 


U 
U 


d 


d 


c 


c 


f 


g 


N3 H 
F H  


N3 H 


H N3 
F H  


H F  


N3 H 
F H  


N3 H 


F H  


N3 H 


F H  


F H  
F H  


135 
154 
1 64 
175.2 
214.5 
174 
213 
173.6 
212.3 


12 
164 
169 


12 
8 


174 
165 
I76 
173 
208 
179 
163 
173 
203 
179 
161 
184 
174 


38 -130 
40 -143.5 
36 -153.0 
32.3 -126.6 
36.6 -177.7 
33 - 127.1 
37 -176.5 
33.0 -127.2 
36.7 -177.0 
34 -165.7 
36 -138.4 
32 -159.6 
35 -152.2 
35 -168.0 
35 -160 
35 -121.1 
26 -150.5 
33 -128.2 
36 -168.9 
32 -168.8 
32 -131.3 
33 -129.8 
37 -168.4 
31 -168.8 
35 -131.8 
29 - 107 
34 -134.7 


48 42 
63.4 31 


-71-4 31 
gg 35 
gt 35 
50.7 36 


173-6 36 
50.6 37 


173-4 37 
52-8 28 
50.2 29 
52.8 29 
5 5 - 1  27 
49.7 27 
56 41 
51.3 32 
47-4 32 
50.4 32 


170.8 32 
55-8 11 
51.1 11 
50.5 32 


172.1 32 
53.9 32 
51.2 32 
43.8 33 
54.3 30 


~~ 


'For B, X and Y see structure 2. x is the torsion angle C-2-N-l-C- 
1'-04' and T is the torsion angle Os'-C-5'-C-4'-C-3' 
Hydrochloride. 


'See also Refs 38-40. 
5-Chlorouracil. 
' 5-Bromouracil. 
'5-Iodouracil. 
5-Cyanouracil. 


Hydrolytic stability 


Table 8 summarizes the effects that various substituents 
at C-3 ' have on the rate of acid-catalysed hydrolysis of 
2' ,3 ' -dideoxyribonucleosides. Part of these data have 
been published previously in a congress report.49 


It has been well e ~ t a b l i s h e d ~ ' - ~ ~  that 2 '-  
deoxyribonucleosides derived from adenine, guanine 
and cytosine are all hydrolysed by rate-limiting uni- 
molecular cleavage of the protonated base moiety with 
concomitant formation of a cyclic oxocarbenium ion 
(Scheme 1). As seen from Table 1, replacing the 3 '-  
hydroxyl group of these nucleosides with an azido or 
fluoro group reduces the hydrolysis rate to one fifth of 
its original value. Alkylation of the 3'-hydroxyl func- 
tion also moderately retards the hydrolysis, the rate 
retardation being increased with increasing elec- 
tronegativity of the alkyl group. Replacing the 3 '-  


ic x 


Scheme 1 
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Table 8. Effect of 3‘-substituent on the hydrolytic stability of 
2‘-3 ‘-dideoxyribonucleosides in 0 .1  mol dm-3 hydrochloric 


acid at 333.2 K (363.2 K for thymine derivatives)” 


X A G C T 


H 25 18-6b l l b  
OH l C  I d  l C  1‘ 
OCH3 0.79b 0.70b 
OCHzSCH, 0.63b 0.65b 6 
OCHzOCHj 0.64 0.51 f 


O C H ~ O C H Z C H ~ O C H ~  0.62 
OCHzOCsHs 0.40 
OCHzSOCH3 0-32b 0.40b,s f 


OCHzSOzCH3 0.22 0.28b 0*30b 0 ~ 4 7 ~  
OCHzN3 0.42 0.46 0.23bsh 
OCHzCN 
N3 0.19b 0.34b 
F 0.16b 0*18b 0.54b 
1,2,4-Triazol-l-yl 0.05 


f 


f 


‘See structure 1. kx and k o ~  are first-order rate constants obtained 
with 3’-substituted 2‘,3’-dideoxyribonucleosides and their 2’- 
deoxyribonucleoside counterparts, respectively. 
bFrom Ref. SO. 
‘First-order rate constant = 9.64 x lo-’ sCI.” 
dFirst-order rate constant- 7.68 x lo-’ s-’.’’ 
‘First-order rate constant = 3.0 x 


’First-order rate constant for cleavage of X = 6 x IO-’s-’. 
hFirst-order rate constant for cleavage of X =  1.2 x W 6 s - ’ .  
’First-order rate constant = 5.3 x 


s - ’ . ’ ~  


Cleavage of X. 


s-‘.’’ 


hydroxyl group with a less electronegative hydrogen 
atom, in turn, accelerates the cleavage of the N- 
glycosidic bond by more than one order of magnitude. 
All these effects may be attributed to changes in the sta- 
bility of the oxocarbenium intermediate. Electron- 
withdrawing groups at C-3’, for erample, diminish the 
electron density at the C-1’-04 region, and hence 
destabilize the positively charged carbonium ion. This 
destabilization is partially reflected to the transition 
state, resulting in deceleration. 


Hydrolysis of thymine nucleosides appears to be 
slightly less susceptible to the polar nature of the 3’- 
substituent than hydrolyses of adenine, guanine and 
cytosine nucleosides. A possible explanation for this is 
that thymine nucleosides are not hydrolysed via a cyclic 
oxocarbenium ion. Thymidine and 2 ’ -deoxyuridine 
have been shown to undergo anomerization concurrent 
with hydrolysis, and hence a route via an acyclic Schiff 
base intermediate has been preferred. 53 With the excep- 
tion of 3 ’-deoxythymidine, all the thymine derivatives 
studied in this work seemed to be anomerized concur- 
rent with hydrolysis, as indicated by the intermediary 
appearance of three minor signals in high-performance 
liquid chromatograms (HPLC). These signals were UV 
spectroscopically identical with the starting material. 


EXPERIMENTAL 


Materials. Of the compounds studied, 2’ -deoxy- and 
2 ’ ,3 ’ -dideoxyribonucleosides were commercial pro- 
ducts from Sigma. 2 ’ ,3 ’ -Dideoxy-3 ’-fluoroadenosine 
was obtained by treating N6-benzoyl-9-(5-0-benzoyl- 
2-deoxy-&~-threo-pentofuranosyl)adenine~~ with 
diethylaminosulphur trifluoride (DAST) in dichloro- 
ethane (0.5 h, room temperature), followed by removal 
of the benzoyl groups with methanolic ammonia (over- 
night). The overall yield was 60%; m.p. 191-192°C. 
Preparation of the other nucleosides employed has been 
described previously, 3.7 * 1 1 I 16.28 9 30.55 - 57 


NMR spectroscopy. NMR spectrometric data were 
obtained on a Jeol GX-400 spectrometer at 298.2K. 
The chemical shifts were measured relative to external 
TMS. Computational simulation of the ‘H resonance 
spectra gave the vicinal ‘H,’H coupling constants at an 
accuracy of 20.1 Hz. The PSEUROT program” was 
applied to determine the pseudo-rotational parameters. 


Kinetic measurements. First-order rate constants of 
hydrolysis were obtained by the HPLC technique 
described previously. 5 1  
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QUANTITATIVE ASPECTS OF CHIRALITY. 111. DESCRIPTION 
OF THE INFLUENCE OF THE STRUCTURE OF CHIRAL 


COMPOUNDS ON THEIR TWISTING POWER IN THE NEMATIC 
MESOPHASE BY MEANS OF THE DISSYMMETRY FUNCTION 
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For a number of chiral a,&unsaturated carbonyl compounds, cyclohexanone and cyclohexenone derivatives, existing 
essentially in the form of single molecular conformation, the correlation dependences were established between the 
values of the calculated dissymmetry functions (DF) with respect to atomic masses and atom refractions, and the 
induction effectiveness of helical ordering in the nematic mesophase (twisting power). Such correlative dependencies, 
as the examples show, allow one to predict safely enough the twisting power of new substances with the ‘fixed’ 
molecular conformation. Types of dissymmetry functions and kinds of correlative dependences, the most acceptable 
for these reasons, were revealed. Dissymmetry functions formed on the basis of atom refractions (polarizabilities) 
describe the influence of the molecular structures of chiral compounds on the twisting power with higher accuracy than 
those that characterize the dissymmetry of the atomic masses distribution, according to the important role of the 
dispersion forces in the formation of helical ordering in liquid crystalline systems. The components characterizing the 
distribution dissymmetry of atomic refractions and masses with respect to the long and two shorter axes as the peculiar 
characteristics of biaxiality of chiral molecules describe the influence of the molecular structure on the twisting power 
with the same accuracy as the general DF do. Thus influence of chiral dopant molecules on the interactions between 
molecules in the uniaxial mesophases is negligible within the limits of the DF method. Based on the calculations for 
model systems it is established that the presence of the non-linear cinnamoyl fragment has a decisive influence on the 
molecular dissymmetry of the chiral a,fl-unsaturated ketones. The alkyl groups influence the molecular dissymmetry 
only slightly, hut it is important that their presence ensures the stabilization of the chiral conformer with the defined 
helicity of the cinnamoyl fragment. 


INTRODUCTION helix, which are essentially dependent on the molecular 
structure of the components. However, up to now 


has usually been discussed in the literature on an 
empirical level. 


It is natural to assume that the most important 
characteristic of chiral compounds determining their 
twisting power is the ‘chirality level’ of the molecules 
because the achiral structures or racemates d o  not show 


C h i d  organic compounds show the to induce the nature of such a dependence has been and helical supramolecular ordering in nematic and smectic 
mesophases. ’ Such effects are especially interesting 
in the case of nonmesogenic chiral dopants. 2 , 3  This 
phenomenon is quantitatively characterized by the 
twisting power value (0) of the chiral dopant in the 
given nematic phase, and also the sign of the induced 
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the above-mentioned effects. It is also natural to con- 
sider that the higher the ‘chirality level’ of a dopant 
molecule, the stronger is its ’chiral’ influence on the 
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p-XC6H4 (25 p-XC6F14 C$ p-XC6H4 C@ C6H4 X-p 


1, Y=H;  2, Y=BI 


environment. In some cases, for a quantitative charac- 
teristic of the chirality of dopant molecules the 
Ugi-Ruch functions have been Nevertheless, 
the possibilities of analysing changes in the twisting 
power on this basis are limited to  series of structurally 
similar compounds the chirality of which is the result of 
various substitutions of  the initial achiral molecular 
skeleton of a certain symmetry group. The Ugi-Ruch 
functions method cannot be applied either to  com- 
pounds the chirality of which is determined by the sim- 
ultaneous presence of  several elements (central, axial, 
planar or helical chirality6) or to  structures with a chiral 
skeleton. 


In this work it seemed reasonable to  apply the calcu- 
lated dissymmetry functions (OF)' for a description of 
the influence of the structures of chiral compounds on 
their twisting power. Four series of chiral a, /3-un- 
saturated carbonyl compounds (1-4) and the structur- 
ally similar saturated ketone ( - )-menthone 
[( - )-trans-2S,5R-2-isopropyl-5-methylcyclohexanone] 
were studied (see Table 1). 


The twisting powers of these compounds were 
measured in two nematic solvents of the azomethine 
type, 4-methoxy- and 4-butyloxybenzylidene-4'-(n- 
buty1)aniIine (5 and 6, respectively) (Table 1). Such a 
selection of nematic phases and chiral dopants is stipu- 
lated by the structural variations of compounds 1-4, 
and also by the absence of specific interactions between 
the molecules in the named systems. The important 
thing is the existence of molecules of the selected chiral 
compounds chiefly in the form of single conformers, as 
will be shown below. This simplifies the solution of the 
problem of characterizing molecular dissymmetry 
within the limits of the method used because it does not 
require the statistical calculation of some co-existing 
conformers. 


Apart from investigating the nature of the correlative 
I p 1-DF dependence we also studied the influence of 
various structural fragments on the dissymmetry of 
molecules 1-4, which should certainly be useful in 'de- 
signing' novel chiral compounds with the high twisting 
power. 


RESULTS AND DISCUSSION 


Data on  the conformations of the molecules of chiral 
compounds 1-4 and geometrical parameters of the 


3 4 


molecules required for DF calculations were obtained 
from the results of experimental studiesx-" and from 
theoretical conformational analyses by the force field 
method. '','* It was established that the molecules of 
compounds 1 and 2 have a chair-like conformation of 
the cyclohexanone fragment mostly with axial methyl 
and equatorial isopropyl groups829 (form A) (Figure 1). 
The calculated conformational energy of such a cis 
structure of compound la  (E&,,f. = - 7 . 2  kcalmol-') is 
considerably lower than that of any of the chair-like 
conformations with a trans orientation of alkyl 
groups (EcBdncf. > 36 kcalmol-') and any of twist forms 
(D) with trans-alkyl substituents (methyl is pseudo- 
axial, isopropyl is pseudo-equatorial) (E%,f. = 
- 4-0  kcal mol- I ) .  The cis structure (A) of compounds 
1 is realized in spite of the fact that they are obtained 
from ( - )-menthone, which has a trans configuration 
of 1,4-alkyl substitution.13 This is favoured by the 
possibility of rapid epimerization of ( - )-menthone 
into the corresponding cis isomer under the conditions 
of the synthesis of ketones 1 in a highly alkaline 
medium. 


From the conformational analysis and previous 
experimental data, 8,9 it follows that the structure of the 
enone grouping O=C-C=C in ketones 1 and 2 is 
essentially non-planar. In addition, the benzene ring in 
the structures of all ketones 1-4 is significantly rotated 
(by about 90") with respect to  the plane of the double 
bond. Therefore, the molecular chirality of the investi- 
gated ketones is determined not only by the existence of 
chiral centres but also by the non-planarity ('twisting') 
of  the cinnamoyl *-electron system, determining its 
helical chirality. 6*x The stereospecific nature of the non- 
planarity of the enone grouping seems to  be the most 
important factor: the sign of the O=C-C=C torsion 


Figure 1. Conformation of compounds 1 and 2 
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angle a t  the given configuration of chiral centres C-1 
and C-4 is determined by the ring conformation and 
changes with its inversion. As the molecules of ketones 
1 and 2 exist in the so-called ‘fixed’ conformation (A), 
they are characterized by a definite type of helical 
chirality. These peculiarities of the spatial structure of 
the molecules of the investigated chiral ketones are 
important for a correct analysis of the structure- 
twisting power relationship on the basis of the calcu- 
lated dissymmetry functions. 


For calculations of the DF of chiral compounds 1-4 
the fundamental characteristic having the property of 
transferability, atomic mass ( M ) ,  was primarily used as 
an atomic property. In addition, we used atomic refrac- 
tion (R) ,  the characteristic of atoms which, in general, 
unlike M does not fully meet the conditions of 
transferability. The possibility of using R for the DF 
calculations in any specific case under consideration 
is determined by the non-planar structure of the 
T-electron system of compounds 1-4 and, as a result, 
by the absence of strong intrinsic molecular electronic 
interactions (optical intensity). 


According to  present-day theoretical concepts (see 
reviews 16r1’), the formation of ordering in liquid 


crystalline systems is defined by dispersion molecular 
interactions and also by steric repulsion, both having a 
stereospecific nature for chiral molecules. Therefore, 
the use of functions describing the dispersion force and 
steric force field dissymmetry for chiral molecules with 
regard to regularities of the variation of the twisting 
power seems to be theoretically valid. 


For the dispersion forces, it is convenient to  calculate 
the dissymmetry function on an atomic refraction basis; 
for the steric forces, an atomic mass basis will be the 
best. In general, these two types of forces can compete 
in controlling the resulting ordering for the systems 
under consideration. However, we suggest that, in very 
dilute solutions, these two force systems act in concert. 
Therefore, both calculation schemes for DF (DFM and 
DFR) will describe nearly equivalently the ordering 
regularities in liquid crystalline systems. 


The calculated OFM and OFR values for the studied 
chiral compounds are given in Table 1. Also presented 
are the DF values normalized’ for the sum of masses 


Table 1. Experimental values of twisting power (0) and calculated dissymmetry functions of chiral compounds 1-4 
and ( - )-menthone 


Dissymmetry function 


Compound X Solvent 5 Solvent 6 D F ~  D F ~  OF,” DF: 


la  
l b  
1 C  
Id 
le 
If 
Ig 
l h  
ti  
2a 
2b 
2c 
2d 
2e 
2f 
2g 
3a 
3b 
3c 
3d 
3e 
3f 
3g 
4a 
4b 
( - )-Menthone 


H 
F 
c1 
Br 
NO2 
CN 


OCzHs 


H 
F 
CI 
Br 
NO2 


OCH3 


C6H5 


OCH3 
C6H5 
H 
F 
CI 
Br 
No2 
OCH 3 


C6HS 
H 
Br 


19.9 16.6 
22.8 21.9 
29.6 26.5 
32.8 26.5 
35.3 30.7 
34.1 31.2 
30-5 26.6 
29.0 29.4 
41.9 37.4 
23.0 16.1 
27.6 22.4 
30.5 21.4 
32.3 21.9 
36.6 31.0 
32.8 24.3 
44.5 32.0 
16-7 12.8 
22.1 18.3 
23.5 22.8 
24.4 22-6 
26.7 28.5 
28.0 25.8 
38.5 33.6 
11.4 6.2 
28.6 17.9 
0.7 - 


3901 
4828 
5734 
762 1 
6301 
5457 
5593 
6409 
8849 
5985 
7247 
8531 


10380 
9424 
8283 


12860 
3671 
4606 
5689 
7391 
6111 
5337 
8612 
5067 


10780 
1114 


1313 16.12 
1313 1 8 3 7  
1584 20.74 
1750 23.74 
1662 21.95 
1599 20.44 
1708 20.56 
1956 22.41 
2895 27.83 
1626 18.59 
1626 21.31 
1955 23.93 
2155 25.88 
206 1 25.68 
2066 23.53 
3517 32.30 
1169 15.32 
I170 17.85 
1494 20 72 
1677 23-17 
1584 21.44 
1537 19.77 
2763 27.25 
1646 15.35 
2341 22.08 
315.8 7.33 


17.56 
17.59 
19.89 
21.21 
20.54 
20.19 
21.08 
22.84 
28.70 
19.71 
19.73 
22,36 
23.87 
23.23 
23.27 
32.37 
16. I 1  
16.15 
19.29 
20.88 
20.11 
19.51 
28.00 
15.94 
19.70 
7.18 
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and for the sum of atom refractions 


D F ; = D F ~  C R~ , ( / i y k  ) 
respectively, where M is the atomic mass in atom units 
of the ith atom, R is the atom refraction (cm3) of the 
ith atom and N i s  the number of atoms in the molecule. 
The application of these characteristics for a compar- 
ative analysis of molecular dissymmetry can be useful in 
the case of structures which differ considerably in the 
number of atoms. 


A comparison of D F f  and DF; values with the 
twisting power of ketones 1-4 (Table 1) shows that they 
change in a similar manner: they both increase with the 
introduction of bulky and extended substituents in the 
para position of the benzene ring. The substitution of 
a hydrogen atom in the C-4 chiral centre of compounds 
1 for the larger volume and more easily polarizable 
bromine atom (ketones 2) is accompanied by slight 
increases in DF and I f i  1 values. The elimination of this 


chiral centre (ketones 3) decreases the values of OFT, 
DFF and I 6 1. The lowest values of the twisting power 
and DF are obtained for ( - )-menthone. 


The regression analysis which was carried out (see 
Table 2) indicated a satisfactory correlative dependence 
between the experimental values 1 p 1 and the calculated 
functions of dissymmetry described by equation (1) for 
the whole series of chiral dopants studied: 


I f i I y = a x + b  (1) 
where y = 0.5-1, x is the DF used and a and b are par- 
ameters of the regression equation. Other possible 
regression equations (with values of y > 1 and also 
logarithmic, exponential, etc.) give a much poorer cor- 
relation between I f i  1 and DF (calculated correlation 
coefficients r 4 0.9). 


The analysis of the data in Table 2 shows first that 
the use of DFR values allows the twisting 
power-dissymmetry of chiral molecules relationship to  
be described with higher accuracy than DFM values (the 


Table 2. Parameters of regression equations 10 J y  = ax + b for the whole series of chiral compounds 1-4 and 
( - )-menthone 


Solvent X Y a Sa a b sb a ra 


5 D F ~  1 0.0035 0.0003 3.5 2.2 0.899 
D F ~  1 0.0142 0.001 1 2.2 1.9 0.925 
DF,M 1 1.44 0.08 - 2.4 1.6 0.961 
OF; 1 1.48 0.08 -2.3 1-7 0.957 
D F ~  0.5 0.00055 0.00005 1.23 0.38 0.879 
D F ~  0.5 0.00221 0.00020 1.04 0.35 0.901 
DF,M 0.5 0.234 0.010 0.14 0.20 0.976 
DF; 0.5 0.240 0.01 1 0.17 0.22 0.970 
DF(Z) 1 0.00155 0*00014 4 .1  2.0 0.906 
DWx, Y) 1 0.00523 0.00049 3.3 2.2 0.894 
DF(Z) 1 0.00604 0.0005 3.8 1.9 0.916 
DFk Y) 1 0.0214 0.0016 1.5 2.0 0.925 
D F ( Z ) ~  0.5 0.00024 O.ooOo3 1.4 0.4 0.875 
DF(x, Y 1 0.5 0.00082 O.ooOo8 1.2 0.4 0.879 
DF(Z) 0.5 0.00092 0~00010 1.4 0.4 0.875 
DF(x, Y 1 0.5 0.00338 0.0003 0.9 0.3 0.901 
D F ~  1 0.0025 0.0004 5.6 2.8 0.765 
D F ~  1 0.0108 0.0014 3.7 2.5 0.828 
D F ~  1 1.14 0.10 -0.7 2.1 0.909 
OF," 1 1.18 0.10 -0 .6  2.2 0.907 


D F ~  0.5 0.00189 0.00023 1.17 0.41 0.843 
OF," 0.5 0.207 0.013 0.28 0-26 0.952 
DF; 0.5 0.212 0.014 0.31 0.28 0-947 
D F ( Z ) ~  1 0.00115 0.00017 5 . 5  2-6 0-789 
DF(X, Y) 1 0.00373 0.00062 5.6 2.8 0.755 
D F ( Z ) ~  1 0.00468 0.00059 4.6 2.3 0.837 


D F ( Z ) ~  0.5 0.00020 O.ooOo3 1.5 0.4 0.807 
DF(x, Y) 0.5 0.00068 0.00010 1.4 0.5 0.799 
D F ( Z ) ~  0.5 0.00080 0.00010 1.4 0.4 0.826 
DF(x, Y 1 0.5 0.00288 0.00034 1.1 0.4 0.849 


D F ~  0.5 0.00046 O.ooOo6 1.42 0.45 0.802 


DF(x,ylR 1 0.0161 0.0022 3-4 2.6 0.821 


6 


"S, and s b  are the mean square deviations of parameters (I and b, respectively; r is the correlation coeficient. 
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correlation coefficients obtained are noticeably higher 
in the former case). This agrees with existing ideas l8 on 
the role that dispersion interactions play in forming the 
ordering in liquid crystalline systems. The changes in 
the dissymmetry of the dispersion force field caused by 
the molecular polarizability of chiral dopants exert a 
decisive influence on the changes in twisting power 
among other analysed structures. However, the differ- 
ences stated virtually disappear when using the corre- 
sponding normalized DF (OFF and DFF). 


Attention is also drawn t o  the fact that the J p 1-DF 
correlation dependences in nematic solvent 6, irrespec- 
tive of the type of DF used are characterized by lower 
correlation coefficients than for corresponding 
dependences in nematic solvent 5. This peculiarity and 
also the lower twisting power of chiral dopants in 
medium 6 in comparison with medium 5 and the tend- 
ency for levelling of its differences are, in the end, con- 
trolled by the more elastic properties of smectogenic 
nematic solvent 6 compared with 5. l 9  


According to the data for the nematic solvent 5, a 
more accurate description of the correlation between 
10 1 and DFR(DFM) is given by linear correlation 
dependence (1) with y = 1, whereas using the normal- 
ized OF,” and OF,” values higher correlation 
coefficients were obtained with y = 0.5. The same situ- 
ation is valid for IpI-DFf (OF,”) dependences in 
nematic solvent 6. As regards the higher correlation 
coefficients obtained when using the normalized DF,” 
and DFf values compared with the correlative 
dependence I/31-DFM (DFR) ,  it is possible that an 
important role is played by the fact that with such nor- 
malization of DF the differences in molecular dissym- 
metry disappear and the range of relative changes in DF 
decreases, leading to  the apparent rise in the accuracy 
of the correlation. 


Apparently, the ranges of  I /3 I and DF values for the 
chiral compounds investigated here is not large enough 
to show a convincing preference for any specific type of  
DF (DFM or D F f ,  DFR or OF:) or for a particular 
regression equation ( 1 )  with y = 0.5-1 for a description 
of the twisting power-molecular dissymmetry relation- 
ship at  this stage of the investigation. Subsequent 
broader investigations of chiral compounds especially 
with smaller and higher DF values than for 1-4 will 
allow the form of the correlative 10 I-DF to  be spe- 
cified. The establishment of the correlative dependence 
between these values is more important as this 
dependence is determined for the whole range of chiral 
dopants differing both in the structures of the chiral 
cyclohexanone or cyclohexenone molecular fragments 
and in the character of the a-electron system. This 
opens up the possibility of non-experimental screening 
of chiral components of induced cholesteric systems 
proceeding from the calculated DF values and theor- 
etical conformational analysis. Thus an increase in the 
number of benzene rings in structures 1 may be useful 


because DFR = 5643, DF; = 44.05, DFM = 17 160 and 
D F F =  43.56 are calculated for derivative 1 with 
X=4’-C6H&H4, which are higher than the corre- 
sponding values obtained for the investigated com- 
pounds 1-4. 


We were also able to  compare the twisting powers 
calculated using dissymmetry functions of various types 
and obtained correlative dependences (1) ( 1  I and 
experimental values (I p 1 e x p e r . )  for two compounds of 
series 4 obtained recently” (4c, X = OCH3, and 4d, 
X = CsHs) (see Table 3). A satisfactory correspondence 
between 16 I should be obtained. It is 
remarkable that such a correspondence can be observed 
for the data in nematic solvent 6 also where the correla- 
tion coefficients for equation (1) with y = 1 are con- 
siderably lower than those for the corresponding data in 
nematic solvent 5. The best agreement between 1 p Icalc. 


and 1 p I exper. values for both compounds in nematic 
solvent 5 is obtained when the molecular dissymmetry 
DFR and the correlative equation (1) with y =  1 are 
used. 


values obtained when 
using the normalized values OF,” and DFf  in nematic 
solvent 5 are considerably underestimated in com- 
parison with the experimental values (two times less for 
compound 4c). This agrees with the above-stated ideas 
concerning these DF peculiarities. On the other hand, 
the high I p l e x p e r .  value for compound 4c in nematic 
solvent 5 (considerably higher than in medium 6 or for 
compound 4b with much higher DF values) possibly 
reflects the effect of some structural similarity of mol- 
ecules of nematic solvent 5 and chiral dopant 4c (the 
existence of similar p-methoxybenzylidene fragments), 
the importance of which was stated by The 
influence of this additional specific factor is not, of 
course, taken into account in the DF values. 


While analysing the structure-twisting power 
relationship, it should be taken into account that the 
influence of foreign particles on the properties of liquid 
crystalline system can be considered not only within the 
limits of the general properties of the dissymmetry of 
chiral molecules but also with regard to their biaxiality. 
The problems of the influence of the biaxiality of 
mesogenic molecules and foreign particles on the ther- 
modynamic properties of mesophases within the limits 
of the traditional physical views have been considered 
by several groups. ’8323-27 The results of these investi- 
gations are ambiguous and d o  not allow this problem 
to be solved even at the level of the construction of a 
correlative dependence. 


In connection with this, it seems to be appropriate to  
make an attempt to consider the influence of the biax- 
iality of the chiral dopant molecules on their effec- 
tiveness in inducing helical ordering in the mesophase 
(the twisting power) within the limits of the DFmethod, 
since it allows one, as shown above, to describe the 
influence of molecular structure on (3 safely enough at 


and 1 /3 1 


It is interesting that l(3 I 
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Table 3. 1 p 1 values for compounds 4c (X = OCH3) and 4d (X = C6HS) calculated using correlative dependences 
(1) and (2) 


1 p in 
nematic solvents 


y Values in (am-')  
Correlation correlation 


Compound Type of DF used equation equation (1) 5 6 


4~ (X = OCH3)a DF" (1 )  1 29.3 24.0 
D F ~  (1) 1 32.5 26.8 
OF," (1) 0 .5  20.9 17.6 
OF," (1) 0 .5  21.1 17.8 
DF(Z)" ( 1 )  1 29.0 24.0 
DF(x, Y)" (1) 1 29,5 24.2 
D F ( Z ) ~  (1) 1 31.4 26.0 


1 32.8 26.9 
- 29.0 23.1 
- 33.1 26.1 


4d (X = C ~ H S ) ~  DF" (1) 1 50.4 39.1 
D F ~  (1) 1 60.8 48.3 
OF," (1) 0.5 44- 1 36.4 
DF,R (1) 0.5 42.7 35.2 
DF(Z)" (1) 1 50.8 40.2 
DF(x, Y)" (1) 1 50-0 38.9 
D F ( Z ) ~  (1) 1 61.8 49.6 


1 59.4 46.9 
- 50.6 39.0 
- 61.6 49.2 


DF(x ,  Y ) ~  (1) 


D F ( z ) ~ ,  w x ,  Y )  (2) 
DF(z)", DF(x ,  YY" (2) 


DF(x, Y )  (1) 


D F ( z ) ~ ,  DF(X,Y)  (2) 
DF(z)", DF(x, Y)~" (2) 


"DFvaluescalculated forcompound4c:DF'=7378,DFR=2137, OF,"= 18.92, DFE= 18,45,DF(z)"= 16060,DF(x,y)"=5001, 
D F ( Z ) ~  = 4574 and DF(x, Y ) ~  = 1461. Experimental values of 16 I are 40.4 f 1 . 7  Fm-' in nematic solvent 5 and 20.1 t 3 . 5  pm-' in 
nematic solvent 6. 
' D F  values calculated for compound 4d: DFM = 13 390, DFR= 4127, OF," = 27.78, OF," = 26.53, D F ( z ) ~  = 30 150, 
DF(x, y)" = 8922, D F ( z ) ~  = 9610 and DF(x,  y ) R  = 2704. Experimental values of 16 I are 63.9 f 1 . 5  gm-' in nematic solvent 5 and 
3 7 . 5  ? 3 . 0 1 ~ m - l  in nematic solvent 6. 


the level of correlative dependences. Proceeding in such 
a way, parallel to the general dissymmetry functions 
DFM and DFR for the studied chiral compounds, we 
calculated their components D F ( z ) ~ ,  DF(x,  Y ) ~ ,  
D F ( z ) ~  and DF(x ,  y ) R  characterizing the molecular 
dissymmetry with respect to  molecular long ( z )  and 
short ( x ,  y )  axes respectively. Every function DF(z),  
D F ( x )  and D F ( y )  was calculated, according to  Ref. 7, 
as the geometrical mean level of dissymmetry ( L 9 ; )  
with respect to all specific ways of carrying out the 
operation of symmetry S; for a molecule in the given 
system of coordinates, e.g. 


DF(Z)  = ~LDS~LDS~LDS$LDS~ 
The functions DF(x ,  y )  were correspondingly calcu- 
lated as the geometrical mean of functions DF(x) and 
D F ( y )  with respect to  two much shorter molecular 
axes. DF(z) and DF(x, y )  values within the limits of the 
DF method are a peculiar characteristic of the biaxiality 
of chiral molecules. 


The calculated DF(z) and the D F ( x , y )  values are 
given in Table 4. Their comparison with the set of OFM 
and DFR values for the same compounds 1-4 (Table 1 )  


shows complete similarity of the changes in DF'(') 
values and their components D F ( Z ) ~ ( ~ )  and 
DF(x, y ) M ( R ) .  It can be noted that the relative change 
in D F ( z ) ~ ( ~ )  values in the series of com ounds 1-4 is 


ratio of D F ( z ) ~ ( ~ )  values for compounds 4d and 3a is 
3.9-4.1; the corresponding ratio of DF(x ,  y)'(R) 
values is 3 3-3 -4; see Tables 3 and 41 . 


To clarify the relationship between the twisting 
power I /3 I of the biaxial chiral molecules and the com- 
ponents of their dissymmetry DF(z)  and D F ( x , y ) ,  it 
seems to  be simplest and valid enough to use the fol- 
lowing linear two-parameter correlative dependences: 


I 0 1 = u D F ( z ) ~ ( ~ )  + bDF(x, y ) M ( R )  + c (2 )  


For comparison, the single-parameter correlative 
dependences 1 /3 1 -DF(z) and I 0 I -DF(x,  y )  are also 
considered. The results of the regression analysis 
carried out (Tables 2 and 5 )  show that the twisting 
power of compounds 1-4 correlates with the compo- 
nents of molecular dissymmetry DF(z) and DF(x, y )  
with virtually the same accuracy as when using the 
general characteristics of dissymmetry DFM and DFR. 


slightly larger than that in D F ( x , ~ ) ~ (  1 ) values [the 
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Table 4. Calculated components of dissymmetry functions with respect to long [DF(z)] and short [DF(x, y ) ]  
molecular axes for chiral compounds 1-4 and ( - )-menthone 


Component of dissymmetry functions 


la 
l b  
l c  
Id 
l e  
If 
1g 
l h  
l i  
2a 
2b 
2c 
2d 
2e 
2f 
2g 
3a 
3b 
3c 
3d 
3e 
3f 


4a 
4b 
( - )-Menthone 


3g 


C6HS 
H 


8129 
10692 
13290 
18998 
14894 
12460 
12801 
14903 
21952 
10785 
13998 
I728 1 
24228 
19325 
16566 
28094 


7390 
9830 


12354 
17768 
13859 
11885 
20672 
10238 
24755 


1644 


2702 
3244 
3767 
4826 
4098 
361 1 
3697 
4203 
5619 
4458 
5214 
5994 
6792 
6581 
5858 
8698 
2594 
3153 
3860 
4766 
4058 
3576 
5559 
3565 
7110 


917 


277 1 
2770 
353 1 
4012 
3737 
3570 
3839 
4540 
7241 
31 14 
3113 
3947 
4391 
4172 
426 1 
8020 
2448 
2448 
3154 
3596 
3347 
3459 
6638 
3370 
5087 


517 


904 
904 


1061 
1156 
1164 
1070 
1189 
1284 
1831 
1175 
1175 
1376 
1497 
1449 
1438 
2329 
808 
809 


1028 
1145 
1090 
1025 
1782 
1150 
1588 
247 


Table 5. Parameters of regression equations 1 /3 I = uDF(z)"'" + bDF(x, y)"'R' + c for the whole range of chiral 
compounds 1-4 and ( - )-menthone 


Solvent DF used l? So a b sb a c S," r a  


5 D F ( z ) ~ ,  DF(x ,  y),"" 0.00137 0.00059 0.00061 0.002 3.9 2.2 0.899 
DF(z),", DF(x ,  Y )  0.0017 0.0022 0.016 0.008 2.0 2.1 0.921 


6 D F ( z ) ~ ,  DF(x ,  y)," 0*0016 0.0007 -0.0017 0.0024 5.9 2.7 0.778 
D F ( z ) ~ ,  D F ( X , Y )  0.0040 0.0028 0.0022 0.0097 4.4 2.6 0.823 


"So.  s b  and S, are mean square deviations of parameters a, b and c, respectively; r is the correlation coefficient. 


This agrees with the model Van der Meer, " according 
to  which the calculation of molecular biaxiality gives 
only a non-essential contribution t o  the energy of the 
interaction between molecules of helically ordered 
systems. It seems to  be that in uniaxial liquid crystalline 
media (nematic solvents 5 and 6 used here are related to  
such media) the influence of the biaxiality of the mol- 
ecules of chiral dopants is revealed only locally and 
does not affect the overall order arameters. l8 


The use of functions D F ( Z ) ~ ( ~ )  and DF(x, y)'(R) 
and the general characteristics of dissymmetry DF'(R) 
allows one to  predict satisfactorily the 10 1 values of 
new chiral compounds on the basis of correlative 
dependences of types (1) and (2) (Table 3). 


To determine possible ways for a directed search for 
effective chiral dopants similar to the studied ketones 1, 
it is expedient to  follow the changes in OFR and DF: 
values with consecutive structural changes in molecules 
7-14. 


CH3 
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CH3 


CH(CH3 ) z  


9, D F ~  = 1335, OF," = 17.9  


CH(CH3 I z  


11, DFR = 1159, OF," = 16.8 


13, DFR = 1082, D F f =  17.5 


10, DFR = 1321, OF," = 18.2 


12, DFR = 1257, OF," = 18.6 


14, DFR = 234, DFf = 6.2 


When calculating the DF values of the molecules 
their geometry was naturally considered to  be similar to  
those in structures 1. It is evident that the introduction 
of a 2-methylene group into the molecule of (+) -  
isomenthone (7; giving 8)  affects the DFR and DF: 
values comparatively weakly. However, the subsequent 
introduction of a phenyl group with the formation of 
structure (1, X = H) (9) sharply increases (almost 
doubles) DF:. Close values of OFR and DF: are 
also obtained for the 2-benzylidene derivative of 
p-menthane (10). It is characteristic that the values of 
DFR and particularly of DF: vary slightly on passing 
to structures 11-13, differing from 9 by the absence of 
one or both alky substituents. 


Overall it is obvious that in the case of ketone 13 the 
dissymmetry of the molecule is controlled only by the 
non-planarity of the cinnamoyl fragment. However, the 
model non-planar cinnamoyl system 14 is characterized 
by a relatively low dissymmetry, that is, the incorpor- 
ation of this group in a six-membered ring is an 
important factor. Hence the investigation indicates that 
fixing the position of the cinnamoyl group in a non- 
planar s-cis-conformation due t o  the chiral six- 
membered ring is one of the ways to obtain chiral 
structures with both high dissymmetry and high 
twisting power. The character of alkyl substitution in 
the ring is important only in connection with the 
necessity for stabilization of one conformer with a 
certain helicity of the cinnamoyl system. The number of 
chiral centres in the ring is not of much importance. 
The introduction of extended para substituents in the 
benzene ring, as follows from Table 1 ,  is also a reason 
for some increase in molecular dissymmetry. 


Hence we conclude that there are certain possibilities 
of using the calculated DF values to describe the influ- 
ence of the molecular structure of chiral compounds on 
one of their important properties stipulated by the mol- 
ecular chirality, viz. the effectiveness of the induction of 
helical ordering in the nematic mesophase. 


EXPERIMENTAL 


The measurements of the sign and absolute values of 
the twisting power of chiral compounds was described 
previously. 28 Conformational energies of the structures 
under investigation were calculated according to  the 
force field method '' with Scott-Scheraga parameters. 29 
The calculations of DF values were carried out as 
described in Part I.' The values of the atom refractions 
according to Eisenlohr-Vogel 30 were used. 


CONCLUSION 


For many chiral carbonyl compounds, cyclohexanone 
and cyclohexenone derivatives, existing almost entirely 
in the form of one molecular conformation, the cor- 
relative dependences between the values of the calcu- 
lated dissymmetry functions with respect to  atomic 
masses and atom refractions and the induction effec- 
tiveness of helical ordering in the nematic mesophase 
(twisting power) have been established. The important 
aspect is that such correlative dependences are observed 
for groups of compounds that differ in the structures 
of both the chiral cyclic skeleton and the exocyclic 
*-electronic substituent, allowing one to predict with 
acceptable accuracy the twisting power of new 
substances with a 'fixed' molecular conformation. 


Types of dissymmetry functions and of correlative 
dependences that are most acceptable for this purpose 
were established. Dissymmetry functions formed on the 
basis of atom refractions (polarizabilities) describe the 
influence of the molecular structure of chiral com- 
pounds on the twisting power with higher accuracy than 
those which characterize the dissymmetry of the atomic 
mass distribution, according to the important role of 
the dispersion forces in the formation of helical 
ordering in liquid crystalline systems. 


The components characterizing the distribution dis- 
symmetry of atomic refractions and masses with respect 
to  the long and the two shorter axes as peculiar charac- 
teristics of the biaxiality of chiral molecules describe the 
influence of the molecular structure on the twisting 
power with the same accuracy as d o  the general DF 
values. Hence, within the limits of the DF method, it 
was confirmed that the biaxiality of a dopant molecule 
does not have a significant effect in uniaxial 
mesophases. 


Based on the calculations for model systems, it was 
established that the existence of the non-planar cinna- 
moyl fragment has a decisive influence on the molecular 
dissymmetry of chiral a ,  punsaturated cyclohexanone 
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and cyclohexenone derivatives. Alkyl groups influence 
the molecular dissymmetry only slightly, but it is 
important that their existence ensures the stabilization 
of a single chiral conformer with the defined helicity of 
the cinnamoyl fragment. 
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EPRlENDOR STUDY OF THE DECAY OF TRAPPED RADICALS 
IN PHOTOPOLYMERIZED BUTANE-l,4-DIOL DIACRYLATE 
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ROBERTO MORELLI 


Dipartimento di Chimica Fisica ed Eieltrochimica e Centro CNR, Universita di Milano, via Golgi 19, 1-20133 Milan, 1tai.y 


Long-lived trapped radicals produced during the photopolymerization of hutane-1,4-diol diacrylate (BDDA) were 
studied by EPR and ENDOR spectroscopy and their thermal decay was followed by EPR measurements a t  different 
temperatures (40-120 "C) for kinetic study. The EPR signal showed the superimposition of two different patterns, a 
three-line and a single-line spectrum. Both EPR patterns decayed following first-order kinetics in the investigated 
temperature range. Activation parameters of the decay were obtained. The EPR patterns were attributed to the same 
radical species situated in fluid and in cross-linked regions of the photopolymerized BDDA. Radicals of the latter kind 
undergo electron spin exchange strong enough to wash out the hyperfine splitting. The single-line width is mainly 
determined by electron spin dipole-dipole interactions. The ENDOR response is only of the matrix kind, typical of 
radicals in a solid phase. The present model was also compared with recent literature reports. 


INTRODUCTION 


Trapped radicals in polymers produced by free radical 
polymerization of multifunctional acrylates were 
observed by EPR spectroscopy more than 30 years 
ago. ' Many industrial applications of the photoinduced 
polymerization of multifunctional monomers have been 
developed recently, 2s3  and the properties of the polymer 
are strongly dependent on the irradiation conditions. 
This stimulated kinetic ~ t u d i e s ~ - ~  of the photo- 
polymerization process with several experimental tech- 
niques. It has been demonstrated that total conversion 
of acrylic groups is hardly attainable, owing to  a n  early 
local gelation effect, and that diffusion restrictions are 
determinant both in the propagation and in the termin- 
ation of the growing polymer chains.475b Trapping of 
radicals, due to  the inhomogeneity of the ~ y s t e m , ~  
occurs from the early stages of photopolymerization, 
when a great amount of unreacted monomer is still pre- 
sent. The slow decay of radical species after irradiation 
is accompanied by further polymerization. 


In an earlier paper* a model was proposed to account 
for the EPR spectra observed in photopolymerized 
hexane- 1,6-diol diacrylate (HDDA) and tetraethylene 
glycol diacrylate (TEGDA) and for their decay with 
time at  different temperatures. Experimental EPR 
spectra, fitted by an automatic non-linear least-squares 
procedure, turned out to  represent the superimposition 


*Author for correspondence. 


of a three-line and a single-line pattern, both attributed 
to the same radical in different environments. This 
should not be the propagation radical, but a mid-chain 
radical resulting from tertiary hydrogen abstraction 
from the polymer chain (see Scheme 1). The three-line 


-H~c--~;--cH~-- 
I 
c o" \ 0 


I 
R 


observed radical 


Scheme 1 


spectrum, which shows an isotropic hyperfine splitting 
of about 25 G (2H), was attributed to  radicals present 
in the fluid phase whereas the single-line spectrum was 
attributed to radicals in denser, cross-linked regions. 
The hyperfine interaction in these latter radicals is 
washed out of the EPR spectrum by electron spin-spin 
exchange between like radicals. 


ENDOR spectra were matrix9 lines, typical of the 
solid state, split by hyperfine interaction; no ENDOR 
response was obtainable from the three-line EPR 
spectrum. 
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The decrease with time of the EPR spectral areas 
a t  different temperatures was a first-order decay 
proceeding at  the same rate as the parallel first-order 
conversion of double bonds, which was followed by 
chemical analysis. * 


Recently several EPR studies on photopolymerized 
or free-radical polymerized acrylates have been 
reported, lo- '' and other workers have given different 
interpretations of their experimental results. " , I 2  This 
prompted us to verify our model further by studying the 
radical decay of another photopolymerized diacrylate 
molecule, butane-l,4-diol diacrylate (BDDA). This 
monomer shows slightly different molecular character- 
istics to the previously investigated diacrylates, which 
have almost identical behaviour owing to the similarity 
of their chain lengths and mobilities. 


EXPERIMENTAL 


Sample preparation. Butane-l&diol diacrylate 
(BDDA) was a commercial product (UCB, Belgium) 
and was used without any further purification. Pure 
monomer, without any photoinitiating species, was 
irradiated for 12 min under vacuum in a quartz EPR 
tube, outside the spectrometer cavity. The previously 
described' apparatus and experimental procedure were 
employed. After the irradiation a transparent, colour- 
less and apparently homogeneous solid was obtained. 


Analysis of residual unsaturations was carried out by 
IR spectrometry on a Perkin-Elmer Model 1710 Fourier 
transform IR spectrometer. The peak at 812 cm- '  cor- 
responding to the CHz=CH- twisting vibration of the 
acrylate group13 was monitored. This revealed that, 
after the same standard irradiation time (12 min), 
BDDA samples reached the same degree of photopo- 
lymerization (68%) obtained with the previously inves- 
tigated diacrylates. 


Under the adopted experimental conditions, a degree 
of  conversion higher than 68% could not be obtained 
even by longer irradiation of BDDA, whereas shorter 
irradiation times produced lower degrees of conversion. 


EPR and ENDOR spectroscopy. EPR spectra were 
recorded by means of a Varian E-line Century Series 
EPR spectrometer equipped with a laboratory-built 
variable-temperature facility. EPR measurements were 
performed with BDDA samples photopolymerized 
under standard conditions (68% double bond conver- 
sion) within 15 min after the end of the irradiation. As 
the decay of trapped radicals is extremely slow at room 
temperature in the dark, no significant reaction 
occurred in this short lapse of time. The temperature of 
the samples was kept constant at the desired values to 
within 5 1 "C by a flow of pre-warmed air. Digitized 
spectra were transferred to  a Could NPl  computer 
through an IBM PS/2 80, in order to fit them using the 


program EPR85. l4 The least-squares fitting procedure 
yielded width, hyperfine splitting, difference in g- 
factors and spectral area of each of the two overlapping 
patterns. The statistical error affecting each parameter 
was also calculated. 


Radical decay kinetics were followed by monitoring 
the EPR intensity at temperatures ranging from 40 to 
120 "C. The reaction is very slow at temperatures lower 
than 40 C, so that kinetic runs are ve5y time con- 
suming. At temperatures higher than 120 C the decay 
kinetics may become more complicated.: 


Some runs were also carried out at 90 C with lower 
initial degrees of conversion down to 50%. Samples 
with initial degrees of conversion lower than 50% gave 
an EPR signal that was too weak for kinetic study. 


ENDOR spectra were recorded by means of a Bruker 
ESP300 spectrometer equipped with a Bruker ER033C 
F/F lock, a Bruker EN810 ENDOR unit, a EN1 A-900 
radiofrequency (RF) 900 W power amplifier and a 
Bruker ER4111VT variable-temperature unit. The best 
ENDOR signal was obtained with a microwave power 
of 6.3 mW and 5 dB (900 W) RF power attenuation. 
The RF modulation depth was kept to 50 kHz to  
achieve a good resolution. Five scans were added for 
each spectrum. Low-temperature (100-200 K) ENDOR 
measurements were carried out by cooling the sample 
with a stream of cold nitrogen. ENDOR spectra were 
then transferred to an IBM PS/2 80 personal computer 
for subsequent analysis. 


RESULTS 


EPR spectra 


Pre-irradiated samples kept in the dark exhibited stable 
EPR spectra. Like the previously investigated systems, 
photopolymerized BDDA yielded an EPR spectrum 
which turned out to  be the superimposition of a single- 
line and a three-line pattern, both Lorentzian in shape, 
with the same g-factor. This was measured using 
DPPH as reference and was found to  be 2.0028 
at 40°C. At the same temperature the hyperfine 
coupling constant of the three-line spectrum was 
a1H = 24.51 k 0.08 G and the line width was 
A W ,  = 8.2  2 0.2  G for the three-line spectrum and 
A WZ = 32-3  k 0.9  G for the single-line spectrum (see 
Figure 1). The single-line spectrum always showed an 
integrated signal intensity higher than that in the three- 
line spectrum. At 40 "C,  the ratio between the spectral 
areas, measured at the end of irradiation, was 2.29. 


Radical decay kinetics 


In the range 4O-12O0C, the decay of both signals of 
pre-irradiated BDDA followed first-order kinetics, 
characterized by the rate constants reported in Table I .  
By comparing the present results with those obtained 
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c-- 


3195 3185 9235 3285 33Y5 


M a g n e t i c  f i e l d  ( g a u s s )  


Figure I .  EPR spectrum of pre-irradiated BDDA at 40 'C. (*) experimental spectrum; (-) least-squares fitted spectrum. See text 
for the optimized parameters 


with the previously investigated pre-irradiated 
monomers, we first note that a single relaxation exprzs- 
sion can account for the kinetic data obtained at 120 C 
with BDDA, whereas a multiple relaxation expression 
gave a better fitting for HDDA and TEGDA. * As in the 
latter two cases, the BDDA three-line spectrum decayed 
at higher rates than the single-line spectrum. For pre- 
irradiated BDDA, the first-order rate constants were 
lower than for the other two diacrylate systems at the 
same temperature. Moreover, they were independent of 
the initial degree of photopolymerization in the range 
50-68%. The activation enthalpy, A H S ,  and entropy, 
AS', were also obtained from an Eyring plot of the 
kinetic data (see Table 2). 


Spectral line widths vs concentration 


As for photopolymerized HDDA and TEGDA, the 
three-line spectrum of BDDA did not undergo any sig- 
nificant line broadening on increasing the radical con- 
centration, whereas the single-line spectrum showed a 


Table I .  First-order rate constants, k min-I), of radical 
decay from EPR measurements of pre-irradiated HDDA 


(from Ref. 8) and BDDA at various temperatures 


Three-line spectrum Single-line spectrum 


T( 'C)  HDDA BDDA HDDA BDDA 
- 


40 2.7 2 0 . 8  0 . 7 4 t  0.04 2.3 i 0 . 6  0 . 4 4 2  0.05 
60 I 1  2 1 4.6 t 0.2 9 +- 2 3.0 k O . 2  
90 55 2 7  30 i 3 27 + - 3  13 k 2  


a 25 2 7  - 120 - a 75 5 11 
~~~ ~~ ~ 


' No Fingle relaxation expression was found in this case.' 


linear increase in width (see Table 3). However the 
slope of the line width vs concentration plot showed a 
threefold increase when the temperature was lowered 
from 120 to 40°C, at variance with the previously 
investigated cases. 


Table 2.  Activation enthalpy, AM-, and activation entropy, 
AS:, for the radical decay of the single-line spectrum in 


different pre-irradiated diacrylate polymers 


Monomer AW(kJ mol-I) AS:(J K - I  mol- ' )  


HDDA" 39 i 2 -222 -c 5 
TEGDAa 4 0 i  1 - 2 1 9 2  3 
BDDA 56 t 7 - 148 2 25 


'From Ref. 8. 


Table 3. Slopes of linear correlation of 
the width of the EPR single-line AWz 
with the radical concentration C in pre- 
irradiated BDDA at  different 


temperatures" 


T( 'C)  q[G(arbitrary units)-'] 


40 
60 
90 


120 


33 i 3 
20 +- 2 
16 +- 6 
10 i 7 


"The regression equation is A W, = p + qC, 
where C is the single-line integrated spectral 
area (arbitrary units) proportional to the 
concentration of the corresponding radical 
species. 
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ENDOR spectra 


'H ENDOR of pre-irradiated BDDA (see Figure 2) was 
detected with the magnetic field set at the centre of the 
EPR spectrum. ENDOR spectra recorded at different 
settings throughout the EPR absorption differed only in 
the absolute intensity. No significant change in the 
ENDOR spectrum was observed on increasing the tem- 
perature from 100 to 200 K, where the ENDOR signal 
was no longer detectable. 


The ENDOR pattern, centred at  the free proton fre- 
quency (14.5 MHz), is composed of a narrow single 
line and a doublet of broad lines. The overall spectrum 
spans about 3 MHz and is very similar to  those 
obtained with pre-irradiated HDDA and TEGDA.' 


This kind of ENDOR is known as matrix9 ENDOR 
since it is due to matrix nuclear spins (protons in our 
case), which interact with the unpaired electron spin by 
hyperfine coupling. Theories of matrix ENDOR at dif- 
ferent levels of sophistication have been proposed. I s  
The assumption that the nuclear spin transitions are 
saturated allows the use of a simplified theory of matrix 
ENDOR proposed by Leniart et al. l 6  In this model the 
ENDOR line position is determined by the free proton 
frequency and by the isotropic hyperfine constant a and 
the line shape is determined by the anisotropic (dipolar) 
hyperfine constant 6 and by the width w of the Lorent- 
zian function used in the convolution of the stick 
spectrum. 


We performed extensive simulations of the proton 
ENDOR spectrum using a computer program l 7  based 
on the above theory. All the parameters were varied 


widely until we obtained a satisfactory match between 
the experimental and simulated spectra (see Fig. 2). 
The best parameters for the doublet pattern are 
a = 0.13 MHz, 6 = 0.28 MHz and w = 0.23 MHz. The 
single narrow line is too weak for a reliable simulation. 
Its width is about 0.04 MHz and it is affected by the RF 
modulation, the depth of which is 0.05 MHz. All we 
can say is that the hyperfine interaction of the nuclei 
giving rise to this line must be less than 40 kHz. 


DISCUSSION 


Our present and previous' experimental results must be 
compared with some recent literature reports. The EPR 
spectrum of pre-irradiated HDDA has been unequi- 
vocally identified as a mid-chain radical '* surrounded 
by four P-methylene protons (see Scheme 1). The fact 
that only two of the four a-methylene protons show 
appreciable hyperfine interaction has recently been 
attributed" to  a well defined conformation around the 
mid-chain polyacrylate radical. However, the exper- 
imental spectroscopic pattern could not be satisfactorily 
simulated by a single radical conformation. A good 
match between experimental and simulated EPR traces 
was obtained when a Gaussian spread around the most 
probable dihedral angle was assumed. 


Two kinds of  overlapped EPR spectra, in contrast, 
have been unequivocally observed for the bulk free- 
radical polymerization of methyl methacrylate initiated 
by ultraviolet light. They have been attributed to free 
radicals in the liquid and to radicals trapped in the solid 
state. 


Radio f requency  (hfHz) 


Figure 2. ENDOR spectrum of pre-irradiated BDDA a1 100 K ( -  173 "C). The noisy trace is the experimental spectrum and the 
other trace is the spectrum simulated with the parameters given in the text. The free proton Larmor frequency is 14.5 MHz 
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Similar patterns are typical of the acrylate function in 
pre-irradiated multifunctional  specie^.^*^^^^*'^ It has 
also been reported that the hyperfine splitting observed 
by EPR in multiacrylate systems disappears and only a 
single line is detectable after prolonged thermal 
after-treatments 
This single line is attributable only to  the mid-chain 
radical characteristic of photopolymerized 
multiacrylates 7,8 in a highly cross-linked environment 
and is not due to the presence of different radical 
species (e.g. radicals from the photoinitiator). In fact, 
this type of signal is not observable in the absence of 
acrylate functions. '' As the three-line spectrum decays 
at a higher rate than the single-line spectrum, also in 
our kinetic runs only the latter is observable at long 
after-treatment times. 


In our previous work,8 the interpretation of the EPR 
spectra of pre-irradiated diacrylates as the overlap of 
two different patterns from the same radical species 
found further support in ENDOR studies; the ENDOR 
response, in fact, seemed not to  be due to the radical 
species in the mobile phase generating the three-line 
EPR spectrum, but could be better attributed to the 
species producing the EPR single-line spectrum. 


The EPR and ENDOR spectra observed with pre- 
irradiated BDDA are qualitatively similar to  those 
already reported for HDDA and TEGDA.8 Again, 
both the single- and the three-line spectra are due to  the 
same type of radical, situated in different environments. 
The identity of the g-factor of both EPR patterns in 
photopolymerized BDDA supports this conclusion. 


The decay rate constants of the three-line and the 
single-line spectra are always lower in BDDA than in 
HDDA and TEGDA (see Table 1)  as a consequence of 
the lower mobility and flexibility of photopolymerized 
BDDA. A similar trend has been observed also in the 
first-order rate constants of double bond conversion 
occurring during the thermal after-treatment of photo- 
polymerized diacrylates. Their values, determined on 
less photopolymerized BDDA samples, zo were lower 
than those measured with pre-irradiated HDDA and 
TEGDA, and fairly close t o  the radical decay rate con- 
stants reported for BDDA in Table 1 .  Then mid-chain 
radicals occluded in the polymer network can still 
produce some further polymerization, and both propa- 
gation and termination reactions are equally influenced 
by the local chain mobility. 


The activation parameters obtained from Eyring 
analysis of the decay rate constants of the BDDA 
single-line spectrum along with activation parameters of 
HDDA and TEGDA8 are reported in Table 2. A more 
rigid cross-linked phase is expected for BDDA than for 
HDDA and TEGDA, owing to  a closer packing of 
polymer chains. This could be the reason why a lar er 


measured for pre-irradiated BDDA than for HDDA 
(see Table 2). Results obtained with photopolymerized 


or after very long irradiation times. 


value of the radical-decay activation enthalpy A H  1: is 


BDDA confirm that the three-line spectrum is due to  a 
more mobile radical species, as it decays at a higher rate 
than the single-line spectrum, and its decay rate 
increases faster with increasing temperature. The acti- 
vation entropy ASs resulting from the kinetic data for 
pre-irradiated BDDA is smaller than that obtained with 
HDDA. This could again be attributed to a shorter dis- 
tance between the reactive centres in the polymer 
network. 


The lack of hyperfine splitting in the single-line spec- 
trum is attributed to  spin exchange between radicals in 
the cross-linked region. Since the spin exchange is 
effective on the radicals in the more viscous phase, it 
should not be caused by collisions of the paramagnetic 
centres, as usual in solution, but by the interaction 
between radicals at distances comparable to molecular 
diameters. This mechanism of spin exchange is expected 
in solids2' and ir! concentrated solutions.2z Clusters of 
radicals have been previously detected in 7-irradiated 
ethylene glycol dimetha~rylate '~  and methyl 
m e t h a ~ r y l a t e ~ ~  polymers. 


The line width of the three-line spectrum is constant 
when the radical concentration decreases. In contrast, 
the single-line width shows an appreciable decrease 
when the radical concentration decreases. These 
observations, as in the previously investigated cases, 
suggest that neither spin exchange nor electron spin 
dipole-dipole interaction takes place between the three- 
line radicals. This further supports the view that they 
are in the more mobile and less dense phase. 


The behaviour of the single-line width is surprising at 
first sight. In fact, when spin exchange has washed out 
the hyperfine splitting, the exchange narrowing region is 
reached and any increase in radical concentration 
should lead to larger spin exchange and, consequently, 
to narrower lines. However, when the concentration of 
paramagnetic molecules is sufficiently high, the electron 
spin dipole-dipole interaction results in significant line 
broadening. 2 5  The contribution of the dipole-dipole 
interaction to  the line width depends on the radical con- 
centration and on the viscosity of the medium, since 
this interaction is averaged by the Brownian motion of 
spins. Low-viscosity solutions of radicals show an 
appreciable contribution to the EPR line width from 
dipole-dipole interactions only at very high radical 
concentrations. For example, an aqueous solution of 
radicals can be considered viscous from the point of 
view of averaging the dipole interactionz6 at radical 
concentrations higher than 10 mol dm-3. In systems 
with very low molecular mobility (very high viscosity), 
as in the present case, the concentration-dependent line 
width is completely determined by dipole interactionsz7 
at any radical concentration detectable by EPR 
(> mol dm-3). The dipole broadening is 
proportionalz6 to  the radical concentration C: 


A W2 = (A W2)dip + (A WZ)O = kdC + (A WZ ) O  ( I )  
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where (AWz)o is the residual line width and kd is the 
proportionality factor. The linear correlation of the 
single-line width with the radical concentration in 
BDDA (see Table 3), HDDA and TEGDA’ supports 
the conclusion that the observed broadening with 
increasing concentration is due to electron spin 
dipole-dipole interactions. Unfortunately, k d  could not 
be calculated from the slope q of the plots since the 
radical concentration is known only in arbitrary units. 


In fact, the electron spin dipolar interaction is par- 
tially averaged by Brownian motion or  by spin flip- 
flops. This averaging is more effective at higher 
temperatures and results in a significant reduction of 
the slope q for BDDA from 40 to 120°C. In this situ- 
ation the line shape is Lorentzian only in its central part 
and the wings fall off more slowly than for a Lorentzian 
shape. 26 This can be seen in Figure 1, where the wings 
of the single line, overlapped by the outer lines of the 
other pattern, are underestimated by the least-squares 
fit. Even if a dipole-dipole interaction is predominant, 
other mechanisms of line broadening or narrowing, e.g. 
spin exchange, contribute to  q.  The dependence of the 
latter on temperature can be influenced by the tempera- 
ture dependence of these minor contributions to  the line 
width. The increase in q with temperature found in 
HDDA and TEGDA samples could be accounted for in 
this way. 


Finally, the weak narrow ENDOR line can be reason- 
ably attributed to protons far away from the unpaired 
electron, since their hyperfine interaction is less than 
40 kHz. A lower limit for the distance between these 
protons and the unpaired electron can be estimated 
following Ref. 16 by the equation 


where 6 is the dipolar constant in MHz and r is the 
proton-electron distance in A b  Since 6 is less than 
0.04 MHz, r is larger than 13 A .  The protons which 
give rise to  the ENDOR doublet are closer to the 
unpaired electron and they experience a non-vanishing 
spia density. An average electron-proton distance of 
6 A can be estimated from the dipolar constant by 
equation (2). This value is close to that found with 
HDDA and TEGDA. * Then two shells of protons con- 
tribute to the ENDOR response. Protons in the outer 
shell are only weakly coupled to the electron spin 
whereas protons in the inner shell are coupled to the 
unpaired electron by both dipole-dipole and Fermi 
contact interactions. The similarity of ENDOR spectra 
detected with photopolymerized BDDA, HDDA and 
TEGDA suggests that the distribution of hydrogen 
nuclei in the cross-linked region does not depend much 
on the number of methylene groups between the two 
acrylate functions of each monomer. 


6 = 80/r’ ( 2 )  
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CIRCULAR DICHROISM AND ELECTRONIC STRUCTURE 
CALCULATIONS ON NAPROXEN 


STEPHAN WENZEL AND VOLKER BUSS* 
Fachgebiet Theoretische Chemie, Universitat Duisburg, W-41 Duisburg, Germany 


The circular dichroism (CD) spectrum of naproxen exhibits hisignate behaviour in the 210-250 nm region with 
pronounced temperature dependence, indicating a dynamic solution behaviour. According to semi-empirical (PM3, 
AM1) calculations, four conformations have to be considered in order to describe the potential energy surface of the 
molecule. These conformations, all chiral, differ in the relative orientation of the carboxyl group with respect to the 
naphthalene moiety, which could explain the differences observed in the CD spectra. Electronic structure calculations 
employing CNDO/S and coupled oscillator theory suggest that the two oppositely signed CD bands of naproxen are 
not the two components of a couplet but result from excitations of the naphthalene 16. and lBb states that are 
coupled to the carboxyl TT* transition. The four conformations are attributed to two different coupling patterns; 
implications with respect to observed spectra are discussed. 


INTRODUCTION 


Of the many derivatives of 2-arylpropionic acid that 
have proved effective as anti-inflammatory agents, 
naproxen ( f )-2' -(6-rnethoxy-2-naphthyl)propionic 
acid, is one of the few that is being administered not 
as the racemate but as an enantiomer. ' The compound 
has the S configuration, as was shown by chemical 
degradation. Positive absorption in the 230 nm range 
of the circular dichroism (CD) spectra of several 
2-arylpropionic acids including naproxen has been 
correlated with S configuration, which is also the 
therapeutically active form. Apart from this, we are not 
aware of any investigations regarding the chiroptical 
properties of naproxen, (the inclusion complexes of 
naproxen with a-, p- and 7-cyclodextrin have been 
d e ~ c r i b e d , ~  but no chiroptical properties were reported) 
which is surprising considering the obvious relationship 
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between absolute configuration and activity tor 
naproxen and related arylpropionic acids. 


In this work, we investigated the UV and C D  spectra 
of naproxen between 210 and 400 nm at  different tem- 
peratures and in different solvents. The CD spectra 
exhibit a pronounced temperature dependence, which 
will be shown to be intramolecular in nature and not the 
result of intermolecular interaction. We also performed 
a conformational analysis of the compound and elec- 
tronic structure calculations for the most stable geom- 
etries with the aim of correlating observed spectral data 
with molecular conformations. 


EXPERIMENTAL 


Naproxen was a gift from Syntex Research (Palo Alto) 
and was also obtained commercially from Aldrich. The 
methyl ester was prepared by a standard procedure by 
conversion of naproxen to the acid chloride wit! oxalyl 
dichloride and reaction with methanol; m.p. 91 C, m/z 
185 and IR and NMR data as expected for the ester. 


The solvents used were of spectral quality: 
methanol-ethanol (1 : 4, v/v); EPA [diethyl 
ether-isopentane-ethanol (5 : 5 : 2)l and 
dichloromethane. UV spectra were obtained on a 
Perkin-Elmer Lambda 5 spectrometer and C D  spectra 
on a Jobin-Yvon Dichrograph Mark IV instrument, 
both equipped for thermocontrolled low-temperature 
measurements. All spectra shown have been corrected 
for solvent contraction. 
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RESULTS 
UV and CD spectra 


The UV spectra of naproxen in methanol-ethanol 
(Figure 1 ) show an intense absorption with a maximum 
at 235 nm ( E  = 65 OOO) with a shoulder at the high- 
energy side, a progression of low-intensity bands at 253, 
262, 212, and 283 nm ( E  = 5700, 7300, 7800 and 4500, 
respectively) and two absorptions at 317 and 332nm 
(c = 2900 and 3700). All absorptions increase in inten- 
sity as the temperature is lowered. The spectra do not 
change 


70000.. 


8 


in other solvents such as EPA or 
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Figure 1. Temperature-dependent UV (top) and CD spectra 
(bottom) of naproxen in ethanol-methanol. The concen- 
tration is 1.8 x lo-' M (UV) and 1.5 x lo-' M (CD); for the 
inset in the UV spectra, divide the extinction by 7.2.  The 
curves correspond to measurements at + 20, 0, - 40, - 80, 
- 120 and - 160'C. There were problems with the baseline in 
the CD measurement at - 160"C, so it was cut off. Arrows 


point into the direction of lower temperatures 


dichloromethane and the spectra of the free acid and of 
the methyl ester are essentially identical. 


The CD spectra of naproxen in methanol-ethanol 
are also shown in Figure 1. In contrast to the UV 
spectra they show a distinct temperature dependence, 
with a negative band developing at 210 nm and a posi- 
tive band at 235 nm. The amplitudes reached at 160 "C 
are - 28 and + 22 A&, respectively. The spectra taken in 
the non-polar solvent EPA (not shown) differ from the 
methanol-ethanol spectra only at higher temperatures 
where the seemingly bisignate structure is more pro- 
nounced than in methanol-ethanol. 


The spectra are not dependent on concentration, 
which makes it unlikely that aggregates, such as cyclic 
hydrogen-bonded dimers, are responsible for these 
spectra. In order to rule out this possibility completely, 
the methyl ester of naproxen was prepared and its 
spectra obtained under identical conditions. The 
methanol-ethanol spectra (not shown) have a larger 
amplitude but otherwise they are essentially identical 
with the spectra of the free acid. 


Treatment of naproxen with trifluoroacetic acid 
(TFA) should yield the protonated acid, but the spectra 
of this species proved difficult to obtain. Naproxen is 
insoluble in hydrocarbon solvents, and in mixtures such 
as EPA addition of TFA results in at least partial pro- 
tonation of the solvent. Dichloromethane, on the other 
hand, does not allow spectroscopy below 220 nm. The 
CD spectra of naproxen-TFA in dichloromethane and 
in EPA are shown in Figure 2. Protonation results in a 
red shift of the positive CD band, to about 240nm, 
with a pronounced increase in amplitude at lower tem- 
peratures. In addition to the negative band at 210 nm 


20 , , , , , , , , , , , , , , I 
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190 230 270 910 350 
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Figure 2. CD spectra of naprozen-TFA in dichloromethane 
at +20 (--.--.-) and -80 C(- ) and in EPA at 
- 160'C (--..--.-). The naproxen concentration is 
6 x lo-' M ,  with an approximately five-fold excess of TFA 
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there is another one at 230 nm. We cannot rule out the 
possibility that this spectrum is really the superposition 
of two spectra, one corresponding to  the free acid and 
the other to  the protonated species. 


Conformational analysis 


The spectral data presented in the preceding section 
suggest a temperature-dependent dynamic equilibrium 
between different chiral conformations of naproxen. 
This appears reasonable: one can think of the naproxen 
molecule as being composed of two formally isolated 
chromophores that can be rotated independently about 
single bonds and whose relative disposition is always 
chiral. 


Leaving aside the rotation of the methoxy group, 
which can be assumed to have only a minor influence on 
the electronic spectra of the molecule, the conformation 
of naproxen can be specified by the dihedral angles of 
just two bonds, viz. those connecting the asymmetric 
carbon with the naphthalene group on one and the 
carboxyl group on the other side. We have calculated 
the potential energy of naproxen as a function of these 
two dihedral angles, C(3)-C(2)-C(Z')-H and 
O=C(l')-C(2')-H. A 0" dihedral angle corre- 
sponds, for the rotation of the naphthyl group, to  the 
conformation in which the C(2')-H bond is eclipsed 
with the naphthalene C(2)-C(3) t o n d .  For the car- 
boxyl group, on the other hand, 0 corresponds to  an 
eclipsed arrangement of the C(2')-H bond and the 


C=O bond. Calculations were performed in whicb 
these two angles were varied independently in 5 
increments over the whole range of 360". By treating 
these angles as independent (which they are not, of 
course, in reality), we avoid creating an excessively 
large data file containing the coordinates of (36015 - 1)' 
different conformations, most of which, it will turn out, 
are of no relevance to our analysis anyway because of 
their high energy. 


Rotation of the naphthyl group involves a twofold 
barrier that was calculated with PM3 (PM3 and AM1 
are part of the MOPAC package5) and is shown in 
Figure 3. Each data point corresponds to a completely 
optimized geometry of the naproxen moIecule, the only 
fixed parameter being the value of the dihedral angle 
indicated on  the abscissa. Naphthyl rotation can start 
from either of the two most plausible conformations 
for the carboxyl group: in that shown it is 180" and in 
the other it is 0". Figure 3 shows that the interaction 
between the two chromophores is small, the carboxyl 
group preferring throughout an orientation which is 
almost independent of  the orientation of the naphthyl 
group. 


The odd appearance of  the potential energy function 
shown in Figure 3, especially the indented maxima and 
the splitting of the minima, is an artefact of PM3 that 
we have encountered before and have drawn attention 
to  elsewhere: under certain conditions, viz. when there 
is the possibility of  close contact between non-bonded 
hydrogens at  a distance around 180 pm, PM3 will cal- 
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Figure 3.  PM3-calculated energy of naproxen as a function of the dihedral angle C(3)-C(2)-C(2')-H (rotation of the naphthyl 
group). For a discussion of the irregular shape of the curve, see text. The curve at the bottom indicates the movement of the carboxyl 


group as the naphthyl group rotates 
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culate structures with energies much too negative. We 
have checked the conformations corresponding t o  the 
'sawn-off' maxima and found such close contacts 
between the C(3) hydrogen and one of the hydrogens of 
the methyl group. 


AM1 does not suffer from this deficiency; a recalcula- 
tion of the naphthyl rotation with this method yields 
smooth barriers, with no unexpected drops or dents. 
Another example for an AM1 calculation is shown in 
Figure 4, in which the carboxyl group is rotated around 
the C(l ')-C(2') bond. Starting with the two favoured 
orientations of the naphthyl ring suggested by the 
results in Figure 3 (of which only one is shown), this 
barrier is seen to  be twofold also. The conformation 
with a 190" dihedral angle (this corresponds to  a 
geometry in which the C(2')-H bond is in an almost 
eclipsed orientation with respect to  the carboxyl 
C-OH bond) is significantly more stable, by 
0.6 kcal mol-' (1 kcal = 4.184 kJ), than that in which 
this bond, eclipses the C=O bond. A similar effect has 
been reported in an STO-3-21G study of the rotational 
barrier of isobutyric acid: all conformations in which 
hydrogen is on the side of the carboxyl C - 0  group are 
favoured, by about 1 kcal mol-I, relative to  those 
where it is on the sides of C=O.' In contrast, the two 
minimum energy conformations of the naphthyl group 
[C(2')-H eclipsed with C(3)-H vs C(1)-H] differ by 
less than 0.1 kcal mol-'. The barrier to  rotation of the 
carboxyl group is 2 . 0  or 2 - 4  kcal mol-' depending on 
the starting geometry. 


As a result of the calculations, we find four plausible 


geometries corresponding to  the combination of each of 
the two minimum energy values of one dihedral angle 
with both minimum energy values of the other. These 
four geometries were then completely re-optimized 
without any restraint. The resulting structures are 
shown, together with energies and values of the two rel- 
evant dihedral angles, in Figure 5. The energies are very 
close the calculated difference between the most stable 
(d) and the least stable' conformmation (a) being less 
than 0 - 7  kcal mol-I. They all present local minima, 
their interconversion via naphthyl or carboxyl rotation 
requiring of the order of 2 kcal mol-'. 


In all four conformations the C(2')-H bond is 
almost eclipsed with the planes of the naphthalene and 
the carboxyl group, an arrangement that is obviously 
favoured for steric reasons. Exact eclipsing is not 
achieved because of the asymmetry of C(2'). Of the two 
possibilities of rotating away from the naphthalene 
plane, that realized in all conformations is the one that 
leaves the methyl group with more space than the car- 
boxyl group. This is understandable since the latter can 
rotate away from the aromatic system while the former 
cannot because of its rotational symmetry. With respect 
to the carboxyl group, the two most stable conforma- 
tions have the C(2')-H bond on the side of the 
C-OH bond, with rotation from exact eclipsing again 
in that direction which gives the methyl group more 
space than the naphthyl group, probably for the same 
reason as pointed out above. 


A comparison with the crystal structure of naproxen* 
can be only partly relevant. The observed hydrogen 


Figure 4. AMI-calculated energy of naproxen as a function of the dihedral angle O=C(1 ')-C(2')-H (rotation of the carboxyl 
group). The curve at the bottom describes the movement of the naphthyl group as the carboxyl group rotates 
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Conformation a b C d 


Heat of tom./ kcal rn0l-l -95.21 -95.29 -95.3 -95.90 


Dihedral C3-C2-C2'-H 6.5" -175.8" 12.27 -171.9' 


Dihedral O=Cl'-CT-H 12.1" 13.7O -1723 -170.C 


Figure 5 .  Plot of the four lowest energy conformations of naproxen. Also given are the (AMl) calculated heats of formation and 
the values of the two dihedral angles specifying the relative orientation of the naphthyl and the carboxyl group, respectively 


bonding between neighbouring molecules in the crystal 
lattice tends to equalize the C=O and the C-OH bond 
of the carboxyl group; also, packing effects of the large 
naphthalene units may well force the molecule into a 
special crystal conformftion. The orientation of the 
carboxyl group [I53 for the dihedral angle 
O=C(l ')-C(2')-H] differs considerably from that 
which we calculate in any of the conformations; the 
corresponding angle of the aaphthalene group 
[C(3)--C(2)-C(2')-H] is - 175 . 


In conclusion, we have found four well defined con- 
formations of naproxen accessible via single-bond 
rotation. The close energy of these conformations and 
their easy interconversion make it imperative to  con- 
sider all four of them when discussing the electronic 
spectra of the compound. 


Electronic structure calculations 


The conformational flexibility of the molecule of which 
the CD spectra appear to  be a manifestation is a conse- 
quence of the unhindered rotations about the two single 
bonds joining the naphthyl and the carboxyl unit via the 
asymmetric carbon atom. These two bonds formally 
isolate those two chromophores, which suggests a 
theoretical model for the description of the excited 
states of the molecule, viz. in terms of coupled oscilla- 
tors. According t o  this model,' the excited states of 


the molecule are expressed as linear combinations of the 
excited states of the single chromophores whose inter- 
action is calculated classically from the coulombic inter- 
action between the respective transition densities. 
Diagonalization of the interaction matrix yields the 
energies of the coupled states with the corresponding 
eigenvectors representing the coupling modes of the 
chromophores. 


For a description of the isolated chromophores, 
CNDOlS was employed, from which dipoles rep- 
resenting the transition densities and energies were 
transferred into the interaction routines. The results for 
the 2-methoxynaphthalene chromophore are summar- 
ized in Table 1, together with calculated results for 
naphthalene. There is a close correspondence between 
the results as expected because the methoxy group 
exerts only a minor perturbing effect. The four funda- 
mental absorptions, 'Lb ,  'La, ' B b  and 'B,, that 
characterize the naphthalene excited states can be corre- 
lated with four states with very similar charge distri- 
butions in the substituted naphthalene, with of course 
polarizations no longer along the short and long axes of 
the naphthalene skeleton but slightly rotated as a result 
of the substitution. The remaining three states con- 
taining large contributions from oxygen lone pair exci- 
tations have low oscillator strengths and will turn out to 
be of minor importance for the naproxen excitations. 
The agreement with experiment is satisfactory for both 
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Table 1 .  CNDO/S-calculated wavelengths (experimental 
valuesa in italics) and oscillator strengths of naphthalene 
and 2-methoxynaphthalene and corresponding symmetry 


designations 
~~~ 


Naphthalene 


State Wavelength (nm) f 


:Lb 306 (312) 0.006 
La 269 (289) 0.177 


lBb 221 (220) 1-844 


'B, 204 (190) 0.676 


2-Met hoxynaphthalene 
~ 


Wavelength (nrn) 


310 (330) 
272 (285) 
226 (235) 
226 
215 
21 1 
189 


f 
0.009 
0.154 
1.758 
0.188 
0.068 
0.625 
0.013 


- 


aExperimental assignments for naphthalene, Refs. 10-12, and for 
2-rnethoxynaphthalene, Refs. 13 and 14. 


molecules. For 2-methoxynaphthalene the correct rela- 
tive energies of the predominantly long-axis polarized 
'BbI3  and the short-axis polarized 'B, state will turn 
out to be especially important in the application of 
coupled oscillator theory. 


For a description of the carboxyl group, similar cal- 
culations were performed on propionic acid, yielding 
two states, at 282nm (f=0.001) and 132nm 
(f= 0-51 l ) ,  corresponding to the nn* and the air* exci- 
tat ions, respectively. 


Calculations for the molecule as a whole employing 
the same CNDO/S formalism (Table 2) indicate that the 
excited states of naproxen can indeed be described as 
resulting from the interaction between the naphthalene 
and the carboxyl excited states. From the transition 
densities the four aromatic states discussed above are 
clearly discernible as is the carboxyl nn* state (the car- 
boxyl nir* excitation is too high in energy and does not 
play a significant role in the C1 calculation). The C1 
state 4 is an exception in that it contains a large admix- 
ture of the antibonding n* orbital of the carboxyl group 
combined with a complicated mixture of coefficients in 


Table 2. CNDO/S-calculated wavelengths, oscillator strengths 
and parentage of naproxen excited states 


C1 Wavelength 
state (nm) f Composition 


1 317 0.023 'Lb, naphthalene 
2 276 0.175 'La, naphthalene 
3 248 0.126 'Lb, naphthalene; n?r*, carboxyl 
4 230 0.005 naphthalene; ?IT*, carboxyl 
5 225 1.886 'Bb, naphthalene 
6 212 0.721 'Ba, naphthalene * 
7 - - T H  , carboxyla 


the naphthyl group. Because of the very small value of 
the oscillator strength, this state can be neglected for 
spectral assignments. 


According to these calculations, the UV absorptions 
of naproxen at 330, 270 and 232 nm and the shoulder 
at 215 nm (Figure 1) are essentially the naphthalene 
'Lb, 'La, 'Bt, and 'B, excitations; the carboxyl nn* 
excitation around 250nm could be hidden or could 
even be the main component of the vibronic band 
system extending from 250 to 280 nm. 


In contrast to ordinary absorption, the circular 
dichroism of a molecule is highly dependent on the mol- 
ecular conformation. The reason is well known: while 
the oscillator strength is proportional to the square of 
the electric transition moment (and thus a function only 
of the absolute value of this moment), rotatory 
strengths are a function of both the electric and the 
magnetic moments and the angle subtended by them. 
This geometry dependence enters the coupled-oscillator 
model via the distance-dependent off-diagonal matrix 
elements that are calculated as the coulombic inter- 
action of the oscillators representing the electronic 
transition densities of the isolated chromophores. 


For the calculations, all seven excited states of 
2-methoxynaphthalene (Table 1) and the two propionic 
acid states described in the text were approximated by 
extended dipoles with energy, length, origin and orien- 
tation fitted to the results of the CNDO/S-Cl calcu- 
lations of the isolated chromophores. The procedure 
for this has been described in detail elsewhere. l 5  The 
results are given in Table 3. 


Rotatory strength, according to Table 3, is predomi- 
nantly the result of the pairwise interaction of the naph- 
thalene 'B, and 'Bb and the carboxyl nn* excited 
states, the other interactions yielding small or (in case 
of the conformations c and d) even negligible contri- 
butions. In orders of magnitude the calculated rotatory 
strengths agree with measured values 
[k 50 x cgs] (approximate values obtained by 
multiplying Acmax by 2.55 x 10-40)'6. It also suggests 


Table 3 .  Calculated oscillator" and rotatory strengths (in 
cgs)b for the four conformations in Figure 5 


Wavelength (nm) 


272 
226 
223 
215 
210 
131 


Oscillator Rotatory strength 
strength a b C d 


0.15 5 4 
0.13 2 - 3  
1.89 -15 -54 20 16 
0.05 - 1  
0.67 21 22 -3  -6  
0.50 - 1 1  30 -17 - 1 1  


a The values correspond to conformation a; calculated oscillator 
strengths for the other conformations do not differ significantly from 
these, so they are not quoted separately. 


states with R > cgs are considered. a CNDOlS value not calculated. 
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that coupling with the RX*, not with the n?r*, excited 
state of the carboxyl group is responsible for the 
observed CD; this is corroborated by the fact that the 
strong CD absorptions survive protonation of 
naproxen, a process which will mostly affect the nn* 
state. 


Since the two naphthalene excitations are almost per- 
pendicular ('B, is predominantly short- and 'B, long- 
axis polarized), it is easy to understand that interaction 
with a third common chromophore will yield coupled 
states with opposite rotatory strengths. There is a pair- 
wise differentiation between the four conformations: a 
and b give a ? pattern for the 223 and the 210nm 
absorptions, whereas for c and d this pattern is the 
reverse. Whereas for the spectrum as a whole the sum 
rule' is fulfilled, as it should be in this closed system, 
it does not hold for the two absorptions just mentioned 
because they are caused, according to our calculations, 
by different interactions. From the appearance of the 
spectrum, one would have expected otherwise: the sym- 
metrical shape of the CD-curve, with a simultaneous 
increase in the negative and the positive band with 
decrease in temperature, is typical for exciton inter- 
action between two chromophores and the emergence 
of a favoured conformation at lower temperature. 


There are no chromophores in naproxen of sufficient 
intensity and flexible relative orientation that could 
cause the appearance of such an exciton couplet, so the 
(approximate) symmetry of the C D  curve must be con- 
sidered accidental. This is in line with the calculations 
that yield opposite signs for the two bands but of dif- 
ferent magnitude. This is especially true for the two 
low-energy conformations c and d in which the absorp- 
tion at 210 nm attains only one seventh to  one fifth of 
the rotatory strength of the absorption at  223 nm. The 
argument that at low temperature these conformations 
predominate because the (calculated) ? pattern of the 
CD bands agrees with the experimental CD spectrum 
loses some of its force because of the small value of the 
calculated 210 nm rotatory strength. 


CONCLUSION 


The conformational analysis of naproxen has yielded 
four different structures that can be interconverted by  
single-bond rotations. The energies of these conforma- 
tions are so close that a definite assignment as to the 
preferred state in solution cannot be made. Calculated 


excited states and oscillator strengths allow an 
assignment of the UV spectrum of naproxen and its 
correlation with the spectrum of naphthalene and 
methoxynaphthalene. The energetically close and 
intense 'Bb  and 'B, states at 223 and 210 nm, respect- 
ively, couple with the carboxyl m* excitation to give 
two states of opposite rotatory strengths that are 
responsible for the two oppositely signed absorptions in 
the CD spectrum of naproxen. The temperature 
dependence of these absorptions is indicative of the 
dynamic equilibrium between different conformations; 
the agreement of the experimental sign pattern in the 
C D  with that calculated for the two lowest energy 
conformations must at least in part be considered 
fortuitous. 
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The differences between charge-transfer transition energies calculated for donor-acceptor pairs at infinite separation 
and values determined experimentally for the charge-transfer complex geometry vary according to the charge type of 
the pairs and within a group of fixed charge type. It is argued that these differences provide a guide to the slope of 
the state-correlation curves for the product configuration in electrophile-nucleophile reactions of the corresponding 
charge type and that the observed variation invalidates the use of the simple expression A E = f r  - with constant 
f, derived from the curve-crossing model, to estimate energy barriers to reaction. 


INTRODUCTION 


The curve-crossing (configuration mixing) model 
(CMM)’ has proved very useful in providing a 
qualitative insight into the origin of activation barriers 
in reactions between nucleophiles and electrophiles, 
such as nucleophilic substitution at saturated carbon. 
According to the model, barriers to reaction arise as a 
result of the avoided crossing of potential energy curves 
that link the reactants at infinite separation in their 
ground states (Nu:, El) with an excited state of the 
product configuration and one connecting an excited 
state of the reactants (Nu”, El-‘) with the product in 
its ground state. The excitation process to product con- 
figuration is a vertical charge-transfer transition, and 
this provides the formal single electron shift that 
characterizes electrophile-nucleophile reactions. More 
recently, attempts have been made to use the CMM to 
provide more quantitative estimates of reactivity in 
such reactions. The procedure used involves the evalu- 
ation of the energy gap between the ground and excited 
states of the reactant configuration, the so-called initial 
gap I’R, from which the activation barrier, AE’, 
is determined by means of the expression 
AE# = f r R  - p, where f is a proportionality constant 
dependent on the slope of the potential energy curves 
and is the avoided crossing parameter. Values of f 
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have usually been taken to be in the range 0.2-0.25 
and /3 is taken to be about 10kcalmol-’. The con- 
stancy of f  is based in part on estimates for sN2 identity 
exchange reactions with values of 0-2-0-3 for a range 
of nucleophiles and leaving groups4 and in part on the 
observation of linear correlations between log k for the 
reaction of a wide range of nucleophiles with the elec- 
trophiles, pyronin cation and 2,4-dinitrophenyl ace- 
tate6 and the gas-phase ionization potentials of the 
nucleophiles, the principal variable component of r R. 


These attempts at quantitation have met with mixed 
success, the most notable problem arising in dealing 
with reactivity in reactions between cation radicals of 
aromatic compounds and anionic or electrically neutral 
nucleophiles. In reactions involving cation radicals as 
nucleophiles, it is argued, additional excitation of the 
reactant configuration is necessary in order that the 
excited charge-transfer state, in this case (Nu’ ., El), 
can form a covalent bond between the two components; 
El must be promoted to an excited triplet state. The 
additional excitation (A&) means that, other things 
being equal, the avoided crossing of the potential 
energy curves must occur at higher energies, resulting in 
generally slower reactions than in comparable reactions 
of even-electron species. Although this prediction is in 
line with some gas-phase and early results on 
cation radical-nucleophile reactivity in solution, 8 b  it is 
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at odds with more recent measurements on less stable 
cation radicals such as those generated from anthracene 
and 9-phenylanthracene. 


Attention has recently been drawn to the existence of 
differences between r R  and the experimentally observed 
electronic transition energy, h v c ~ ,  of charge-transfer 
complexes, taken as models of an elec- 
trophile-nucleophile pair. lo  These differences arise 
because of differences in the energetics of association in 
the ground and excited states, and it was suggested that 
they should be taken into account in estimating initial 
gaps. In this paper we explore the matter further using 
new data on charge-transfer complexes of all the rel- 
evant electrical charge combinations for the 
electrophile-nucleophile pair, O/O, + /O, 0/ - and 
+ I - .  


RESULTS 


Charge-transfer complex formation was studied using 
chloranil and tropylium ion as acceptors and durene 
and iodide ion as donors in acetonitrile solution. With 
these species, the four different charge combinations 
could be examined. Parameters of the complexes at  
25 "C are given in Table 1; association constants were 
derived by the Benesi-Hildebrand technique, " the 
value for durene + tropylium ion being taken from 
recent work by Takahashi et al. '' 


Using the symbolism introduced by Pross and 
Shaik,7b the expressions for the initial gaps for the four 
donor-acceptor pairs in this present study are given by 
the following equations: 


(0,O)Case: (I-A)s* = + (AGsD+ + A G s A - )  
- ~ ( A G s D +  + ACSA-) (1) 


(O/ +)Case: (I-A)s* = + (AGsD+ - AGsA' ) 
- P(AGsD+ + AGsA') (2) 


( -  /O)Case: (I-A)s* = (I-A& - (AGsD- - AGsA- ) 
-P(AGsD- + A G s A - )  (3) 


( - /  +)Case: (I-A)s* = (I-A)g - (AGsD- + AGsA') 
- ~ ( A G s D -  + AGsA') (4) 


where the subscript S* refers t o  vertical excitation in 
solution and g to the gas phase, ACs values are ionic 


Table 2. Electrode potentials and ionic solvation energies of 
donors and acceptors in acetontrile 


Substance Process E(V vs NHE) IP or EAa AGIulvb 


Durene Oxidation 2.07' 8.05' -1.54 
Chloranil Reduction O.3Sd  2.78' -2.01 
Iodide Oxidation 1 .oo' 3.13'  -2.31 
Tropylium Reduction - 0.08' 6-24' -1 .88 


'Adiabatic gas phase values in eV. The pertinent quantities are the 
ionization potentials (IP) for the oxidations and the electron affinities 
( E A )  for the reductions. 


'Values quoted In Ref. 10; the oxidation potential from Ref. 16. 
dFrom Ref. 17. 
'From Ref. 18. 
'Value from Ref. 19, adjusted to acetonitrile. 
gFrom Ref. 20. 


Ionic solvation energies in ev; AG,,~, = E + 4.44 - If. 


solvation energies (solvation of uncharged species is 
ignored) and p is the ratio of solvent reorganization 
energy (in passing from the S* state to the relaxed 
solvated ion) to  AGs, the value for acetonitrile being 
0-54. Ionic solvation energies were obtained from the 
appropriate electrode potentials, placed on an absolute 
scale using a value of 4.44 for the absolute potentiaI of 
the hydrogen electrode, l 3  in conjunction with the 
energy of the corresponding adiabatic ionization 
process in the gas phase. 


From the results in Tables 1-3 it can be seen that, for 
all the charge types, there is a substantial discrepancy, 
labelled ArR and defined as ~ V C T  - r R ,  between the 
calculated initial gap (which refers t o  the reactants at 
infinite separation) and the excitation energy observed 
for the corresponding complex. In each case, ArR is 
substantial and lies outside the .combined uncertainties 
in the experimental data used in the calculations. Elec- 
tronic excitation leads t o  increased interaction (and a 
decrease in energy) between reactants in all four cases 
to various extents. Caution should be exercis 
zed in relating the magnitude of the discrepancies to 
charge type alone, since our earlier analysis based on 
Takahashi et al.'s data" for the complexation of aro- 
matic hydrocarbons with tropylium ion in acetonitrile 
showed that, within that rather homogeneous group, 
A r R  varies from -0 .5  to - 1.0eV.  


Table 1. Absorption maxima, molar absorptivities and formation constants 
for charge-transfer complexes in acetonitrile at 298 K 


Donor Acceptor A (nm) c ( l m o l - t c m - t )  K ( Imol- ' )  


Durene Chloranil 460 1460 1 ' 10 


1- (Tropylium)' 486 2600 3.95 


Durene (Tropylium)' 361 I650 0.82 
I -  Chloranil 448 2020 5.25 
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Table 3. Parameters used in calculations of r R  and ArR from equations (1)-(4)a 


Donor Acceptor Equation Ig A,  (I-A)s kvcrd ArR 


Durene Chloranil (1) 8-34' 2.78' 3.93 2.67 -1-26 
Durene (Tropylium)+ (2) 8.34b 6.2gb 4.25 3.40 -0.85 
I -  Chloranil (3) 3.13' 2.78' 2.98 2.74 -0.24 
I -  (Tropylium)+ (4) 3.13' 6.28b 3.30 2-53 -0.77 


"Units are eV. 
bValues quoted in Ref. 10. 
Adiabatic values, see Table 2. 
Derived from the X values in Table 1 .  


DISCUSSION 


In a reaction between an electrophile and a nucleophile, 
leading to covalent bond formation, the reactants in the 
initial state may be regarded as being at infinite separ- 
ation; calculated values of r R  refer to charge-transfer 
excitation in this situation. The next state in the 
reaction is the formation of an encounter complex. In 
the gas phase, such encounter complexes, by virtue 
of electrostatic interactions (ion-ion, ion-dipole, 
dipole-dipole) have a much lower energy than the sep- 
arated reactants, l4 and this perhaps makes the complex 
a sensible starting point in assessing the magnitude of 
the barrier to covalent bond formation. The encounter 
complex in solution, however, has an energy much less 
different from that of the separated reactants because 
of the effects of solvation. We believe that a donor-ac- 
ceptor complex represents a reasonably good model of 
an electrophile-nucleophile pair in the reactant con- 
figuration at the encounter complex geometry, and the 
magnitudes of the equilibrium constants in Table 1 
confirm that, for the complexes we have studied, the 
interaction energy in the ground state is less than 
1-0 kcal mol-'. 


Electronic excitation of the charge-transfer complex 
takes the energy of the system to a point on the poten- 
tial energy curve of the product configuration at the 
same geometry as the ground-state complex. This is 
shown in Figure 1, which in other respects is of the sort 
used in discussions of the CMM approach to organic 
reactivity. The excitation energy represents the gap 
between reactant and product configurations at a point 
some way along the reaction coordinate towards the 
curve-crossing point, and it could be argued that this 
energy might be a better one from which to estimate 
activation barriers if values of hvcl were available for 
electrophile-nucleophile pairs. They are not, of course, 
and in any case we prefer to regard the discrepancy, 
A r R ,  as an experimental indication of the slope of the 
potential energy curve for the product configuration. In 
doing this, we make the assumption that, in the systems 
that we have studied, the geometry of the charge- 
transfer complex in the ground state corresponds to the 
same extent of progress alone the hypothetical 


U 
Nu:,EI 


Cnn ,,.nplex L 'Nu-EI- 
~ 


Reaction coordinate 


Figure 1. Curve-crossing diagram for the configuration 
mixing model description of the electrophile-nucleophile 
interaction starting from the geometry of the charge-transfer 


complex 


electrophile-nucleophile reaction coordinate. If we 
make the further assumption that the slope of the curve 
in its initial stages is a guide to the slope as it 
approaches the crossing point, then the value of A r R  
may be related to the energy of the system at the curve- 
crossing point. On this basis, a large negative value of 
A r R  would correspond to a high negative slope for the 
potential energy curve and consequently a low value of 
the factor f and of the activation barrier to covalent 
bond formation. Conversely, a value of A r R  that is less 
negative would imply a correspondingly larger acti- 
vation barrier. For the purposes of this paper, we wish 
merely to call attention to our observation that the dis- 
crepancies are widely variable over a range of about 
1.0 eV between reactant pairs of different charge types, 
and that they vary substantially between reactant pairs 
of the same charge type even though these are closely 
related structurally. Under these circumstances, we 
believe that the CMM method of estimating reaction 
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barriers in electrophile-nucleophile reactions using a 
constant value of the parameter f is unreliable as a 
general procedure. This calls into question the sig- 
nificance of the observed linear free energy relation- 
ships which encouraged the notion of a constant f; a 
more detailed investigation of this aspect seems 
desirable. 


The constancy o f f  has been much discussed and it 
has been argued that its magnitude should vary 
according t o  the degree of charge localization in the 
excited reactant configuration. Thus, the curve con- 
necting El -.  and Nu + ' and the combination product 
is expected to  show a less steep dependence on the 
reaction coordinate when delocalization hinders the odd 
electron pairing, and this will lead to a high f and AE' . 
Conversely, with localized charge, fwill be smaller. For 
example, in the case of S N ~  identity reactions of CH3X, 
f has been equated with the weighting (b') of 
CH3:*X- in the VB descriptions of the reactant anion 
radical and found to  have values in the range 0.2-0.3 
for a variety of X. Analogous considerations of charge 
localization led to  analysis of nucleophilic reactivity in 
the reactions with 2,4-dinitrophenyl acetate into low f 
(0.14) reactions with, e.g., HO- and high f (0.29) 
reactions with, e.g., CH3C02.5 It is our contention, 
however, that such treatments are valuable only in 
dealing with trends within closely related groups of  
reactions and that the theory cannot be securely applied 
to predict absolute reactivity. 


Simple considerations in any case suggest that f is 
unlikely to  be constant with a series of reactions, 
however closely related structurally the reactants may 
be. Figure 2 shows a curve-crossing diagram in which, 


(-E-Nu+)' 


B 
2 w 


Reaction Coordinate 


Figure 2. Curve-crossing diagram for the configuration 
mixing model description of the electrophile-nucleophile 


interaction starting from the isolated reactants 


for mathematical simplicity, the correlation lines are 
rectilinear. Using the symbolism shown, it can easily be 
shown that, in this case, f = rP/(rR + rp - AH").  
Although hardly realistic, this simplified picture makes 
it clear that f is intimately related to more features of 
the reaction system than are incorporated in the initial 
gap. 


CONCLUSION 


In its present form, the CMM provides an unreliable 
means of predicting reactivity in electrophile- 
nucleophile reactions. The weakness seems to reside in 
the use of the expression A E  = f r R  - /3 with a constant 
value for f. Further examination of the possibility of 
using excitation energies of charge-transfer complexes 
to model the early stages of electrophile-nucleophile 
reactions could prove fruitful. 
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SUPRAMOLECULAR SENSITIZER-RELAY ASSEMBLIES. 
AN EVALUATION OF BINDING CONSTANTS FROM 


NON-LINEAR STERN-VOLMER PLOTS* 


STEFAN BOIJMANN, MARTIN SEILER AND HEINZ DURRt 
FR Organische Chemie der Universitai des Saarlandes, Fachbereich I I ,  0-6600 Saarbrucken I I ,  Germany 


A novel technique for determining the binding constants of host-guest complexes, viz. the bis-cationic electron relays 
methylviologen and octylviologen in the macrocyclic host of novel (bisheteroleptic) crown ether-ruthenium sensitizers, 
is described. This technique allows the separation of the quenching effects of bound and free electron relays. It can 
be used to calculate binding constants in non-covalently linked supramolecular systems evaluating the electron transfer 
process between guest and host. High binding constants comparable to those in many natural enzymes and the 
photosynthetic reaction centre were found. As an explanation for the behaviour of the sensitizers bound to the 
bipyridinium cations it is suggested that photoelectron transfer affects the binding between the excited sensitizer and 
the bound acceptor. 


INTRODUCTION 


Recently we reported the synthesis 192a and the 
(photo)physical propertiesZb of 'novel bis-heteroleptic 
crown ether-ruthenium sensitizers of the type 1-4 
(Scheme 1). These compounds possess the appropriate 
photophysical properties (e.g. photoredox potentials or 
lifetimes) for electron transfer compared with bipyri- 
dine carboxylate-ruthenium complexes3 (e.g. 5 )  and a 
macrocyclic host, directly linked to the photoactive 
metal centre. 


As a prerequisite in ruthenium host-guest complexes, 
being models for artificial photosynthesis, effective 
electron-transfer is essential. In analogy to the struc- 
ture of the photosynthetic reaction centre, efficient 
electron transfer in artificial photosynthetic systems has 
been accomplished in organized microheterogeneous 
media6 and also in sensitizer-relay assemblies' pos- 
sessing a covalent linkage of donor, sensitizer and 
electron acceptor (relay). 


In organized microheterogeneous media the charge- 
separation step is diffusion controlled,6 thus the 
quenching constants cannot exceed this value. On the 
other hand, a covalently linked sensitizer-relay 
assembly showing very fast electron transfer rates also 
favours the back electron-transfer from the photo- 


reduced electron relay to the photo-oxidized sensitizer 
or donor. Thus the photogenerated electrons and holes 
cannot be used in subsequent chemical reactions. ' 


In contrast to these studies, binding of bis-cationic 
electron relays such as methylviologen (MV2+) or 
octylviologen (OV2') in the novel bis-heteroleptic 
crown ether-ruthenium sensitizers 1-4 has been shown 
to lead to very effective electron transfer and generation 
of photoreduced electron relays. As a consequence, 
very efficient sacrificial hydrogen evolution can be 
observed. 


An indication of supramolecular interactions is given 
by non-linear Stern-Volmer plots (Figures 1-3).2 An 
intriguing possibility seemed to be the use of these non- 
linear Stern-Volmer plots for evaluating the binding 
constants in supramolecular host-guest complexes. In 
this paper, we describe an evaluation of the binding 
constants between guests (MV2+, OV2+)  and hosts 
(supramolecular ruthenium sensitizers 1-4) using the 
non-linear Stern-Volmer plots, a careful investigation 
of the concentration dependence of the quenching effect 
between ruthenium host complexes 1-4 and MV2+ or 
OVz+ and the effects of added ions and P-cyclodextrin 
and a molecular model for the supramolecular sensi- 
tizer-relay assembly explaining the experimental 
results. 


* Dedicated to Professor K .  Schaffner on the occasion of his 60th birthday. Electron Transfer Reactions, Part 9. For Part 8,  see 
Ref. 2A. 
t Author for correspondence. 
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t t 4  H 


2 caacH3 2 


3 H  caocs3 
4 H  C O O C H Z C H I  


Scheme 1. Structures of the novel bis-heteroleptic crown ether-ruthenium sensitizers 1-5 as well as the supramolecular 
sensitizerlrelay complex (R = -CH3, -C8HI7) 
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1 . 0  
0 . 0  0 . 5  1.0 1 . 5  2 . 0  2 . 5  


tQ)  ,re1 
Figure 1. Stern-Volmer plots for the sensitzer 3 and the electron relay MVZt at various total concentrations (all components 
dissolved in water); sections A-D see Figure. (a) c3 = 0.70 x mol I - ’ ;  cMvl- = 0-1.75 x mol I - ’ .  (b) 


c3 = 1.40 x mol I - ’ ;  cMv’. = 0-3.50 x mol I - ’  


I 
1°/ 


0 . 0  0 . 5  1.0 1.5 2 . 0  


( a )  , re1 
Figure 2. Stern-Volmer plots for the sensitizers 3 and 4 [water-acetonitrile (98 : 2, vv)] and the electron relay MVzt [water-ace- 


tonitrile (75 : 25, vv)] . = 1 x mol I-’ ;  cMp+ = 0-2 x mol I - ’ .  (a) 3-MVZ+; (b) 4-MVZ+ 
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I 


(0) , re1 
Figure 3.  Stern--Volmer plots for the novel sensitizer-relay assemblies I-MV” and 2-MV2+ in comparison with the linear 
quenching behaviour of the non-complexing bis-tetraethylene glycol-ruthenium-2,2’-bipyridine carboxylate-complex 5 and MVZ + 


(conditions as  described in the Experimental section and Figure 2). (a) 1-MV2+; (b) 2-MV2+ (c) 5 and MVZt 


BINDING CONSTANTS show electron-transfer quenching. The kinetic model 
for the quenching of ruthenium-polypyridyl-crown 
ethers 1-4 with viologens (MV’ + , OV2 + ) is shown in 
Scheme 2. This model is adapted from Yekta el a/.’s 
paper lob referring t o  quenching processes in micelles. 


For the calculating of the binding constant (Figure 4), 
the ‘intramolecular’ quenching effect of a bound relay 
(case B) has to  be separated from the ‘intermolecular’ 


For the determination of binding constants in a supra- 
molecular structure, at least one characteristic property 
is required which depends monotonously on the for- 
mation of the assembly.’ As is well known, without a 
supramolecular interaction of the sensitizer and the 
relay component, ruthenium-polypyridyl sensitizers 


h u t  f-‘.kr 


u I u 
section: A B C 


Scheme 2. Kinetic scheme for quenching of sensitizers 1-4 with viologens (MV”, O V Z f ) .  S = sensitizeres 1-4; Q = bound quen- 
cher in the crown ether unit (MV2+,  OV”); 70 = luminescence lifetime in the absence of Q; kr and k b  = forward and backward 
rate of binding of Q, respectively; k,  = unimolecular reactive rate constant of quenching in the crown ether unit; Qw = water- 


solubilized quencher (MVZ+,  O V 2 + )  
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Figure 4. Quenching model of the bis-heteroleptic-crown ether-ruthenium sensitizers 1-4. (A) The quenching mechanism is 
diffusion controlled; the binding of MV2+ in the crown ether receptor is not observed because of its low concentration ([Q] 
re1 : 0-0.2). (B) The binding MV2' in the crown ether unit is the dominant process; the quenching constants are higher than the 
diffusion-controlled rate of diffusion ([Q] re1 = 0.2-0.8). ( C )  The quenching constants decrease; further quenching is diffusion 
controlled. (D) At relatively high total concentrations electron transfer from the bound MV2+ to the free MV" occurs, leading 


to a rapid increase in the quenching constants 
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diffusion-controlled quenching process (case C; see 
below). * 


PROCEDURE 


The subtraction of the almost linear section C (slope 
m,) in the Stern-Volmer diagram (Figure 1) (beginning 
after 1 : 1 stoichiometry of the viologen guest in the 


* 'Intramolecular' is defined as intramolecular in the 
host-guest complex. 


- 


supramolecular host has been reached) from the slope 
mb obtained from the quenching experiments in section 
B (Figures 2 and 3) leads to modified Stern-Volmer 
plots which are shown in Figures 5 and 6. The slopes mi  
in the range of the guest-host relative concentration 
from 0 - 2  to 0.8 are now a monotonous function 
indicating the formation of the supramolecular 
sensitizer-relay assemblies. 


From the thus modified Stern-Volmer data the 
binding constants Kb were calculated using ChemSim as 
a non-linearly fitting program (see Experimental and 


I 


4 


3 


2 


1 
0 . 0  0 . 5  1.0 1.5 


(a) , re1  
Figure 5. Modified Stern-Volmer plots with slope m& after subtraction of the linear part of section C (slope m,) from the 


Stern-Volmer plots (mi  = mb - mC). (a) 3-MVZ+; (b) 4-MV2+ 


Table 1 .  Quenching and binding constants of the novel non-covalently linked sensitizer-relay 
assemblies (1-4 with MVZf and O V z + )  


1 3.86 4.78 ? 0.45 1.96 4.31 t 0.46 
2 4.07 4.33 ? 0.47 4.09 4.06 t 0.37 
3 44-93 4.07 f. 0.39 17.80 3.51 t 0.31 
4 24.16 3.88 ? 0.37 9.66 3.14 t 0.35 
5 1.16 - 0.93 - 


'Calculated by using the values from 20 to 80% complexation of the non-linear Stern-Volmer plots; c (sen- 
sitizer) = mol I - ' ;  water-acetonitrile (98 : 2, v/v); quencher, methylviologen dichloride, octylviologen 
dichloride. The diffusion constant of  the solvent given is 3.0 x lo9 I mol-'s-'. 
hCalculated by using the corrected Stern-Volmer plots, as shown in Figures 5 and 6; c (sensi- 
tizer)= 10-4mol I-'. 


original 
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(0) ,re1 
Figure 6 .  Modified Stern-Volmer plots with slope mi after subtraction of the linear part of section C (slope m,) from the original 


Stern-Voher  plots (mi = mb - mc). (a) 1-MV2+; (b) 2MVZ+ 


Table 2. Quenching constants of the non-covalently linked 
sensitizer-relay assembly 3-MV2+ for sections B,  C and D 
(see Figure 1)  at several sensitizer concentrations (all compo- 


nents dissolved in water)a 


3 k, x (I moI - ' s - ' )  
c x  lo4 


(mol I - ' )  B C D 


1.40 30.28 15.77 27.60 
0.70 19.22 9.35 32.20 
0.35 25.75 - 30.70 


"Errors < 2 10%; kqh = 0, k q B  = kqo > kqc 


Computational Details). This is equivalent to  
employing the equation 


as taken from Ref. 1Oc. The results are given in Tables 
1 and 2 .  


A rigorous kinetic treatment following Bourson and 
Valeur's procedure Ind  based on the equation 


was carried out for water as solvent (Figure 7). 
(P = molar extinction coefficient, 3 = quantum yields and 
S = sensitizer). A linear relationship is found. The bind- 
ing constant for 3-MVZ+ is K b  = 6.62 x lo3 mol-' 1-'. 


This is in fairly good agreement with the value 
40.70 x lo3 mol-l 1-'  obtained in water-acetonitrile 
(98: 2, vv). 


INDICATION OF HOST-GUEST FORMATION 


An indication of the binding of a viologen molecule in 
the crown ether cavity of 1-4 is given by a modified 
Stern-Volmer experiment in the presence of a com- 
petitive ion in the sensitizer-relay assembly. The 
addition of an equimolecular amount of KSCN and 
methylviologen to  the crown ether sensitizer 1 leads to  
a less-pronounced non-linearity and thus a decrease in 
the calculated binding constant of methylviologen in 
the macrocyclic host 1. In the presence of Ba(SCN)Z, 1 
gives a linear Stern-Volmer plot and a very small 
quenching constant is found. Now the ion is included in 
the crown ether cavity. 


The experimental results thus obtained (Table 3) are 
in good agreement with the binding constants of alkali 
metal ions into the 2,2 -bipyridine crown ether recep- 
tors determined by Rebek eta/." [e.g. 
( 3 . 8 - 5 . 5 )  x lo4 mol I - '  for K + ] .  


A further test of the hypothesis presented is derived 
from the photoreduction of octylviologen in the pres- 
ence of triethanolamine as a sacrificial donor and 0- 
cyclodextrin ( 0-CD) as competitive receptor for the 
electron relay in its bis- and mono-cationic forms. '' 
The binding constant of the bis-cationic octylviologen 
in the cavity of 0-cyclodextrin was determined by 
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Figure 7. Graphical evaluation of equation (2) for 3-MVZC in HzO 
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Figure 8. Photogeneration of P-CD-OV' ' using the sensitizers 1 and 5 (c = 1.40 x moll- I ) .  Octylviologen 
(c = 3.00 x mol I - ' )  and triethanolamine mol I - ' ) ,  0-cyclodextrin as competitive host for the octylviologen (c = 1 .OO x 


as sacrificial donor (c=  7.50 x mol I - ' )  in water. (a) l-OVZ'-P-CD; (b) 5 and OV2+-@-CD 
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Table 3.  Quenching and binding constants of MVZ+ in the macrocyclic host 1 in the presence of 
the competitive guests K +  and BaZ+ 


~~~ ~~~ ~ ~~ 


k, x lo-' kB(MV2+) X ke(M+/M2+)  X 
1-MV2+-K + 1.12 4.10-0.55 1.20-0.17 
l-MV2'-Ba2+ 0.82 - > 10 


'Calculated using the values from 20 to 80% complexation of the non-linear Stern-Volmer-plots; c 
(sensitizer) = mol-l I - ' ;  water-acetonitrile (98 : 2, vv); quencher, methylviologen dichloride, 
octylviologen dichloride. The diffusion constant of the solvent given is 3.0 x lo9 1 m o l - ' s - ' .  
bCalculated by using the corrected Stern-Volmer plots as shown in Figures 5 and 6; c 
(sensitizer) = mol-' I - ' .  


Willner and co-workers" to be 5.60 x lo3 mol-' l-', 
whereas the biding constant of the mono-reduced 
octylviologen in 6-CD is larger than 1 x lo5 mol 1 - I .  
The latter should be preferentially bound to p-CD. 


A comparison of the photoreaction rates (Figure 8) 
in the experiments using the sensitizers 1 and 
5-OVZ+-@-CD indicates that in the presence of sen- 
sitizer 1 there is a significantly higher photoproduction 
rate of reduced octylviologen, leading to the following 
conclusions. The binding constant of octylviologen 
(OV2+) in the crown ether cavity has to be higher than 
the binding constant of the relay in p-CD. This exper- 
imental result is in good agreement with the calculated 
value of the binding constant. The very large quenching 
constant in the assembly l-OV2+-@-CD leads to an 
increase in the photoproduction of OV+ *-p-CD in 
comparison with 5 (Figure 8). 


CALCULATIONS 


Force-field calculations'v2b (performed using the 
program CHARMm 1 3 )  of the sensitizer-relay 
assemblies indicate that only one viologen can be incor- 
porated in the macrocyclic host. The resulting binding 
constants are high and comparable to those in natural 
enzymes l4  and the physical bound parts of the photo- 
synthetic reaction centre of Rhodopseudomonus 
viridis. 


Force-field calculations also indicate the symmetrical 
binding of the viologen' in the macrocyclic host. The 
(slightly) lower binding constants which were found for 
octylviologen can be explained by the steric repulsion 
between the ester groups of the ligands and the alkyl 
chains of the octylviologen. 


DISCUSSION 


The binding constants of the viologens and the macro- 
cyclic hosts 1-4 were determined using the modified 
Stern-Volmer experiment under steady-state irradi- 
ation of the absorption maxima. From a series of exper- 
iments it is well known that 5-1 kJ mol-' per cationic 
charge has to be compensated for in these assemblies of 


a'doubly charged metal coplex and a doubly charged 
viologen.15 We therefore believe that the energy gain 
between the sensitizer ether units and the electron relay 
cationic centres is the reason for the high binding con- 
stants. An alternative explanation of the experimental 
data is based on the fact that the structures of 
ruthenium-polypyridyl complexes possess 'pockets'. l6 


Balzani et a/ .  l6 demonstrated the possibility of the 
selective population of these pockets by polyanionic 
species. In the same way, the counter ions might fill 
these 'pockets'. This effect diminishes the positive 
charge of the ruthenium complex and reduces electro- 
static repulsion of the relay. 


Force-field calculations (CHARMm, Polygen) I '  and 
MIND0/3-~alculations~~ showed that the ether oxygen 
atoms, which are strong electron donors, can also fill 
the 'pockets' if no guest is bound in the macrocyclic 
host. The cavity of the crown ether receptors 1-4 in this 
state is relatively hydrophilic and hydrogen bonds can 
exist. The exchange of the water molecules by a bis- 
cationic viologen therefore leads to a positive entropy 
effect. 


Steric effects seem to be less important: only a weak 
correlation of the binding constants and the space 
demand of the ligands and viologens is found. For the 
results presented so far, a model on a molecular basis 
is suggested (Figure 4). The model relates the four sec- 
tions (A-D) of the non-linear Stern-Volmer plots to 
four different electron-quenching mechanisms at 
various relative concentrations for the systems 
I-MV", 2-MV2+ and 4-MV2+. A: minor effects at 
very low concentrations of the viologen are neglected in 
the evaluation presented. B: if the relative concen- 
tration of the relay increases, the binding of the electron 
relay in the macrocyclic host dominates and subse- 
quently the quenching constant k ,  exceeds the value 
which is given by the diffusion-controlled rate constant. 
C: at a molar ratio of 1 : 1 between the sensitizer and 
viologen the quenching constant is again smaller, and 
further quenching is diffusion controlled. D: the effects 
in region D are not fully understood. 


An explanation of the experimental results might be 
as follows. In the case of a high total concentration of 
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the relay, an electron transfer from the bound viologen 
(lower reduction potential) to  a ‘free’ viologen becomes 
possible. A very rapid increase in the quencing constant 
rate results from this concerted process. This step 
depends very strongly on the solvent. 


Changing the sensitizer concentrations (e.g. 3) in the 
quenching experiment results in a stronger or weaker 
non-linearity. At very low and very high concentrations 
of sensitizer the non-linearity effect is less pronounced. 
At moderate concentrations the non-linearity can be 
observed in a very marked way. Here, in section D the 
quenching constant is even higher than in section B! 


The non-linearity and the very high quenching con- 
stants derived from Stern-Volmer plots support the 
binding of the viologens in the macrocyclic host of 1-4. 
The much lower quenching constants in the case of the 
‘open-chain’ compound 5 and the blocked crown ether 
units (using Ba2+ as a competitive guest) can be 
explained by the ‘variable-distance model’ of Rau 
et al. l 8  The electron-transfer quenching rate depends 
very strongly on the distance between the electron 
donor and acceptor. 


CONCLUSIONS 


The formation of sensitizer-relay assemblies from the 
novel crown ether-ruthenium complexes (1-4) and the 
electron relays methylviologen and octylviologen has 
been detected. A simple technique for determining the 
binding constants in these assemblies allows the calcu- 
lation of binding constants in supramolecular electron 
transfer systems. In the case of the hosts 1-4 and the 
bis-cationic electron relays high binding constants were 
found under continuous irradiation, comparable to  
those in natural enzymes and the photosynthetic 
reaction centre. 


EXPERIMENTAL AND COMPUTATIONAL 
DETAILS 


The synthesis of the novel bis-heteroleptic crown 
ether-ruthenium sensitizers has been described 
recently. Octylviologen was prepared as described l 6  


and dried in vacuo at room temperature to give the 
monohydrate (based on the ‘H NMR spectra in D2O 
measured using a Bruker AM400/Aspect 300 system at 
25 “ C ) .  Methylviologen (monohydrate; Aldrich), 
triethanolamine (Aldrich) and P-cyclodextrin (Fluka) 
were commercially available. 


Stern-Volmer plots were obtained using a Hitachi 
F-3000 spectrometer at room temperature at concen- 
trations adjusted to  the expected equilibrium constants 
until a 2 : 1 molar ratio of added viologen to the crown 
ether sensitizer was reached. All solutions were deoxy- 
genated by purging with nitrogen [deoxygenated using 
R3-11 catalyst (BASF)] for 20min before the first 


measurements and at intervals of 3 min between the 
following 20 measurements. 


In a typical fluorescence titration 500 pl of one of the 
viologen stock solutions mol I - ’  in water- 
acetonitrile (75 : 2 5 ,  vv)] were added in 15 steps to 
2.50 ml of the bis-heteroleptic crown ether-ruthenium 
complex [ 1 x mol 1- ’ in water-acetonitrile (98 : 2, 
vv). The decrease in the fluorescence was detected at the 
emission maxima. 


A change of solvent affected the luminescence life- 
times only in a minor way, so that they were assumed 
to be constant in a first-order approximation [e.g. 7~ of 
1 in water is 507 ns, in water-acetonitrile (98 : 2, vv) it 
is 522 ns and in water-acetonitrile (96: 4, vv) it is 
542 ns] . 


The calculations of the complex binding constants, 
requiring adjustment of the emission quotients to the 
changes in volume and concentration and for evalu- 
ation of more complicated equilibria, were performed 
using the program CHEMSIM written by R. Kramer 
for the ATARI 1040 ST. This programme is able to fit 
curves for multi-step equilibria by numerical integration 
using a Newton zero search in several dimensions. 
Owing to  the use of both the simplex and the 
Newton-Raphson” algorithm, using fast convergence 
at the same set of parameters (equilibrium constant and 
‘intrinsic’ fluorescence intensities) independent of the 
chosen starting values for these variables is obtained. 
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KINETICS AND MECHANISMS OF OXIDATION OF 
THIOSEMICARBAZIDE, ITS METAL COMPLEX AND 


METHANOL MEDIUM 
HYDRAZONES BY N-CHLOROBENZAMIDE IN WATER 
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Department of Post-Graduate Studies and Research in Chemistry, Mangalore University, Mangalagangothri 574 199, India 


The kinetics of oxidation of thiosemicarbazide (TSC) its zinc metal complex and hydrazones by N-chlorobenzamide 
(NCB) were investigated in water methanol (1 : 1, v/v) medium in the presence of perchloric acid. The hydrazones 
studied were henzaldehyde, propionaldehyde, acetone and acetophenone thiosemicarbazones. The reactions show first- 
order kinetics in [NCB] , a fractional order dependence in [substrate] and an inverse fractional to inverse first order 
in [H+]. Addition of benzamide has no significant effect on the rates of oxidations. Variation in the ionic strength 
of the medium bas little effect on the rates of reactions, but a decrease in the dielectric constant of the medium by 
increasing the methanol concentration in the solvent increases the rates. The rate-limiting steps were identified in all 
cases and the rate coefficients of these steps and the related activation parameters were also evaluated. The consistency 
of the deduced rate laws was checked by recalculating the rate constants as the substrate and H+ concentrations were 
varied. 


INTRODUCTION 


The chemistry of hydrazine derivatives such as 
thiosemicarbazide and its hydrazones is of interest 
owing to their wide synthetic and analytical applica- 
tions and biological activities. ' J  Thiosemicarbazide 
(HzNHNCSNHZ) is a member of the structural 
sequence thiourea, thiosemicarbazide and thiocarbo- 
hydrazide and has close links with thiocarbamic and 
thiocarbazoic acids. The chemical behaviour of 
thiosemicarbazide is similar to that of its keto analogue 
semicarbazide. Most research on thiosemicarbazides 
has been concentrated on the structure and bonding of 
their metal complexes in the solid state. Not much work 
has been done on the mechanistic aspects of their reac- 
tions in solution except for some work in our 


In view of the importance of this class 
of compounds, much work is required before rationali- 
zing the role of these compounds in various fields of 
science. We report here the kinetics of oxidations of 
thiosemicarbazide, its metal complex and four hydra- 
zones by N-chlorobenzamide in water methanol (1 : 1 ,  
v/v) medium in the presence of perchloric acid. 


*Author for correspondence. 


0894-3230/92/ 110755-09$09.50 
0 1992 by John Wiley & Sons, Ltd. 


EXPERIMENTAL 


Materials. N-Chlorobenzamide (NCB) was prepared 
by passing a continuous stream of dry chlorine into a 
hot saturated solution of benzamide in 1 M HC1.' The 
crystals that separated were filtered, washed wit! cold 
water and recrystallized from ethanol (m.p. 116 C). A 
stock solution (0.10 mol dm-') was prepared in 
methanol. 


Thiosemicarbazide (TSC) (Loba Chemie) was 
purified by recrystallization from hot water. The 
complex Zn(TSC)zS04 was obtained by mixing concen- 
trated aqueous solutions of TSC and zinc sulphate in a 
2 :  1 molar ratio and scratching the sides of the con- 
tainer. The complex was recrystallized from hot water 
and characterized by recording its IR spectrum. The 
hydrazones benzaldehyde thiosemicarbazone 
(BALTSC), propionaldehyde thiosemicarbazone 
(PALTSC), acetone thiosemicarbazone (ACTSC) and 
acetophenone thiosemicarbazone (APTSC) were 
prepared in the laboratory by refluxing TSC and the 
respective aldehyde or ketone in equimolar proportions 
in ethanol for 2-3 h under acidic conditions. The 
hydrazones obtained were recrystallized from ethanol 
(m.p. BALTSC, 160 'C; PALTSC, 143 OC; ACTSC, 
177 OC; APTSC, 113 "C). Stock solutions 
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(0*05-0*10 mol dm-') of TSC in water, of the complex 
in 0.05 m ~ l d m - ~  HC1O4 and of the hydrazones in 
methanol were used. The ionic strength of the medium 
was maintained at 0.30 mol dm-3 using concentrated 
sodium nitrate solution. 


All other reagents employed were of analytical- 
reagent grade. 


Kinetic measurements. The reactions were carried 
out in glass-stoppered Pyrex boiling tubes under 
pseudo-first-order conditions with [substrate] % [oxi- 
dant] (5-50-fold). The reactions were initiated by the 
rapid addition of the requisite amount of oxidant 
solution, thermally pre-equilibrated at a desired temp- 
erature, to solutions containing known amounts of 
the substrate, perchloric acid, sodium nitrate, water 
and methanol [to maintain a 1 :  I (v/v) solvent 
composition ] , thermostated at the same temperature. 
The progress of the reactions was monitored for two 
half-live$ by the iodimetric determination of unreacted 
oxidant at regular time intervals. The pseudo-first-order 
rate constants (kobs) were reproducible to within k 4% 
error. 


Stoichiometry and product analysis. The stoichiom- 
etries of TSC oxidant reactions in the free and metal- 
bound states and hydrazone oxidant reactions were 
determined by allowing the reactions to go to comple- 
tion at room temperature and different [HC104] 
(0.02-0.20 mol dm-3) and [substrate]/ [oxidant] 
ratios. The products of the oxidations were identified 
by standard tests. 10711 Sulphate in the reaction products 
was determined gravimetrically by precipitating it as 
barium sulphate. l2 The yields were 95 k 4%. Chloride 
and cyanide were also determined by precipitating them 
as AgCl and AgCN, respectively. The nitrogen liberated 
was determined using a Schiff nitrometer. A slow and 
steady current of pure, dry C02 was passed through the 
reaction vessel to sweep off nitrogen to the nitrometer 
filled with 50% KOH, where C02 was completely 
absorbed. The volume of nitrogen was noted and com- 
pared with the theoretical value. Benzamide was almost 
quantitatively precipitated when the solution containing 
the reaction products was concentrated to remove the 
methanol content of the solvent and cooled. 


The observed stoichiometry per mole of TSC and 
hydrazones may be represented by equations (1) and 
( 2 ) ,  respectively: 


HzNNHCSNHz + 5PhCONHCI + 4Hz0 
1 


5PhCONH2 + SO:- + 5CI- + NZ + CN- + 8H + (1) 


R'RZC=NHNCSNH~ + SPhCONHCI + 5Hz0 
i 


5PhCONHz + SO,'- + 5C1- 
+ R'R2C=0 + Nz + CN- + 8H' (2)  


where R', R2 = H, alkyl or aryl. 


It was further observed that aldehyde or ketone does 
not undergo further oxidation under the present kinetic 
conditions. 


RESULTS 


The kinetics of the oxidation of thiosemicarbazide, its 
metal complex and hydrazones by N-chlorobenzamide 
were investigated in water methanol (1 : 1, v/v) medium 
in the presence of perchloric acid. The results are pre- 
sented in Tables 1-3 and Figure 1. At constant 
[HC104], with a large excess of [substrate] (5-50-fold), 
the first order-plots in oxidant were linear for at least 
two half-lives. The pseudo-first-order rate constants 
calculated from the plots were unaffected by changes in 
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Figure 1 .  Plots of (i) kobs vs [substrate] and (ii) kobs vs 
I /  [ H'] . I = 0.30 moldm-'; 
temperature = 303 K (TSC, complex) and 293 K (hydrazones); 
(i) [HC104] = 0.10 rnoldm-'; (i i)  lo2 [substrate] 


(moldm-') = 2.0  (TSC, hydrazones) and 1 . O  (complex) 


10' [NCB] o = 1 . O  mol dm-'; 
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Table I .  Pseudo-first-order rate constants (kobs) for the oxidation of thiosemicarbazide (TSC), its metal complex and hydrazones 
by N-chlorobenzamide (NCB) in water-methanol (1 : 1, v/v) medium in the presence of perchloric acid 


~~~~~ ~~~ ~ 


Hydrazones' 
lo3 [NCBIo lo2   substrate]^^ 10' [HC104] 
( m ~ l d m - ~ )  (mol dm-') (mol  IT-^) TSCb Complexb BALTSC PALTSC ACTSC APTSC 


0.5 
1.0 
3.0 
5.0 


1-0 
1.0 
1.0 
1-0 
1.0 
1.0 
1.0 


1 .o 
1.0 
1.0 
1.0 
1.0 


2.0(1.0) 
2.0( 1 -0) 
2.0(1.0) 
2.0(1.0) 


0.5 
1.0 
1.5 
2.0 
3.0 
4.0 
5.0 


2.0( 1 .O) 
2.0(1.0) 
2.0( 1 .O) 
2.0( 1.0) 
2.0(1.0) 


10.0 
10.0 
10.0 
10.0 


10.0 
10.0 
10.0 
10.0 
10.0 
10.0 
10.0 


2.0 
5.0 


10.0 
20-0 
30.0 


Effect of varying [NCBIO 
5.5 6.7 
5.6 6.9 
5-6 7.0 
5-8 7.0 


5.1 
4.4 7.0 
5.0 8.5 
5.6 10.4 
7.0 - 
8.4 - 
9.6 - 


Effect of varying [HC104] 
27.0 - 
11.3 15.0 
5.6 7.0 
2.9 3.5 
- 2.3 


Effect of varying [substrate]~ 
- 


8.9 
8.8 
8.8 
8.8 


7.7 
8.8 


10.2 
11.5 


- 


- 
- 


28.4 
14.2 
8.8 
5.8 
- 


9.0 
9.2 
9.2 
9.2 


6.5 
7.5 


9.2 


12.0 
14.1 


- 
- 


26.8 
14.0 
9.2 
6.7 
- 


4.5 7.7 
4.4 7.5 
4.3 7.4 
4.3 7.4 


3.0 - 
3.8  5.7 


4.4 7.5 
5.0 9.5 
5.4 11.1 
6.0 12.7 


- - 


11.3 27.6 
6.1 13.0 
4.4 7.5 
3.3 4.6 


aThe values in parentheses are for complex and BALTSC. 
b303 K. 
'293 K.  


Table 2. Effect of varying ionic strength and dielectric cons- 
tant of the reaction medium on the rates of oxidation of 
thiosemicarbazide and its hydrazones in water-methanol 


(1 : 1, v/v) medium in the presence of perchloric acid 


Hydrazones 
I 
(mol dm-') TSCa BALTSC APTSC 


0.1 
0.2 
0.3 
0.5 


7.5 14.2 9.6 
6.3 12.2 8.0 
5.6 8.8 7.5 
5.5 8.7 7.1 


30 
40 
50 
60 
70 


- - 4.0 
4.8 7.0 5.9 
5.6 8.8 7.5 
6.8 11.6 8.9 
- 13.5 10.5 


a 303 K .  
b293 K. 


[NCB] 0, establishing first-order kinetics in [NCB] . At 
constant [NCB] 0 and [HClOd] 0, the rates increased 
with increase in [substrate] (Table 1)  with varying frac- 
tional order dependences (Table 3), whereas the rates 
decreased with increase in [HC104] with an inverse 
fractional order to inverse first-order kinetics in [H'] 
(Tables 1 and 3). Addition of the reduced product of 
the oxidant, benzamide, had no significant effect on the 
rate. The rates decreased slightly with increase in ionic 
strength of the medium, but increased with decrease in 
dielectric constant of the medium effected by increasing 
the methanol concentration in the solvent (Table 2). 
The rates were measured at different temperatures 
(288-308 K) at various [substrate] and the activation 
parameters were calculated from the Arrhenius and 
Eyring plots as described in the next section. 


DISCUSSION 


The probable reactive species in partial aqueous acid 
solutions of N-chlorobenzamide are PhCONHCl, 
(PhCONHZCl)' and possibly HOCl or HZOCl+. 


The direct plots of kohsversus [substrate] or kohs 
versus I /  [ H'] (Figure 1) gave better correlations than 
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Table 3. Kinetic data and thermodynamic activation parameters for the oxidation of thiosemicarbazides by N-chlorobenzamide in 
water-methanol (1 : 1, v/v) medium in the presence of perchloric acid 


Order observed in TSC Complex BALTSC PALTSC ACTSC APTSC 


1.0 
0.58 


-1.0 


1.0 
0.60 


- 1 .o 
1.0 
0.25 


- 0.67 


1.0 
0.35 


-0.62 


1.0 
0.28 


-0.52 


1.0 
0.51 


-0.80 


Activation 
parameters for path 1 


E, (kJmol-I) 
Log A 
A H t  (kJmol-I) 
AS* (JK-Irno1-l) 
AC* (kJmol-I) 


86.2 
10.3 
85.1 


100.5 
- 50.8 


95.7 
12.0 
95.0 


- 17.2 
100.2 


82.7 
10.7 
81.2 


95.0 
-47.0 - 


60.8 
6.6 


60.0 
121.5 
95.7 


80.9 
9.9 


83.3 


97.0 
- 46.5 - 


46-0 
3.8 


37.4 
-201.8 


96.5 


Activation 
parameters for path 2 


E, (kJmol- ')  84.9 87.3 77.0 82.0 80.1 72.1 
Log A 11-1 10.8 12.0 12.9 11.5 10.6 
A H *  (kJ mol-I) 82.1 84.0 74.0 80.1 69.1 59.8 


AG* (kJmol-I) 90.9 88.6 82.0 81.2 84.5 81.5 
AS* (JK-Imol- ')  - 29.2 - 15.1 - 27-2 -4.2 - 52.5 -74.3 


the reciprocal plots (not shown). The observed kinetics 
and other results (Table 3) with all the hydrazones may 
be explained by a two-pathway mechanism, one a 
[substrate] -dependent path and the other a 
[substrate] -independent path, as detailed in Scheme 1. 


Path I :  


PhCONH2Cl+ + PhCONHCl+ H +  
(fast) 


(slow) 


HOCl + S - products (fast) 


PhCONHCl + H2O A PhCONH2 + HOCl 


Path 2: 
HNOCPh 


I 


I I  (slow) 


k 
PhCONHzCl' + S A R I - C - N N H C S N H z  + H +  


R2 C1 


(XI 
X + HzO-S' + RiR2CO + PhCONHz 


(fast) 


followed by other steps similar to those in Scheme 3 
where S = substrate (hydrazone) 


Scheme 1 


The combined rate law is 


or 


The values of k3 for all the hydrazones were calcu- 
lated from the plots of kobs versus [hydrazone] 
(Figure 1): 103k3 (dm3rnol-'s-') = 14.8 (BALTSC), 
20.7 (PALTSC), 5 . 3  (ACTSC) and 18-0 (APTSC). 


Further, equation (4) may be rearranged to 


( 5 )  
[H+I 1 +- -- - 1 


k o b s - k 3 [ S ]  Klki ki 
where k i  = k2 [ HzO] . 


The plots of l/kobs - k3 [S] versus [H+] were linear 
with BALTSC and PALTSC (Figure 2). The constants 
kz and K ,  were calculated from the intercepts and 
slopes of the plots: 104k2 dm3rnol-'s-') = 2 - 0  
(BALTSC) and 1 - 5  (PALTSC); 103K1 ( m ~ l d m - ~ )  = 
6 - 8  (BALTSC) and 7-8 (PALTSC). 


If KI 6 [H'] , then equation (4) takes the form 


or 
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c- % Methanol 


3 . 6  


P 
3.8 + - 


0 
0 


. o  g 
VI 


5 10 15 20 2 


1.2 


10' [H'] (mol dme3) - 
Figure2 (i) Plot Of I/kob,  - ki[S] VS [ H f ] .  lo' 
[NCBlo = 1.0 moldm-'; I =  0.30 moldm-'; lo2 [substrate] 
(moldm-') = 2.0 (hydrazones); temperature = 293 K.  (ii) Plot 
of log kobr vs methanol concentration. lo3 [NCBIo = 
lO[HC104] = 1 .O moldm-'; 1=0~30moldrn-';  
102[substrate] = 2 .0  (moldm-') (TSC, hydrazones); 


temperature = 303 K (TSC) and 293 K (hydrazones) 


Both plots of kobs versus [s] and kobs versus 1/ [ H'] 
were linear in accordance with the rate law. The cons- 
tants k3 and k were calculated from the slope and 
intercept of the former plots and by inserting standard 
[HC104] (Table4). These constants were used to 
predict the rate constants from the rate law as [HClOA] 
was varied at constant [S]. Similarly, another set of 
constants, k and k3, were calculated from the slope and 
intercept of kobs versus 1/ [H+]  plot and these were at 
constant [HC104] . There is reasonable agreement 
between the predicted and observed constants (Table 5) .  
Further, the constants k and k3 were calculated at 
different temperatures by varying the [substrate] at 
each temperature (Table 4). Two sets of activation 
parameters corresponding to these constants were 
evaluated from the plots of log@ or k3) versus 1/T or 
log&/ 7') versus 1/ T (Table 3). 


Oxidations of TSC and its metal complex showed an 
inverse first-order dependence on [H'] instead of the 
inverse fractional order observed with hydrazones. This 
is probably because the free NHf with TSC and its 
complex has to be deprotonated before being attacked 
by the oxidant. Hence the kinetics observed in these 
cases may be explained by a slightly modified 
mechanism (Scheme 2). 


Path I:  


PhCONHzCl' -.--.-2 KI PhCONHCl + H+ 
(fast) 


PhCONHCI + H 2 0  k2 PhCONHz + HOCl 


HOCl + S --+ products 


(slow) 


(fast) 
Path 2: 


SH', K4 S + H +  (fast) 


(slow) 
S + PhCONHzCl' ks S' + PhCONHf 


followed by the other fast steps 
Scheme 2 


Table 4. Values of calculated constants k ,  k' and k3 [see text and equations (7) and (9)] at different temperatures for the oxidation 
of TSC, its metal complex and hydrazones by N-chlorobenzamide in water-methanol ( l : l ,  v/v) medium 


10'k ( m ~ l d m - ~ s - ' )  104k' (s- l )  1 03k3 (dm ' mol - ' s - ' ) 
Temperature 
(K) TSC Complex BALTSC PALTSC ACTSC APTSC TSC Complex BALTSC PALTSC ACTSC APTSC 


288 - - - 3.4 1.7 2 .0  - - - 9.4 2 -4  9.9 
293 0.9 - 7-2 5.4 3.2 3.8 4.3 - 14.8 20.7 5 . 3  18.0 
298 1.6 1 .8  12.8 9 .0  5.4 4.8 8.8 21.2 30.0 36.5 9.2 21.1 
303 3-0 3 . 5  21.5 12.0 9.2 6.4 13.4 34.0 43.6 67.5 14.1 58.6 
308 4.8 6.3 - - - - 23.5 61.0 - - - - 
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The related rate laws are where k = K1k2 [ HzO] and k' = K4k5 or 
d [NCB] Kikz [ NCB] [ HzO] _-- - 


dt [H+l 
1 


[H'I 
kobs = - ( k  + k' [SH+]) 


The plots of kobs versus [substrate] and kobs versus 
(8) I / [H+]  were linear with finite and no intercepts, 


respectively (Figure l), in accordance with equations (9) 
and (10). Further, the constants k and k' (Table 4) 
calculated from the plots of kobS versus [substrate] were 
used to predict the rate constants from the rate law (10) 
as [H+] was varied (Table 6). As can be seen, there is 
very good agreement between the predicted values and 
the experimental constants, verifying the validity of the 


[NCB] [ SH+] 
[H'I 


+ K4k5 


or 


kobr = 


(9) 
- -- k [SH+l 


[H+] + k '  - 
[H+l rate law. 


+ RNH,CI+ 


H - N = N -  C - N  S - C - N - H  a H - S - C a N  
u hc, ( tast)  ' 


( tost)  I +  - R N H 3  


+ R N H, CI +. 


w h e r e  R=PhCO 


Scheme 3 
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Table 5 .  Comparison of predicted rate constantsa and experimental values for the oxidation of 
thiosemicarbazones in water-methanol (1 : 1, v/v) medium in the presence of perchloric acid 


BALTSC PALTSC 
10' [H+]  
(mol d ~ r - ~ )  Pred. Obs. Pred. Obs. 


2.0 36.5 28.5 31.8 26.8 
5.0 15.5 14.2 14.7 14.0 


10.0 8.6 8.8 9.1 9.2 
20.0 5.0 5 . 8  6.2 6.7 


~ 


ACTSC APTSC 


Pred. Obs. Pred. Obs. 


17.3 11.3 23.5 27.6 
7.6 6.1 11.5 13.0 
4.4 4.4 7 .5  7.5 
2.7 3.3 5.5 4.6 


102 [S] 
(mol dm-') 


0.5 6.8 7.7 5-6  6.5 2.4 3 .0  - - 
1.0 8 - 6  8.8 6.8 7.5 3.1 3.8 6.0 5 . 7  
2.0 10.2 10.2 9.1 9.2 4.4 4.4 7.5 7.5 


- 5.6 5.0 9.0 9.5 3.0 11.7 11.5 - 


4.0 - - 13.7 12.0 6.9 5.4 10.2 11.2 
5.0 - - 15.8 14.1 8.2 6.0 11.6 12.7 


a See text and equation (7). 


Table 6. Comparison of predicted rate constantsa and the 
experimental values for the oxidation of TSC and its metal 
complex by N-chlorobenzamide in water-methanol (1 : 1, v/v) 


medium. 


104kobs (s-') 


TSC Complex 
lo2 [H+]  
(mol dm-') Pred. Obs. Pred. Obs. 


2.0 28-4 27.0 - - 
5.0 11.3 11.3 14.0 15.0 


10.0 5.7 5.6 7 .0  7.0 
20.0 2 -9  2.9 3.5 3.5 
30.0 - - 2.3 2.3 


"See text and equation (10). 


The reactivity of the substrates towards the oxidant 
decreases in the order BALTSC > PALTSC > 
APTSC > ACTSC >, complex 2 TSC, indicating that 
the formation of hydrazone favours the reactivity of 
thiosemicarbazide towards the oxidant. Hydrazone for- 
mation also decreases the rate dependence on 
[substrate] and [H+] (Table 3). 


The typical detailed mechanism of oxidation of TSC 
is shown in Scheme 3.334.7 The mechanism for the 
oxidation of hydrazones is similar to Scheme 3 except 
for the steps shown in path 2 in Scheme 1. 


The applicability of the Taft e q ~ a t i o n ' ~  was also 
tested for both the pathways. The following relation- 
ships were found to be valid for all the hydrazones 


except one (Figure 3): 
log k3= -0*27a*- 1.07 


log k3= -0.30Es-1.02 
log k = 0*33u* - 4.04 


log k =  0.37Es - 4.06 


The negative and positive values for the polar constant 
(u*)  indicate that electron-donating groups on the 
carbon atom of the C=N bond decrease the rate of 
reaction in path 1 and increase it in path 2. Similar 
trends were observed in steric effect plots. 


The constancy of the free energies of activation may 
indicate the operation of similar mechanisms. The for- 
mation of more ordered activated complexes is evident 
from the negative values of AS*.  Further, the 
relatively high positive free energies of activation and 
the negative entropy of activation may indicate the role 
of bond breaking in attaining the activated state. The 
plots of AH* versus AS* for both sets of values 
(Table 3) were linear with isokinetic temperatures of 
336 and 315 K, respectively. 


Several approaches have been put forward to explain 
quantitatively the effect of the dielectric constant of the 
medium on the rates of ion-ion, ion-dipolar molecule 
and dipolar molecule-dipolar molecule reactions in the 
liquid phase. I 4 - l 7  For the limiting case of a zero angle 
of approach between an ion and a dipole, Amisi4 has 
shown that a plot of log kD versus 110 gives a straight 
line with a positive slope for the reaction between a 
positive ion and a dipolar molecule: 
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where k, is the rate constant in a medium of infinite a decrease in dielectric constant of the medium (by 
dielectric constant D, p is the dipole moment of the increasing the methanol composition of the medium 
dipolar molecule, Ze is the charge on the ion, r the from 30 to 70%, vfv) is in agreement with ion-dipolar 
radius and T the absolute temperature. The present molecule interactions and the reaction pathways 
experimental observations, i.e. an increase in rate with suggested to explain the kinetic results. The observed 


* 
- E -  


2 1.0 0.8 0 . 6  0.4 0.2 
I I I 1 I 


ACTS 


100 


90 


T 
c - 70 
Id 


E 
2 6 0  
Y 


+ 
I 


50 


40 


40 8 0  120 160 200 


- a  s +  (JK-' moi-') - 


1 .o 


(3 
1 .2  + 


c 
0 
0 


h 
1.4 


+ 
w + - 


1.6 8 
h 
u 


1.8 I 
2.0 


Figure 3.  (i) Plots of log k3 vs o* and log k vs u*; (ii) plot of AH* vs AS* 
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effect may also be explained by the Laidler-Eyring 
equation: ” 


where r and r* refer to the radius of the reactant 
species and activated complex, respectively. It is seen 
that the rate should be greater in a medium of lower 
dielectric constant when r+ > r. It is likely that the 
radii of the activated complexes in the present cases are 
greater than the reactant molecules, as the reaction 
involves the interaction between positive ions and 
dipolar molecules. 
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COMPARATIVE STUDY OF AROMATICITY IN FIVE-MEMBERED 
RINGS CONTAINING S, SO AND SO2 GROUPS 


ISABEL ROZAS* 
Department of Chemistry, University oJ Saskatchewan, Saskatoon, Saskatchewan, S7N 0 WO, Canada 


Owing to the importance of the concept of aromaticity, different indices have been developed to try to quantify this 
property. The possible r delocalization through an X-SO,-X group (X = C, N; n = 0, 1 or 2) could explain 
heteroaromaticity in rings containing the moiety. For that reason, the aromaticity of five-membered sulphur- 
containing rings with different oxidation numbers (S, SO and SO,) and including no (thiophene), one (isothiazole) or 
two (1,2.5-thiadiazole) adjacent atoms was investigated. A b  initio calculations were carried out to determine 
geometrical parameters (planarity of the ring, bond length and bond order), electronic structure (charge distribution 
and dipolar moment) and the participation of d-orbitals of sulphur. According to these calculations, only compounds 
with S(I1) can be considered to be aromatic, whereas compounds bearing S(IV) or S(V1) are better described as ylides. 


INTRODUCTION 


Aromaticity is one of the most important concepts in 
organic chemistry in general, and heterocyclic chemistry 
in particular. This subject has been extensively investi- 
gated from a conceptual point of view. - 3  Also, several 
attempts have been made to establish quantitative aro- 
matic scales, e.g. using the concept of ‘ring 
correlating classical and magnetic parameters, using 
energetic criteria, or using graph theory. 


So far, it has been impossible to  find a unique, 
measurable or calculable parameter that provides a 
quantitative estimation of the degree of aromaticity. 
Nevertheless, different characteristics have been used to  
develop aromatic indices: from energetic criteria 
[resonance energy (RE), ’ resonance energy per x elec- 
tron (REPE)8.9] to magnetic criteria (diamagnetic ani- 
sotropy, l o  proton chemical shifts and coupling 
constants4) to structural criteria (x-ray diffraction, 
bond  order^,^^."^^^ planarity of the ring 1 3 ) .  The advan- 
tages and weaknesses of all these criteria have been 
extensively discussed in a fundamental paper by 
Katritzky et aL4 


Continuing with our studies of physico-chemical 
properties of heterocycles containing the N-S02-N 
moiety,14-” here we have studied a series of five- 
membered sulphur-containing rings with different 
oxidation number (S, SO and SOZ), and including no 
(thiophene, I ) ,  one (isothiazole, 2) or two (1,2,5- 
thiadiazole, 3) adjacent N atoms (see Figure 1). 


The non-aromatic behaviour observed in the 
chemistry of 1,2,5-thiadiazole 1 , 1  -dioxides is sur- 
prising in comparison with the non-oxidized sulphur 
derivatives 1, 2 and 3. However, there is not much 
information about the possible aromatic character of 
the S-oxides. Aromaticity is a very important factor in 
the reactivity, and also the possible biological activity, 
of any compound. Hence studies of effect on the aro- 
maticity of the introduction of one or two adjacent N 
atoms in a sulphur-containing five-membered ring, 
or the variation of the oxidation state of that S atom, 
can help in understanding the behaviour of these 
compounds. 


Thiophene (1) has been extensively investigated from 
the theoretical point of view using both semi-empirical 
and ab initio methods.I9 However, it continues to  be 
the subject of a number of studies dealing with its 
geometry, electronic structure and aromaticity. 2o Its 
l-oxide (4) and 1 ,I-dioxide (7) derivatives have been the 
subject of theoretical studies also. ’’ 


The structure and aromaticity of isothiazole (2) 
have been theoretically determined by different 


In contrast, only a few 1,l-dioxide 
derivatives, such as saccharin, have been calculated. ”) 


Different physical methods and MO calculations have 
been used to study the aromaticity of 1,2,5- 
thiadiazoles, l9 which has been found to be comparable 
to  that of thiophene. The aromaticity of its sulphur 
oxide (8) has been the subject of interesting work.22 


workers. 19,20b,e,f,Zi 
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Figure 1 .  Structures of compounds 1-9 


Nevertheless, to our knowledge, no calculations on its 
sulphur dioxide (9) have been performed. 


In addition, experimental data are available for the 
gas phase from microwave spectroscopy of thiophene 
and isothiazole. I *  There are also experimental data, in 
the solid state, obtained by x-ray spectroscopy. A 
search through the Cambridge Structural Database 
(CSD)23 yielded 24 derivatives of thiophene (1) (non- 
fused rings), two of thiophene 1,l-dioxide (7), two of 
isothiazole (2), one of isothiazole 1,l-dioxide (8), two 
of 1,2,5-thiadiazole (3), one of its 1-oxide (6) and two 
of its 1,l-dioxide (9). In this paper, only some of the 
simplest derivatives (those with fewer and smaller non- 
polar substituents) will be commented upon, and their 
CSD code names will be used for the sake of simplicity. 


As a result of all these studies, thiophene is con- 
sidered to be an aromatic compound. Comparison with 
the other compounds in the series allows us, if not to 
quantify aromaticity, then at least to observe the pres- 
ence or lack of certain aromatic characteristics. Fur- 
ther, it will be possible to observe the influence that the 
oxidation number of the S atom, or the substitution of 
an adjacent CH group by an N atom, has on the 
aromaticity. 


From all the above indices of aromaticity, and taking 


into account Katritzky et al.’s a n a l y s i ~ , ~  we chose 
parameters used successfully in previous works, l 5 - I 6  


namely bond lengths, bond orders and planarity of the 
ring, as geometrical criteria. These indices provide a 
sort of ‘pictorical’ idea about aromaticity (levelled 
bond lengths and bond orders, maximum overlap of p- 
orbital allowed by a planar ring). However, they are not 
a sufficient condition for aromaticity and other criteria 
should also be used. For that reason, we have also ana- 
lysed the electronic charge distribution and the d-orbital 
participation of the S atom in the T delocalization. This 
last point can be important with compounds with 
hypervalent sulphur atoms, since in these cases the elec- 
tronic delocalization should take place through these 
d-orbitals. In the following sections, we will discuss 
the results obtained using geometrical criteria, the 
electronic structure and the participation of d-orbitals 
of sulphur. 


COMPUTATIONAL METHODS 


In order to obtain reliable results for compounds with 
hypervalent sulphur atoms, it is well known that the use 
of basis sets including polarization functions is essen- 
tial. 24 Thus, large split-valence basis sets with polariz- 
ation functions provide a highly accurate description of 
these compunds. However, a full geometry optimiza- 
tion with these basis sets is not economically feasible. 


In previous we have shown that the 
STO-3G* basis set reproduces the geometry of com- 
pounds with hypervalent sulphur atoms reasonably 
well. Hence this basis set was used here to optimize 
compounds containing divalent and hypervalent 
sulphur atoms. The convergence threshold used for all 
the optimizations was set so that the maximum force 
was reduced to at least 0.000450 a.u. whereas the root- 
mean-square deviation of all the forces was smaller 
than - 0.000300 a.u. 


A higher accuracy is needed for a good description of 
properties that depend on the electronic structure 
(dipole moment, charge distribution, etc.). Because 
some of the aromaticity criteria that have been taken 
into account in this work rely strongly on these proper- 
ties, single-point 6-3 1 G* calculations were carried out 
on the fully optimized STO-3G* structures, and they 
are indicated as usual by 6-31G*//STO-3G*. 


All the calculations at the STO-3G* level were carried 
out using the Gaussian 88 series of programs” (DEC 
version) and the single-point 6-3 1G* calculations were 
performed using the Gaussian 90 series of programs26 
on a StardentfTitan 3000 workstation. 


ANALYSIS USING GEOMETRICAL CRITERIA 


The optimized geometrical parameters obtained for the 
nine compounds studied, together with some exper- 
imental microwave and x-ray spectroscopic data are 
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shown in Table 1. The force constants and the resulting 
vibrational frequencies were determined by a FREQ 
calculation (implemented in the Gaussian 88) on the 
stationary points obtained after the optimizations. All 
the compounds exhibited real positive and increasing 
frequencies as expected for true minima. 


Inherent in the definition of aromaticity is the notion 
that a planar ring maximizes the overlap of the p- 
orbitals involved in the a system. Thiophene (1) has 
been found to be planar at the STO-3G* level of calcu- 
lation. This is in agreement with the microwave experi- 
mental results l 9  and with the geometries obtained 
by x-ray spectroscopy of some of its substituted deriva- 
tives, 23 as is shown in Table 1. This planar geometry is 
consistent with its assigned aromaticity, that is, T 
overlap is possible without any disruption. 


Planar rings have also been obtained for 2 and 3 


using the same basis set (see Table 1). This also was 
observed by microwave spectroscopy of 3 " and in the 
x-ray analysis of derivatives DUWFIK and HMITZC 
and of BIMLAK and DSPDAZ, respectively. Again, 
this correlates with the aromaticity previously assigned 
to both 2 and 3. " It could seem that the substitution of 
the adjacent C H  groups to the S atom by one or two N 
atoms does not affect the a delocalization and, there- 
fore, the aromaticity. 


In contrast, we obtained non-planar structures (see 
Table 1) for the S monoxide derivatives, which is in 
agreement with previous work. 1y,22 The S(IV) atom 
presents pyramidalization and is outside the plane 
formed*by the other four atoms by 0.196, 0-217 and 
0.203 A for 4, 5 and 6, respectively (see Figure 2). This 
fact, in principle, makes these products unlikely to be 
aromatic. However, if the bending is not very large 


Table 1. Bond distances ( A )  obtained for thiophene (1).  isothiazole (2), 1,2,5-thiadiazole (3) and their 1-oxide (4), 
(5) and (6), and ],]-dioxide (7), ( 8 )  and (9) derivatives using the STO-3G* basis set, and for some structures from 


the CSDZ3 (X = C or N). 


Compound X2-Cs c3-c4 C4-Xs XS-SI S1-Xz s=o Planarity 


1 
Exp. 1' 
ACCTHP 
ACETTP 
JEDEEL 
THlPAC 
TPENAC 
4 


7 


BUTSOX 


MTPOFE 


DUWFIK 
HMITZC 
5 


8 


BUBNOB 


3 
Exp. 3" 
BIMLAK 
DSPDAZ 
6 
BESHEM 


9 


KASMOG 


SACROD 


1.349 
1.370 
1.342 
1.346 
1-389 
1.406 
1.363 
1.322 


1.314 


1.348 


1.421 


1.324 
1.319 
1.303 
1.291 


1.284 


1.279 


1.326 
1.327 
1.300 
1.327 
1 -286 
1.280 


1.280 


1.302 


1.294 


1.436 
1.423 
1.397 
1.454 
1-415 
1.437 
1.413 
1.484 


1.502 


1.462 


1.418 


1.431 
1.438 
1.435 
1.488 


1.507 


1.507 


1.432 
1.417 
1.431 
1.435 
1.500 
1.511 


1.518 


1.523 


1.550 


1.349 
1.370 
1.381 
1.355 
1.352 
1.509 
1.361 
1.322 


1.314 


1.348 


1.433 


1.353 
1.378 
1.350 
1.319 


1.311 


1.360 


1.326 
1.327 
1.308 
1.343 
1.286 
1.279 


1 -280 


1.382 


1.334 


1.693 
1.714 
1.723 
1.697 
1.702 
1.698 
1.693 
1-782 


1.808 


1.784 


1.759 


1.684 
1.709 
1.703 
1.787 


1.81 1 


1.748 


1.636 
1.630 
1.665 
1.629 
1.747 
1.705 


I .769 


1.648 


1.611 


1.693 
1.714 
1.699 
1.692 
1.716 
1.709 
1.700 
1.782 


1.808 


1.784 


1.758 


1 -644 
1.657 
1.655 
1.737 


1.760 


1.664 


1.636 
1.630 
1.645 
1.635 
1.747 
1.720 


1-769 


1,626 


1.677 


Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 


1.487 No 


- 
- 


- 
- 


- 
- 


- 


No 


Yes 
Yes 
Yes 
No 


Yes 


Yes 


Yes 
Yes 
Yes 
Yes 
N o  
N o  


Yes 


Yes 


Yes 


"Experimental data for 1 and 3 obtained using microwave spectroscopy. l 9  
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- -  
0.891 


Figure 2 


some 7r delocalization could still exist. Such delocaliza- 
tion has to be confirmed by other properties more 
related to the electronic structure. 


The optimized structures of the 1,l-dioxide deriva- 
tives at the STO-3G* level were found to be planar in 
all cases (see Table 1, compounds 7, 8 and 9), except 
for the 0 atoms that were situated above and below the 
five-membered rings. This SO2 group was found to lie 
in a plane perpendicular to that of the ring. Planarity 
by itself is not a sufficient reason to consider a molecule 
aromatic. As with the S(1V) derivatives, we have to 
analyse other properties to assert the possible aromati- 
city in these S(V1) derivatives. 


The fact that the S-oxides are non-planar whereas 
the S,S-dioxides are planar has been observed exper- 
imentally 19,23 and theoretically22 before. A reason for 
these results could be the different hybridization exhi- 
bited by the S atom in both kinds of compounds. In the 
1-oxides the S atom presents a pyramidal disposition 
whereas the 1,l-dioxides show a tetrahedral sulphur. 


Accommodating a pyramidal sulphur in a planar five- 
membered ring drives the 0 atom out of the plane and 
below the ring, introducing stress in the molecule. In 
contrast, a tetrahedral sulphur can fit in the plane of a 
five-membered ring without introducing any stress by 
orientating the 0 atoms, outside the ring, above and 
below the plane. 


Without considering the nature of the other four 
atoms in the ring, a structure with two perpendicular 
symmetry planes for the dioxide derivatives is achieved. 
The higher symmetry can be related to the higher stabil- 
ity of the dioxides in comparison with the monoxides. 


Aromaticity, and therefore cyclic conjugation, have a 
levelling effect on the differences in bond length 


between formal double and single bonds. Regarding the 
bond distances in Table 1, it can be seen that, in gen- 
eral, there is a good agreement between the calculated 
and the experimental distances. The minimal STO-3G* 
basis set seems to shorten the C-C double bonds that 
in a delocalized aromatic structure should be more alike 
[see thiophene (1) in Table I ] .  However, the C-N 
double bond distances obtained using this basis set sat- 
isfactorily reproduce the aromaticity present in 2 and 3 
according to their experimental bond distances. 


In general, the C-S distances obtained are shorter 
than the experimental values when sulphur is divalent, 
but are larger than the experimental distances in the 
hypervalent S derivatives. This could be an effect of the 
quality of the basis set. A better agreement is observed 
between calculated and experimental N-S distances. 


Occasionally, different types of bonds (C-C, C-N, 
etc.) can have the same length, and so another par- 
ameter, such as the bond order, is needed for a better 
evaluation of heteroaromaticity. An aromatic com- 
pound should exhibit a certain degree of uniformity in 
the bond orders of the ring. The following describes 
two different methods that we have used to calculate 
bond orders. 


Calculations from bond order-bond length 
relationships 


The inverse relationship between bond order and bond 
length has been extensively discussed and different 
equations have been developed. l 2  Those of Paolini "" 
and GordyiZb were chosen for the present analysis. The 
calculated distances used for these analyses are those 
optimized by using the STO-3G* basis set. 


Paolini's equation (1) describes a relationship 
between the bond order ( p p )  and bond length (L,,), 
when compared with 'pure' single bonds ( L I ) :  


(1) 
The single bond distances L1 used !ere are those givFn 
by Paolini12a for the C-C (1.54 A) ,  C-N (1 ~ 4 7  A )  
and C y S  (1-81 A )  bonds. We also used the N-S 
( I  *735 A )  bond found in Ref. 19. The bond orders, pp, 
obtained are given in Table 2. 


Gordy IZb  proposed a simple inverse square relation- 
ship between bond order ( p ~ )  and bond length (L,,), 
given by the equation: 


(2) 
where the constants a and b are characteristics of a 
given pair of atoms. The modified a and b parameters 
given by Paolini and those originally used by 
GordylZb are almost linearly dependent [ y  = 
1 . 0 6 1 ~  - 0.286, correlation coefficient ( r ' )  = 0.986, 
standard error = 0.3563. By using a linear regression, 
we calculated a new set of modified a and b parameters 
with their corresponding 95% confidence errors 


L, = L1 - O * 7 8 ( ~ 0 p ' ~ ~  - 1). 


p~ = uL: - b 
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(Table 3). To obtain these parameters, we used the 
bond distances corresponding to the pure single bonds 
previously mentioned. The bond orders, pc, obtained 
by using Gordy’s equation with the new modified par- 
ameters are given in Table 2. 


The results obtained from both equations are similar 
and, as expected, thiophene (l), isothiazole (2) and 
1,2,5-thiadiazole (3) are described as aromatic struc- 


Table 2. Bond orders obtained for all the compounds studied 
by using Paolini’s ( p p )  and Gordy’s ( p ~ )  equations” 
~ 


Compound Bond PP PG 


1.94 
1.46 
1.53 
1.68 
1.49 
1.92 
1.40 
1.57 
1.67 
1.48 
1.44 
2.11 
1.23 
1-11 
1.87 
1.22 
2.13 
0.99 
1.09 
1.90 
1.16 
0.95 
2.16 
1.15 
1.01 
1-91 
1.13 
2-18 
0.91 
1 -00 
1.94 
1.09 
0.87 


1.88 t 0.02 
1.44 2 0.01 
1.54 t 0.03 
1.71 5 0.02 
1 . 4 6 k  0.01 
1.86 2 0.02 
1.41 t 0.02 
1.59 2 0.03 
1.70 2 0.02 
1.45 2 0.01 
1.45 5 0.02 
2.04 2 0.02 
1.22 2 0.01 
1-12 2 0.01 
1.90 2 0.02 
1.20 2 0.01 
2.06 f 0.02 
0.99 2 0.01 
1.10 5 0.01 
1.93 t 0.02 
1.15 t 0.01 
0.95 2 0.01 
2.09 2 0.02 
1.15 5 0.01 
I .01 2 0.01 
1.95 t 0.02 
1.13 2 0.01 
2.11 f 0.02 
0.90 t 0.01 
1.00 2 0.01 
1.97 f 0.02 
1.08 5 0.01 
0.86 t 0.01 


Table 3. Gordy’s parameters a and b modified by linear 
regression, as explained in the text, and taking into account the 


error in a confidence interval of 95% 


Bond a b 


c-c 6.93 2 0.13 1.92 5 0.06 
C-N 6 . 5 9 f  0.19 2.05 2 0.09 
c-s 12.34 t 0.76 2.76 2 0.23 
N-S 10.83 ? 0.52 2.61 f 0.17 


tures. Note that both equations give very high bond 
orders (1.9) for the CZ-C~ and C4-C5 bonds in 
thiophene and the C4-C5 bond in isothiazole. How- 
ever, the values obtained for the other bonds in both 
rings are more consistent with aromaticity. For the 
monoxide (4, 5 and 6) and dioxide (7, 8 and 9 )  deriva- 
tives, double and single bond alternating rings resulted 
from the bond orders calculated with these equations. 


Bond orders from Mulliken population analysis 


The bond orders were also computed from a Mulliken 
population analysis at the STO-3G*//STO-3G* and 
6-3 lG*//STO-3G* levels of calculation. The bond 
orders for the rings were normalized by taking the aver- 
aged value obtained for the C-H bond for each com- 
pound as the ‘pure’ single bond (bond order = 1). 


At the 6-31G*//STO-3G* level, the Mulliken 
population analysis underestimates the nature of S-C 
or S-N bonds. This estimation becomes even less 
accurate as the oxidation number of sulphur is 
increased. The results for C-C and C-N bonds reflect 
the conjugation for the S(I1) compounds that are con- 
sidered to be aromatic. A double-single alternating 
structure for the S(1V) and S(V1) derivatives is 
observed, which is in agreement with the results 
obtained with the equations used in the previous 
section. 


At the STO-3GL//STO-3G* level the values obtained 
for C-C bonds in thiophene do not reflect the aro- 
matic structure of this ring. For this reason, it is not 
worth comparing the results obtained for the other 
compounds. 


In general, the results obtained from the MuIliken 
population analysis show that this method fails to 
provide good results regarding the bond order concept. 
This has been shown also by other workers.’’ 


It must be noted that both methods depend strongly 
on the sort of calculation carried out. The former 
methods rely on the bond distances and the Mulliken 
population analysis on the electronic distribution 
obtained, and these properties in turn depend on the 
method and/or basis set used. Hence the results pre- 
sented here have to be considered comparatively. 


ELECTRONIC STRUCTURE AND PROPERTIES 


The energies and atomic charges of the com ounds 
studied at both the STO-3G*//STO-3G and 
6-31G*//STO-3G* levels of calculation are given in 
Table 4. In the S(I1) structures, the introduction of one 
or two N atoms does not strongly affect the electronic 
distribution when compared with thiophene (see 
Table4). Most of the charge density on 2 and 3 is 
located on the N atoms, and the S atom has a small net 
positive charge. In general, the C or S atoms adjacent 
to the N diminish their electron density. Thus, an 


P 
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electron distribution similar to that of the aromatic 
compound 1 is observed in 2 and 3. 


However, the increment in the oxidation number of 
the sulphur atom causes considerable changes in the 
electronic structure and the uniformity in the charge 
distribution is lost. The introduction of one 0 atom 
double bonded to S leads to a sizable increment in the 
net positive charge of the S(IV) atom. The N atoms 
continue to bear most of the negative charge, their 
values being similar to those obtained for the S(I1) 
derivatives. The introduction of a second double- 
bonded 0 atom increases the positive charge on the S 
atom, but not as dramatically as with the first one. 


Moreover, this second 0 atom does not affect the 
charge on the N atoms. 


A similar insight is provided by an analysis of the 
dipole moments (see Table 5). The monoaza derivatives 
(2, 5 and 8)  present large y-components of the dipole 
moment ( p y )  owing to the change in the symmetry 
caused by the introduction of an N atom. In the case of 
the monoxide structures, a z-component pz appears 
owing to the non-planarity of the ring. For the sake of 
simplicity, a single dipole moment component for all 
the compounds will be analysed. Since thiophene, the 
aromatic reference compound, has a dipole moment 
with only an x-component, px will be the component 


Table 4. Energies and atomic charges for all the compounds studied obtained at STO-3G*//STO-3G' and 
6-31G*//STO-3G* levels of calculation (X = N or C) 


Level Compound E (hartree) SI x2 C3 c4 XS 0, o b  


STO-3G*//STO-3G* 1 
2 


6-3 IG*//STO-3G* 
2 
3 


-545.139645 
-560.905346 
-576.671374 
- 61 8.930390 
-634.700465 
-650.471307 
-692.771643 
-708.543755 
-724.314689 


-551.288924 
- 567.218570 
-583.267524 
-626.059383 
- 642'056503 
- 658.052294 
-700.898236 
-716.897380 
-732.891129 


15.868 
15.789 
15.704 
15.708 
15.644 
15.578 
15.616 
15.572 
15.526 


15.696 
15.525 
15.363 
14.984 
14.878 
14.787 
14.460 
14.391 
14.335 


6.107 
7.265 
7.244 
6.091 
7.241 
7.224 
6.070 
7.214 
7.193 


6.414 
6.570 
7.539 
6.473 
6.584 
6 3 5 9  
6.486 
6.574 
6.542 


6.082 
5-974 
5.989 
6.058 
5.942 
5.955 
6.048 
5.929 
5.942 


6.177 
5.968 
6.015 
6.144 
5.931 
5.961 
6.137 
5.926 
5.950 


6.082 
6.097 
5.989 
6.058 
6.072 
5.955 
6.048 
6.062 
5.942 


6.177 
6.225 
6.015 
6.144 
6.181 
5.961 
6.137 
6.171 
6.542 


6.107 
6.094 
7.244 
6.091 
6.081 
7.224 
6.070 
6.056 
7.193 


6.414 
6.399 
7.539 
6.473 
6.460 
6.559 
6.486 
6.464 
5.950 


- 
8.307 
8.285 
8.261 
8.254 
8.233 
8.21 1 


- 
- 


8.740 
8.710 
8,676 
8.658 
8.634 
8.608 


- 
8.254 
8.233 
8.21 1 


- 
- 


8.658 
8.634 
8.608 


Table 5. Dipole moments (in debye) with their x ,  y and z component values for all the 
compounds studied by a 6-31G*//STO-3G* calculation 


Compound Dipole moment X-component Y-component Z-component 


1 0.781 0.781 0-OOO 0.000 
Exp. 1" 0.55 
2 2.903 1.426 2.528 0.000 
Exp. 2" 2 .4  2 0.2 - 
3 2.006 2.006 0.OOO 0.000 
Exp. 3a 1.58 2 0.2 - 


- - - 


- - 


- - 


4 5-009 4-815 0-OOO 1,380 
5 6.065 5.369 2-520 1.268 
6 5.968 5.858 0.OOO 1 .  I42 
7 5.790 5.790 0.OOO 0.000 
8 6.898 6.390 2.597 0.OOO 
9 6.926 6.926 O.Oo0 O.Oo0 


"Experimental dipole moments for compounds I"', 219 and 3.19 
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considered for comparison. The schematic represen- occurs because the X-C-C-X (X = C or N) moiety 
tation of px, p,, and pz for the nine compounds is shown has an averaged negative charge, whereas the S atom 
in Figure 3. presents a net positive charge. The electronic delocaliza- 


On passing from S(I1) to  S(IV) compounds, a very tion in the S(I1) aromatic derivatives would be respon- 
large increment in px is observed. Taking into account sible for their small px value. Considering that the 
the charge distribution, this increment could reflect a electrons taken from the S atom by the oxygen were 
separation of charges. Such a situation, as in an ylide, those involved in the T delocalization (e.g. in 


-0.23 -0.01 i -0.01 -0.18 @;;;, ;y0i(Fy;3 
-0.41 / -0.57 


0.30 


1 


4 


-0.66 -0.66 


I 


0.47 


2 


0.64 


3 


-0.63 -0.63 


s 
Figure 3 


9 
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thiophene), one could associate the increment in px to 
aromaticity. Nevertheless, it could be interpreted that 
this increment in px for the oxides is due to the elec- 
tronegativity of the 0 atom, but this change is not so 
important after introducing a second 0 atom. 


The introduction of this second 0 atom increases px 
uniformly for the three dioxides (A = 1.0). This 
increment is smaller than those obtained for the mon- 
oxides. Hence the proposed ylide structure would 
be present also in the S(V1) derivatives, and the large 
change in px on passing from the S(I1) to S(1V) and 
S(V1) derivatives would be due to the loss of 
aromaticity. 


PARTICIPATION OF THE d-ORBITALS OF 
SULPHUR IN SULPHUR BONDS 


In order to increase the resonance stabilization of 
thiophene, P a ~ l i n g ~ ~ '  proposed that the d-orbitals on 
sulphur could be hybridized into the aromatic sextet. In 
our case, an inspection of the MOs of thiophene (1) 
indicates that d-orbital participation is not significant in 
the ground state. Moreover, an analysis of the three 
a-type occupied MOs reveals that the S(I1) atom con- 
tributes only p,-orbitals to the a system. This same situ- 
ation is observed for the other S(I1) derivatives, 2 and 3. 


In the case of the derivatives with hypervalent S 
atoms, there are a number of hybrid orbital combi- 
nations that can account for the S contribution to a a 
system. The empty d-orbitals of S(IV) and S(V1) have 
always been considered to be involved in the conjuga- 
tion since they can be filled by delocalized electrons 
from the 7r system. 


The MOs of the monoxides (4, 5 and 6 )  present a 
high mixing of orbitals. However, whereas pure a-type 
occupied MOs could not be found, the p,-orbital 
participation seems to be the most important in the 
X-C-C-X (X = C or N) moiety, indicating a certain 
a-conjugation in this part of the molecules. Neverthe- 
less, the participation of sulphur d-orbitals is not sig- 
nificant in the bonding with this moiety. In fact, this 
moiety seems not to be a conjugated with the S(IV) 
atom, in contrast to thiophene. 


The analysis of the MOs of the dioxides 7, 8 and 9 
shows that there are three a-type occupied MOs as in 
the S(I1) derivatives. As in these aromatic compounds, 
the d-orbital participation in the S(V1) derivatives is not 
significant for any atom in the ring (d-orbital coeffi- 
cients <0.019 in the HOMO and <0.12 in the other 
two a-type MOs). There is some d-orbital participation 
of sulphur when bonding C and N, but even in the case 
of S-N (the largest one with a coefficient of 0.1252) 
this contribution is not very important. However, for 
the dioxides there is only p,-orbital participation for the 
C and the N atoms (coefficients = 0.255) and the S(V1) 
atom does not contribute to the a system with any pz- 
orbital. Accordingly, it is not possible to speak of total 


a delocalization in any of the three rings. A better 
description for these S(V1) derivatives would be as 
ylides where a X-C-C-X (X = C or N) moiety is 
a-conjugated and o-bonded to an SO2 group that is not 
involved in the delocalization. 


CONCLUSIONS 


Regarding the geometrical criteria, only compounds 1, 
2 and 3 can be considered to be aromatic since they are 
planar and present a certain uniformity in the bond 
orders of the ring. The monoxides are non-planar and, 
like the planar dioxides, exhibit alternating double 
bond structures. 


The introduction of one or two N atoms adjacent to 
an S(I1) atom does not strongly affect the charge distri- 
bution in these five-membered rings. Thus, by com- 
parison with the electron structure of thiophene, 
compounds 2 and 3 may also be considered to be aro- 
matic. However, the increment in the oxidation number 
of the S atom (S+SO-+SOZ) strongly changes the 
charge distribution in the ring, leading to a break in the 
uniformity of the distribution characteristic of the 
S(I1)-containing compounds. 


The S(I1) derivatives 1, 2 and 3 present a small px 
component that indicates electron delocalization in the 
rings. In contrast, the very large px value obtained for 
the remaining compounds suggests ylide structures 
produced as a consequence of the increment in the 
oxidation number of the S atom. 


The analysis of the MOs of sulphur confirms that 
only thiophene (l), isothiazole (2) and 1,2,5-thiadiazole 
(3) can be considered to be aromatic since only they 
show p,-orbital participation in the a system. No 
d-orbital participation in the delocalized system is 
observed in any of the compounds studied. The intro- 
duction of S atoms with higher oxidation state [S(IV) 
and S(V1) derivatives] causes the breaking of the 
delocalized a system. According to the inspection of the 
MOs, these compounds might be better described as 
ylide structures, where the X-C-C-X (X = C or N) 
moiety is conjugated and 0-bonded to the SO or SO2 
groups. 
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SOLVENT AND SECONDARY SUBSTRATE ISOTOPE EFFECTS 


ACETOPHENONE ENOL IN AQUEOUS SOLUTION 
ON THE ACID-CATALYZED KETONIZATION OF 


J .  ANDRAOS, A.  J. KRESGE* AND P. A. OBRAZTSOVt 
Department of Chemistry, University of Toronto, Lash Miller Chemicul Labs, 80 St George Streer, Toronto, Onrurio 


M5S IAI, Canada 


The enol of acetophenone was generated Bash photolytically in aqueous solution by photosolvolysis of PhCBr- CH2 
and photohydration of P h C s C H  and PhC-CD, and rates of its ketonization were measured in dilute perchloric acid 
solutions in H 2 0  and D 2 0  at 25'C. The rate constants so obtained provide the solvent isotope effects, 
k H * / k l j +  = 5.02 f 0.08, and the secondary isotope effect for deuterium substitution at the 6-position of the enol 
double bond, (kH/k& = 0.999 f 0.014. Arguments are presented which show that these isotope effects requre a 
stepwise rather than a concerted mechanism for the ketonization reaction. 


INTRODUCTION 


The ketonization of simple enols catalyzed by the 
hydronium ion is believed to  occur by a stepwise 
mechanism involving rate-determining protonation of 
the enol at P-carbon followed by rapid proton loss from 
the hydroxyl group of the hydroxycarbocationic 
intermediate: ' 


This mechanism is based in part on the magnitude of 
solvent isotope effects on  the reaction, but that infor- 
mation has so far been lacking for the enol of the proto- 
type aromatic ketone, acetophenone. We have therefore 
now determined kH+/kD+ for the ketonizaton of 
acetophenone enol and, in the course of so doing, we 
have also evaluated secondary substrate isotope effects 
that are of mechanistic interest. 


We generated the enol of acetophenone for this 
purpose flash photolytically in wholly aqueous solution 


using two different photochemical reactions: 
photosolvolysis of a-bromostyrene and photohydration 
of phenylacetylene. The first of these produces a vinyl 
cation' which gives the enol on hydration: 


OH 
Ph 


and comparison of rates of ketonization in H2O and 
D20 solutions gave the hydronium-ion isotope effect, 
kH+/k,+. Photohydration of phenylacetylene also pro- 
duces a vinyl cation, but this cation, unlike that 
obtained by photosolvolysis, contains a solvent-derived 
hydrogen in its methylene group because it is formed by 
protonation of acetylenic ~ a r b o n : ~  


PhCICH + L20 - hv PhC= + c t L  
H 


-Lo- z (3) 
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The enol produced by hydration of this cation therefore 
also contains a solvent-derived hydrogen in its methy- 
lene group: 


H 


Comparison of rates of ketonization of enols produced 
in this way in H2O and D 2 0  then gives an isotope effect 
that includes a substrate P-deuterium effect, (kH/kD)B, 
in addition to the hydronium-ion rate ratio, kH+/kD+. 


We were able to remove this secondary effect, 
and to determine it as well, by working with 
phenylacetylene-dl, PhCeCD,  in addition to the all- 
protio isotoplog, PhC5CH.  Because protonation of 
the triple bond is rate determining,4a photohydration 
of acetylenes introduces only one solvent-derived 
hydrogen into the enol obtained by this reaction. 
Photohydration of PhC=CD in H2O and PhCECH in 
D2O then produce the same enol: 


and comparison of rates of hydronium ion-catalyzed 
ketonization of this enol in these solvents consequently 
gives kH+/kD+ free of any substrate secondary effects. 
The secondary effect can of course be evaluated by 
using PhCECH and PhC=CD to generate enols in the 
same solvent: in HzO this provides a comparison of 
PhC(OH)=CHz with PhC(OH)=CHD, and in D2O a 
comparison of PhC(OH)=CHD with PhC(OH)=CD2. 


EXPERIMENTAL 


Materials. Phenylacetylene-dl was prepared by 
treating phenylacetylene with methyllithium and then 
decomposing the lithium acetylide so obtained with 
D2O. It was purified by distillation and the 'H NMR 
spectrum of the distillate showed its deuterium content 
at the labelled position to be greater than 99%. All 
other materials were of the best available commercial 
grades. 


Kinetics. Acetophenone enol was generated in a con- 
ventional flash photolysis apparatus that has already 
been described, and rates of ketonization were 
measured by monitoring the decrease of enol absorp- 
tion at 270 nm. The temperature of the reaction mix- 
tures was maintained at 25.0 ? 0-05 'C. The data 


obtained obeyed the first-order rate law well, and 
observed first-order rate constants were calculated by 
least-squares fitting to an exponential function. 


RESULTS 


Rates of ketonization of acetophenone enol were 
measured in H20 and D2O solutions of perchloric acid 
over the concentration range 0.010-0.10 M; the ionic 
strength of these solutions was maintained at 0.10 M 
with NaC104. Six series of measurements were made 
using the three enol precursors, PhCHBr=CH2, 
PhCZCH,  and PhCeCD,  each in H2O and in D20. In 
each case, the entire perchloric acid concentration range 
from 0.01 to 0.1 M was covered using 6-11 separate 
concentrations, and replicate determinations were made 
at each concentration; the number of separate determi- 
nations of kobs in a set of measurements varied from 48 
to 112. These data are summarized in supplementary 
tables which are available from the authors on request. 
measurements proved to be linear functions of 
perchloric acid concentration, and bimolecular 
hydronium-ion catalytic coefficients were evaluated by 
linear least-squares analysis. The results obtained are 
summarized in Table 1. 


Two of the systems listed in Table 1 (1 and 3) pro- 
duced the same enol, PhCH(OH)=CHZ, in the same 
solvent, HzO, albeit from different precursours. The 
two catalytic coefficients obtained, k ~ +  = 1255 2 15 
and 1244 ? 17 Imol-'s- ' ,  are nicely consistent with 
one another, as expected, and their weighted average, 
k+ = 1250 ? 11 lmol-'s-', is in excellent agreement 
with a previous determination6 of this rate constant, 
k+ = 1250 ? 20 lmol-ls- ' .  


DISCUSSION 


Solvent isotope effect 


The measurements made here provide two separate 
determinations of the solvent isotope effect on the 
ketonization of acetophenone enol catalyzed by the 
hydronium ion: kH+/kD+ = 5-15 2 0.11 based on enol 
obtained from the photosolvolysis of a-bromostyrene 
(Table 1, systems 1 and 2) and kH+/kD+ = 4.88 2 0.12 
based on enol obtained from the photohydration of 
phenylacetylene (Table 1, systems 5 and 4). These two 
values are consistent with one another; their weighted 
average is kH+/kD+ = 5-02 ? 0-08. 


This is a large value for this kind of isotope effect,' 
and it consequently provides clear evidence that the 
ketonization of acetophenone enol occurs by rate- 
determining proton transfer from the hydronium ion to 
the enol. This, of course, is consistent with the stepwise 
mechanism of equation (I), but it is also consistent with 
a concerted mechanism in which proton transfer to the 
substrate and proton removal from its hydroxyl group 
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Table 1. Summary of hydronium-ion catalytic coefficients for the ketonization of acetophenone enol in 
aqueous perchloric acid solutions at 25 OC" 


System Enol precursor Solvent Enol k ~ ;  (1 rnol-ls- ') 


1 


2 


3 


4 


5 


PhCHBr=CHZ HzO 


PhCHBr = CH2 D2O 


PhC=CH 


PhCECH 


PhCECD 


H2O 


DzO 


Hz0 


Ph x 
Ph A 
Ph A 


OD 
1 


H 


OH 


1255 2 15 


243.5 ? 4.4 


1244 f 17 


260.8 ? 4.9 


1272 ? 20 


a Ionic strength = 0.10 M (NaC104) 


occur in a single reaction step. Such a concerted 
mechanism has in fact recently been advocated for the 
ketonization of simple enols. 


The arguments recently advanced for the concerted 
mechanism are based on differences in reaction charac- 
teristics between enol ketonization and the hydrolysis of 
corresponding enol ethers. The hydrolysis of enol ethers 
is like the ketonization of simple enols in that it too 
occurs by rate-determining proton transfer to P-carbon: 
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but in this case this proton transfer cannot be concerted 
with proton removal from hydroxylic oxygen for enol 
ethers have no hydroxyl groups. Solvent isotope effects 
on enol ketonization by the concerted mechanism 
should therefore be greater than those on enol ether 
hydrolysis because the second proton transfer in the 
ketonization reaction will contribute an additional 
component to the isotope effect. 


Solvent isotope effects on enol ketonization do tend 
to be greater than those on the hydrolysis of corre- 
sponding enol ethers, and the present system provides 
no exception: the value kH+/kD+ = 5.0 determined here 
is ca 20% greater than kH+/kD+ = 4 -  1 obtained for the 
hydrolysis of the methyl ether of acetophenone e n ~ l . ~  
This difference, however, can be accommodated within 
the stepwise mechanism for ketonization, inasmuch as 
the enol hydroxyl group is taking on positive charge 
during this reaction and that can be expected to make 
an additional, positive, i.e. k ~ / k ~  > 1, contribution to 
the isotope effect. This contribution can be estimated as 
(-a 9 where I ( =  0.69) is the isotopic fractionation 
factor for the hydronium ion and cr is the Brernsted 
exponent. The Brernsted exponent for the ketonization 
of acetophenone enol is ~ ~ = 0 . 5 , ~ ~  and that gives 
(O*69)-o's = 1 *20 as the additional contribution. This 
brings the expected isotope effect for ketonization of 
acetophenone enol by the stepwise mechanism up to 
kH+/kD+ =4.9, which is in good agreement with the 
experimentally determined value, & + / k ~ +  = 5 .O. 
Ketonization by the concerted mechanism would pre- 
sumably make the isotope effect even greater than this 
predicted value, and the present result therefore sup- 
ports the stepwide rather than the concerted pathway. 


, 


Secondary isotope effects 


The rate constants measured here lead to two separate 
determinations of the effect of a single P-deuterium 
substitution on the rate of ketonization of ace- 
tophenone enol, that given by comparison of 
PhC(OH)=CHZ and PhC(OH)=CHD (Table 1, 
weighted average of systems 1 and 3 and system 5): 
(kH/kD)p = 0.982 -+ 0.018, and that given by com- 
parison of PhC(OD)=CHD and PhC(OD)=CD2 
(Table 1, systems 4 and 6): ( ~ H / ~ D ) P  = 1 a032 2 0.024. 
These isotope effects are not significantly different 
from one another; their weighted average is 
( k ~ / k ~ ) o  = 0.999 2 0.014. Isotopic substitution at the 
/3-position thus has no effect on the rate of ketonization 
of acetophenone enol. 


This is similar to the result obtained for hydrolysis 
of the ethyl ether of acetaldehyde enol, 
( k ~ / k ~ ) b  = 1 -002 2 0.004. lo The absence of an isotope 
effect there was attributed to a cancellation of two 
expected effects: (1) a normal ( k ~ / k ~  > 1) isotope 
effect, produced by hyperconjugative interaction of @- 


hydrogen with the positive charge being delivered to the 
substrate by protonation at carbon in the transition state 
of this reaction, and (2) an inverse (kH/kD < 1) isotope 
effect, produced by the sp2 -+ sp3 hybridization change 
taking place at the @-position. A similar explanation 
should apply to the present ketonization reaction, and 
that implies that the enol in the present case is also 
taking on positive charge as it undergoes reaction. This 
can be so only if ketonization occurs by the stepwise 
rather than the concerted mechanism, because in the 
concerted process the positive charge being transferred 
to the substrate by protonation at carbon is at the same 
time being removed by proton departure from hydroxyl 
oxygen. The secondary &deuterium isotope effect 
on ketonization of acetophenone enol therefore also 
supports a stepwise mechanism for this process. 
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STRUCTURE OF TRANSITION STATES IN FORBIDDEN 


APPROACH 
PERICYCLIC REACTIONS. THE SECOND-ORDER SIMILARITY 


R. PONEC AND M. STRNAD 
Institute of Chemical Process Fundamentals, Czechoslovak Academy of Sciences, Suchdol2, Prague 6, 165 02, Czechoslovakia 


The recently proposed similarity approach to the EvanslDewar concept of aromaticity of transition states was 
generalized by introducing the second-order similarity index. This generalization is especially convenient for the 
characterization of anfiaromatic transition states in forbidden reactions since, owing to the partial incusion of electron 
correlation in the second-order index, the detailed specification of their structure in terms of the electron states of these 
biradicaloid species becomes possible. The results obtained are in complete agreement with the conclusions of 
independent quantum chemical analyses. 


INTRODUCTION 


One of the first attempts at a topological explanation of 
Woodward-Hoffmann rules is represented by Dewar’s 
concept of aromaticity of transition states. Based on 
the old intuitive idea by Evans and Warhurst,‘ this 
concept attempts to relate the ease of certain pericyclic 
reactions to the arrangement of corresponding tran- 
sition states. Thus, e.g., the ease of most Diels-Alder 
reactions is, from this point of view, derived from the 
concept that the six-membered cyclic species formed on 
approaching the diene and dienophilic components is 
isoconjugated, i.e. topologically equivalent with aro- 
matic benzene, and as a such should consequently be 
stabilized energetically. This intuitive parallel was 
revived by Dewar, who generalized it into the form of 
simple rule that all the allowed reactions proceed via 
aromatic transition states. 


This simple idea was later supported theoretically by 
Aihara3 and Van der Hart et aL4 and recently also in 
our previous study,’ in which a numerical quantitative 
evaluation of the expected similarity of transition states 
to aromatic and antiaromatic reference structures (for 
allowed and forbidden reactions, respectively) was 
achieved using the so-called similarity index. Our aim 
in this study was to extend this previous work and to 
clarify some of its conclusions, expecially concerning 
the nature of transition states in forbidden reactions in 
terms of second-order similarity indices.’ The main 
advantage of this new generalized description is that the 
partial inclusion of electron correlation in the second- 
order indices makes it possible to discriminate between 


the individual electron states of biradicaloid anti- 
aromatic species corresponding to expected transition 
states of forbidden reactions, thus allowing a more 
detailed insight into the structure of these transition 
states. 


THEORETICAL 


Because of the close methodological parallel with our 
previous study’ dealing with the characterization of 
transition-state structure in terms of first-order 
similarity index, we consider it convenient to recapitu- 
late briefly the basic ideas of the similarity approach to 
the extent necessary for the purpose of this study. The 
basis of the proposed approach consists in the incorpor- 
ation of the similarity indices6 into the framework of 
the so-called overlap determinant method,’ which is a 
general technique of describing the chemical reaction as 
a continuous transformation R + P of a reactant R into 
a product P. Using this approach, mathematically 
realized by the simple parametric equation 


we discovered, in several previous the 
important role of the critical structure X(x/4), the pro- 
perties of which are in many respects analogous to those 
of the critical structures on the potential energy hyper- 
surface.’ On the basis of this analogy, Dewar’s concept 
of aromaticity of transition states was quantitatively 
examined by evaluating the ‘similarity’ between the 
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critical structure X(?r/4) [characterized by the density 
matrix Q(s/4)], representing the topological model of 
the transition states, and the appropriate aromatic 
and/or antiaromatic reference structures. This 
similarity is quantitatively expressed by the term 


1 


N #  ,ref 
(2) r#,ref = - TrQ(?r/4) firer 


the actual values of which do indeed confirm the 
expected similarity of transition states to aromatic 
standards in allowed reactions, whereas in forbidden 
reactions the similarity to antiaromatic reference struc- 
tures dominates. 


Our aim here is to pursue the general philosophy of 
the above similarity approach and to complement the 
general findings of the previous study by some new, and 
in our opinion interesting, conclusions expecially con- 
cerning the structure of antiaromatic transition states in 
forbidden reactions. It appears that the original conclu- 
sions concerning the dominant similarity of transition 
states to antiaromatic reference structures can be com- 
plemented by new information arising from the proper 
generalization of the similarity approach. 


The basic idea of this generalization arises from the 
following simple considerations. Antiaromatic struc- 
tures playing the role of transition states in forbidden 
reactions are species with considerable biradicaloid 
character and as such cannot be satisfactorily described 
by the usual one-electron approximation. As demon- 
strated by Salem and Rowlandg and more recently also 
by BonaEiE-Kouteckfi et a/., lo the correct treatment of 
these species requires the existence of several electron 
states compatible with various possibilities of distrib- 
uting two unpaired electrons into two degenerated mol- 


n 3 t -  n t l  


tt- 


-# 
Z1 


ecular orbitals to be taken into account (Scheme 1). 
There are generally three such states; two of them corre- 
spond to structures of zwitterionic type and the third is 
a covalent biradical. According to notation introduced 
by BonaEic'-Kouteckjl ef af., '* these states are denoted 
(Zl + Z2), (Zl - Z2) and B, where the meaning of this 
notation becomes clear from the corresponding wave- 
functions and Scheme 1. 


\ 


(3) 


Since, however, all these states are indistinguishable at 
the level of first-order density matrix, it is apparent that 
on using the similarity index in equation (2), the 
important part of the structural information is 
inherently lost. In order to remedy this inherent loss of 
information, we propose here a straightforward gener- 
alization, consisting in the use of a second-order 
similarity index, ','I defined in terms of pair density 
matrices instead of first-order density matrices: 


- n %+l 


4 


3t 
z2 


Scheme 1 


d- ++1 


#- 
B 
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As a consequence, this index is able to describe the 
subtler differences in the electron structure arising, as in 
the case of electronic states of biradicaloid species, 
from the partial inclusion of electron correlation. In 
our case the original general expression (4) for the 
similarity index gAB has to be rewritten in the form 
g#,ref = 


where &/4(1,2) denotes the spinless pair density matrix 
of the critical species X(7r/4) defined in terms of gener- 
alized wavefunction (1) for p = 7r/4: 


and iref is the analogously defined pair density matrix of 
the corresponding reference structure. As already 
stressed above, in the case of forbidden reactions these 
reference structures are typical biradicaloid species 
(cyclobutadiene and Mobius benzene for four- and six- 
electron transformations, respectively), the specific 
feature of which is the presence of several low-lying 
electronic states9310 differing in the distribution of two 
unpaired electrons between two degenerate molecular 
orbitals (Scheme 1). Since owing to partial inclusion of 
electron correlation the pair density matrix correctly 
reflects the differences in the electron structures of these 


Table 1. Calculated values of second-order similarity index, 
g # ,ref, between the antiaromatic reference standard and the 
critical structure X(7r/4) modelling the transition state in a 


series of selected forbidden pericyclic reactions 


g# ,antiarom 


Reaction Mechanism B ZI -zz ZI +Z2  


Ethene + ethene -+ 


cyclobutane S + S  0.920 0.920 1.000 
Butadiene + 


cyclobutene Disrotation 0.879 0.879 0.947 
Diels- Alder 
reaction s + a  0.932 0.938 0.954 
Hexatriene -+ 


cyclohexadiene Conrotation 0.916 0.916 0.933 
Cope rearrangement s + a 0.933 0.944 0.959 
Butadiene -+ 


bicyclobutane S + S  0.442 0.471a 0.467 


aThe dominant similarity in this case is different from the general trend 
observed in all remaining reactions, but the analogous situation 
suggesting a certain delicateness of this reaction was already observed 
in the case of allowed reactions.’ 


species, it is possible to expect that the comparison of 
corresponding pair densities for individual electron 
states of the reference structure with the pair density of 
the transition state via the similarity index in 
equation (5 )  will make it possible to specify the electron 
state of the reference species which approximates the 
structure of the transition state the most closely. 


The final expressions for the corresponding similarity 
indices gref ,#  for all the individual electron states of 
the reference standard are given in the Appendix. The 
values of this index calculated on the basis of these 
expressions for several forbidden pericyclic reactions 
are collected in Table 1. In order to maintain continuity 
with our previous study’ dealing with first-order 
similarity analysis, the same series of reactions was 
chosen. This allows us also to reduce the necessary tech- 
nical details of the calculations, which can be found 
elsewhere. Here we only recall that the wavefunctions 
of corresponding molecular species were calculated by 
a simple HMO method compatible with the topological 
nature of the approach. 


RESULTS AND DISCUSSION 


Let us discuss now some general conclusions arising 
from Table 1. The most interesting in this connection is 
the comparison of indices g+ ,ref characterizing the 
similarity of expected transition states to individual 
electron states of antiaromatic reference standards. As 
can be seen, the situation in all reactions is completely 
analogous and the transition states are always found to 
be best approximated by the zwitterionic state ZI + ZZ 
of the reference standard. This result is, however, very 
surprising since, e.g., in four-electron transformations 
the zwitterionnic Z1 + ZZ state does not describe the 
ground state of cyclobutadiene (which is a natural anti- 
aromatic reference standard) but rather the highest 
excited singlet state SZ. In analysing this surprising 
result we have assumed that its origin apparently lies in 
the fact that the critical structure X(s/4), originally 
expected to approximate the transition state, does not 
in this case describe the ground state of the transition 
state but some of its excited states. In order to explain 
this circumstance, it is necessary to analyse first the 
form of equation (l), from which our conclusions were 
derived. 


In connection with equation (1) it is possible to see 
that the desired aim, the transformation of the reactant 
into the product, can be achieved not only by the vari- 
ation of p within the interval (0,a/2), but since the 
function - +P is physically indistinguishable from the 
function i p p ,  the same result can also be obtained if the 
reaction coordinate p varies within the interval 
(0, -7r/2). The existence of these two alternative 
reaction paths was mentioned in a previous paper,“ 
where the problem of non-uniqueness of the transform- 
ation equation (1) was discussed in detail. In this dis- 
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cussion we have demonstrated that the ‘correct’ 
direction of the reaction path can be deduced from 
the requirement for minimal changes of electron con- 
figurations (the so-called least-motion principle l 3  and 
that this direction depends on the value of the overlap 
integral SRP. If SRP > 0, which is the case with all 
allowed reactions, the preferred reaction path is the one 
with rp varying in the interval (0,7r/2), whereas for the 
alternative path corresponding to the variation of rp 
within the interval (0, - 1r/2), the electron reorganiz- 
ation attains its maximum. In harmony with this 
finding, the aromatic transition states in allowed 
reactions were successfully modelled by the critical 
structure ~ ( a / 4 ) . ~  


A more interesting situation is in the case of for- 
bidden reactions, where owing to the zero value of the 
overlap SRP, the two alternative reaction paths 
degenerate and become indistinguishable. This seems to 
suggest that the critical structures X(7r/4) and X( - ~ / 4 )  
should be equivalent, so that the transition state could 
be modelled equally well by either of them. The situ- 
ation is slightly more complex, however. The expected 
equivalence of critical structures X(r/4) and X( - 7r/4), 
confirmed in a number of previous studies, 5,12,‘4*15 is 
not, apparently, entirely complete and in our approach 
here the differences between the two reaction paths start 
to appear. These differences can be best demonstrated 
by comparison of actual values of the similarity indices 
gf ,ref corresponding to the critical structure X( - a/4) 
(Table 2) with those in Table 1. The most important 
difference concerns the systematic shift of the dominant 
similarity from the original zwitterionic Z1 + ZZ state to 
the state ZI - ZZ. This result is very interesting since it 
demonstrates that in contrast to previous studies, 5,14915 


the conclusions of the present analysis do depend on 


Table 2. Calculated values of second-order similarity index, 
g#,ref, between the antiaromatic reference standard and the 
critical structure X( - 4 4 )  representing an alternative model of 
the transition state in a series of forbidden pericyclic reactions 


g#,antiarom 


Reaction Mechanism B 2 1 - 2 2  Z > + Z 2  


Ethene + ethene + 


cyclobutane s + s  0.840 1.000 0.920 
Butadiene + 


cyclobutene Disrotation 0.811 0.955 0.849 
Diels- Alder 
reaction s + a  0.915 0.956 0.938 
Hexatriene + 


cyclohexadiene Conrotation 0.901 0.938 0.917 
Cope rearrangement s + a 0.918 0.959 0.944 
Butadiene + 


bicyclobutane S + S  0.506 0.540 0.535 


which of the critical structures, X(?r/4) or X( - n/4), is 
used as a model of the transition state. 


As a consequence of this ambiguity, the question thus 
arises of which of the two alternative assignments is to 
be regarded as the correct one. Similarly to the case of 
allowed reactions, such a decision does not arise from 
the approach itself, and some external additional infor- 
mation is generally required. This usually represents no 
problem since the desired information can be obtained, 
as in the case of allowed reactions, from simple 
qualitative considerations (least motion principle 1 3 ) ,  or 
from direct quantum chemical calculations. This is also 
the case here, where the desired information is provided 
by a quantum chemical studyI6 of the thermally for- 
bidden cyclization of butadiene to cyclobutene. From 
this study it follows that the ground state of the tran- 
sition state should correspond to the ground state of 
cyclobutadiene, which is the ZI - ZZ state. We can 
therefore expect that the correct reaction path is that 
for which the antiaromatic transition state will be best 
approximated just by the ZI - Z2 state of the biradic- 
aloid reference structure. Since, however, just such a 
kind of correspondence is observed in Table2, it is 
possible to expect that the transition states in forbidden 
reactions should be better approximated by the struc- 
ture X( - 4 4 )  characterised by the wavefunction (7a) 
than by the original structure X(7r/4) [equation (7b)], 
which rather describes the excited state of the transition 
state. 


X(T/4) =- @R f @P (7b) J 2  ) 
This result is very interesting since the same conclu- 


sions concerning the form of the wavefunctions of the 
transition state have already been found in a much 
more sophisticated TC-SCF study by Bofill et al.17 In 
this connection, however, it is important to note that 
whereas these direct calculations were restricted only to 
relatively small model systems, the simplicity of our 
model made it possible to analyse also systems which lie 
far beyond the scope of current quantum chemical cal- 
culations. In addition to this remarkable simplicity, 
allowing the approach to be used with extensive series 
of reactions, the formalism presented brings yet 
another important advantage, namely that the possi- 
bility of analysing a broader series of reactions allows 
us to discover general trends and tendencies which 


* The structures corresponding to these ‘transition states’ are 
not in fact true saddle points but higher order critical points. 
The possible semantic complications arising from the fact that 
Dewar’s classification operates with the term transition state 
for all types of critical points irrespective of whether they are 
true saddle points are discussed in detail in Ref. 5.  
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would otherwise be difficult to elucidate. Thus, for 
example, in our case the parallel between the transition 
state and the Z1 - Z2 state of the antiaromatic reference 
standard was directly proved by quantum chamical cal- 
culations on only a few particular ~ysterns,’~”’ and 
only the analogous behaviour discovered by our 
approach within the whole series allowed us to give this 
particular observation a more general unifying 
character. The importance of such generalizations can 
be also demonstrated with our recent study, ‘ I  in which 
the analogous similarity approach allowed us to dis- 
cover the interesting systematic regularities in the 
manifestations of the effects of electron correlation in 
various types of pericyclic reactions. In connection with 
these interesting conclusions it is necessary, however, to 
be aware that the aim of the similarity approach is not 
to replace direct quantum chamical calculations, but 
rather to complement their results by simple and easily 
accessible generalizations, which for chemistry are 
often more valuable than the ‘precise’, but isolated, 
results on individual particular systems. 
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APPENDIX 


The practical calculation of the similarity index g is 
based on the formal transcription of the original defini- 


tion relation ( 5 )  in terms of expansion of the pair 
densities in the basis of atomic orbitals: 


,w, 2) = c c c c ~ ~ ~ , a X a ( l ) X ~ ( l ) X Y ( 2 ) x a ( 2 )  (A.1) 
a s r s  


Using this expansion-and taking into account the sym- 
metry of the matrix Q with respect to the permutation 
cr ++ p and y ++ 6, the original definition equation ( 5 )  can 
be rewritten in the form 


g# ,ref = r 


Since the form of the pair density fi(7r/4) has already 
been presented in a previous study, l4 it is only-necessary 
to specify the form of the pair densities Q for the 
antiaromatic reference standards. The structure of these 
species was discussed by Salem and Rowland’ and 
BonaEiE-Kouteckg et al., lo who demonstrated that the 
proper description of these biradicaloid species requires 
the existence of several electron states compatible with 
the different possibilities of distributing the two 
unpaired electrons into two degenerate molecular orbi- 
tals to be taken into account (Scheme 1) .  On the basis 
of this analysis, the individual states constructed from 
the basis configurations ZI, ZZ and B are denoted 
(ZI - ZZ), (ZI + ZZ) and B. 


Taking into account that the basis electron configura- 
tions Z1, Z2 and B contributing to the formation of 
individual electron states differ in the occupation 
numbers of the degenerate pair of molecular orbitals 
N/2 and N/2+1 ([2,01 - Z I ,  [0,21 - Z Z ,  [1,11 -B) ,  
the final_expressions for the matrix elements of the pair 
density QQ(Q = ZI-+Z2, B) are given in the equations 


[Qz, T 221 mRy6 = $ 1  [Q; , ]  a076 + [Qi~l m @ ~ a  


T ( d a N / 2 d o N / 2 +  I + d a ~ / 2 +  I ~ O N / ~ ) ( ~ ~ N / ~ ~ S N / Z +  1 


+ d y ~ / 2  + I dSN/2)I (A.3) 
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Hydrolysis of geranyl diphosphate (GPP) at pH 7 in water gives largely linalool (LOH) + geraniol (GOH) in the ratio 
of 3:l. Added NC generates mixed acylic allylic azides and increases the LOH GOH ratio to 15:l in 2 M NaN3, but 
does not speed up the overall reaction. Hydrolysis of neryl diphosphate (NPP) gives largely a-terpineol (TOH) + LOH, 
but their ratio is not very sensitive to NaN3 concentration although acyclic azide and small amounts of a-terpinyl 
azide (TN3) are formed. Hydrolysis of a-terpinyl diphosphate (TPP) gives large amounts of the cyclic alkenes, 
limonene and terpinolene. Added N; does not change the amount of elimination, but increases the ratio of limonene 
to terpinolene, and diverts some substitution product to TN3. Trapping of carbocationic species from GPP by N; 
is sharply increased by addition of Mn2 + , which also catalyzes the overall reaction. Products of reaction of GPP are 
derived from acyclic intermediates and of NPP from acyclic and cyclic intermediates, and ionizations of the three 
substrates do not generate common carbocationic species. 


INTRODUCTION 


Solvolyses of geranyl, neryl and linalyl derivatives (GX, 
NX and LX, respectively) give products derived from 
carbocationic intermediates. The substitution products 
are shown in Scheme 1 for reaction in a hydroxylic sol- 
vent, HOS, where the leaving group X is halide, carbox- 
ylate, phosphate or pyrophosphate. Elimination is 
very important in non-nucleophilic solvents, but 
substitution products dominate in reactions of the 
open-chain substrates in polar, nucleophilic solvents. 
Cyclic products form in reactions of neryl and linalyl 
derivatives because the carbocations can cyclize to give 
a terpinyl cation (T' ), which gives cyclic products. '-' 
a-Terpinyl derivatives (TX) are solvolyzed without ring 
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opening. Cyclization is relatively unimportant in solvo- 
lyses of geranyl derivatives because it involves rotation 
of an allylic carbocation. The chemical reactions have 
been studied extensively because biosynthetic reactions 
of prenyl diphosphates and similar compounds involve 
carbocationoid intermediates. 7 -  


Products of SNI reactions can be derived from free 
carbocations or from ion pairs, depending on the sol- 
vent, leaving group and substituents at the reactive 
center. l 2  Azide ion traps labile carbocations at 
diffusion-controlled rates, so competition between N 3 
and other nucleophiles or bases measures rates of other 
competitive reactions of carbocations. I 3 , l 4  Azide ion is 
a much more effective nucleophile than expected from 
its relatively low basicity. I 5  


Reactions were followed in water and the substrates 
were geranyl diphosphate (GPP), neryl di- and 
triphosphate (NPP and NPPP) and a-terpinyl 
diphosphate (TPP) (we follow precedent ' - 7  in denoting 
the diphosphate residue as PP). Spontaneous and metal 
ion-catalyzed hydrolyses of most of these and similar 
substrates have been studied kinetically and the pro- 
ducts have been examined. 1 , 2 s 7 * ' 6 -  I s  The kinetics of 
these reactions are consistent with their following 
a general SN1 mechanism, but the products are so 
different that they must be generated by a variety of 
carbocationic species. 


Azide ion trapping has been examined extensively for 
reactions of neutral substrates that ionize to a pair of 
univalent ions, 12-14,19 but our phosphate esters have 
multivalent leaving groups, which may influence 
product formation. In addition, the formation of 
acyclic and cyclic products from linalyl and neryl 
derivatives imposes conformational requirements that 
may influence the competition between water and azide 
ion for carbocationic intermediates. Although neryl and 
linalyl substrates generate cyclic products, differences in 
product compositions suggest that the reactions d o  not 
involve a common terpinyl carbocation. - 4 * 7  Partici- 
pation by the 6,7-double bond is important, at the rate 
or product stage, in reactions of neryl and linalyl 
substrates, and chiral linalyl esters give optically 
active terpinyl products, but the timing of the partici- 
pation is uncertain and may depend on the reaction 
conditions. 


We made most experiments at p H  7, where NT is not 
protonated. Most experiments on hydrolyses of the 
phosphates and diphosphates have been made in 
aqueous acid where reaction probably involves undisso- 
ciated phosphate or diphosphate esters. 132a,4 Our 
reaction conditions were those used earlier in studying 
metal ion catalysis. 7 , 1 6 , L 7  


RESULTS AND DISCUSSION 


Rate constants 


Reactivities of the various phosphate esters are as 


expected from earlier work, I - 3 , 5 , 2 0  In ' that G P P  and 
N P P  have similar reactivities, NPPP is more reactive 
than N P P  and TPP is the least reactive substrate. Most 
experiments were at p H  7 and based on pKa = 6.6' for 
deprotonation of G P P 2 -  and from the overall first- 
order rate constants, k+, at  pH 7 and 8 (Table 1) we 
estimate approximate first-order rate constants for 
the disappearance of substrate of 2-3  x and 
0 -  19 x s-l for hydrolyses of GPP2-  and G P P 3 -  
at 40.0"C. Therefore, at p H  7 most of the reaction 
involves the dianion. The higher overall rate constant at 
pH 6 is due to  incursion of reaction of the monoanion 
but the concentration of this species is so low that we 
do not estimate a rate constant for its reaction. This 
separation of reactivities neglects buffer effects which 
should be small for spontaneous hydrolyses in water. 


Added NaN3 does not increase the overall rates of 
reaction within the limit of 10% for reaction of G P P  
with 1.5 M added NaN3, so there is no nucleophilic 
interaction with substrate. This result shows that the 
return of carbocationic species to  substrate is kinetically 
unimportant or is unaffected by their trapping by NT. 
There is no evidence for isomerization of terpenoid 
substrates during solvolyses in polar soIvents of high 
water content. 


The reaction of G P P  is catalyzed by Mn2+ and the 
rate constants reach plateau values that correspond to 
reaction of a bismetallic complex. 7 3 L 6 3 1 7  The rate of 
Mn2+-catalyzed hydrolysis is unaffected by added 
NaN3 (Figure 1). 


Reaction products 


In the absence of NT,  the products are as found earlier. 
Geranyl diphosphate gives largely geraniol -t- linalool 
and little cyclization and elimination (Table 2). Cycliza- 
tion is important in hydrolyses of N P P  and N P P P  
(Tables 3 and 4). These results are consistent with the 
geometries of geranyl and neryl derivatives ( E  and Z ,  
respectively) and the ability of carbocations with a 
Z-conformation to  give either acyclic products by 


Table 1 .  Overall first-order rate 
constants of substrate hydrolysis" 


~ ~~ 


Substrate 10 'k,: ( S  - I ) 


GPP 2.9;b 9.0; 35' 
NPP 12 
NPPP 90 
TPP 5 . 0  
LPPd 1200 


"At 4O.O0C, pH 7 ,  0.1 M TES, unless 
specified. 


pH 8, 0.1 M Tris. 
'pH 6 ,  0.1 M succinate. 
dAt 3O.O0C, Ref. 7 .  
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2- 


attack on an allylic cation or cyclic products by interac- 
tion of the 6,7-double bond with an allylic cation. 1-7s20 
Neryl di- and triphosphate give similar products, 
including alkenes, but in different proportions (Tables 
3 and 4). There was extensive elimination from T P P  
(Table 5 ) .  Hydrolysis of L P P  at p H  7 gives 
LOH + TOH in almost equal amounts and little GOH 
and NOH and ca 21% of alkenes, which are largely 
acyclic. ' Azide ion trapping was not examined. 


The value of LOH/GOH = 3.2 for hydrolysis of G P P  
at p H  7 is lower than those for the acid hydrolysis of 
G P P  or hydrolyses of the chloride or acetate in aqueous 
acetone of high water content,1'2*4 probably owing to 
the difference in charge of the leaving groups. 


I I I I I I I I I 
2 4 6 8 Azide ion trapping 


Azide ion traps carbocationic intermediates from all the 
substrates. Allylic acyclic azides rapidly equilibrate'9921 
and we could not distinguish between them, but a- 
terpinyl azide is stable and we could distinguish between 
it and the mixture of allylic azides by gas-liquid chro- 


lo2 [Mn"], M 


Figure 1. Effect of M n Z f  on the reaction of GPP ( 0 )  without 
and ( 0 )  with 0.1 M NaN3. Conditions as specified in Table 1 


Table 2. Effect of azide ion on the products (mol%) of overall 
reaction of GPPa 


LOH GOH wTOH RN; LOH/GOH kN/k,  


- 
0.08 
0.5 
1.0 
1.3 
1.5 
2.0 


74' 23' 3 3.2 
61 17 1.5 21 3.7 49 
54 16 1 29 3.4 46 
50 9 51 5.6 48 
36 4 60 9.0 64 
27 2.5 70.5 10.8 88 
24 1.5 74.5 15 81 


''In water, PH 7 ,  0 . 1  M TES at 4 0 ' ~ .  


' These balues were given incorrectly (reversed) in Ref. 17. 
Denotes mixture of allylic arides. 


matography (Experimental). 
If water and NT trap a common carbocationic inter- 


mediate, the relative second-order rate constants, kN 
and kw, are given 


(1) 
kN 55.5[RN3] 
kw [ROH] [ N j ]  


We explicitly include the molarity of water in equation 
( l ) ,  so that kN/kw is dimensionless, although kw can be 
written as a first-order rate constant and the dimensions 
of kN/kw are then 1 mol-'. 


For the reaction of G P P ,  but not the other 
substrates, the values of kN/kw increase with increasing 
[NaN3], which suggests that ROH and RN3 are not 
derived from a common intermediate (Table 2). For 


-- - 


Table 3. Effect of azide ion on the products (mol%) of overall reaction of NPPa 


[NaN3] (M) or-TOH LOH NOH Alkene or-TN3 RN3 k ~ / k ,  


- 71 16 5 7b  
0.25 57 21 6 7 2 7 24 
0 -5  56 16 5 7 4 12 23 
1.25 54 15 5 5 21 17 


"Conditions as in Table 2; values with no NaN, are from Ref. 17. 
Limonene/terpinolene = 5 :2. 


Table 4. Effect of azide ion on the products (mol%) of overall reaction of NPPPa 


[NaN3] (M) or-TOH LOH NOH Alkene a-TN3 RN3 kN/k, 


- 63 24 6 7 
0.84 45 16 3 8 28 36 


"Conditions as in Table 2. 
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Table 5 .  Effect of azide ion on the products (mol%) of overall reaction of a-TPP” 


INaN3l (M) a-TOH CX-TN~ Limonene Terpinolene k N /  k, 


- 31 41 22 
39 41 20 


1 . 1  26 12 54 9 23 
28 11 53 8 20 


1.7 24 16 52 8 20 


”Conditions as in Table 2. 
Based on TN,/TOH. 


Table 6. Reaction of GPP in the presence of Mn2+= 


1Mn”I (M) LOH GOH RN3 LOH/GOH kN/kw 


0.003 61 18 21 3.4 150 
0.007 69 16 16 4.3 110 
0.01 61 21 18 2.9 120 
0.02 66 15 19 4.4 130 


‘ A t  dO°C, pH 7 ,  0.1  M TES and 0.1 v NaN,. Products in rnol%. 


reactions of N P P  and TPP there are alkene products 
and we d o  not include them in the calculation, and for 
both compounds k ~ / k w  = 20 for nucleophilic attack of 
N j  and H2O (Tables 3-5). Values of k ~ / k w  for TPP 
will be lower by factors of 2-3 if we include alkene for- 
mation in the calculation. These values of k ~ / &  are 
lower than those for hydrolyses of a variety of alkyl and 
allyl halides in 80% aqueous acetone, 12-14 , ’9  in ’ part 
owing to differences in water content and viscosity of 
the two media, because trapping of short-lived carboca- 
tions is diffusion controlled. I 3 . l 4  


The dependence of kN/kw on [NaN3] for reactions of 
G P P  (Table 2) is not due to  a salt effect because added 
LiC104 does not markedly affect k ~ / k w  (see Exper- 
imental) and for NPP it does not depend on [NaN31. 
Hydrolysis of G P P  is catalyzed by M n 2 + ,  which also 
increases k ~ / k w .  These results are discussed later. 


There should be significant differences between 
anionic and non-ionic substrates regarding relative rates 
of trapping by H2O and N:, because there wilI be 
strong coulombic repulsions between NF and the 
anionic diphosphates, especially with high [NaN3] . For 
example, in 1 M electrolyte the average interionic dis- 
tance is ca 9.4 A ,  and the coulombic energy is not small 
relative to  thermal energy, even in water. 22 Coulombic 
interactions will cause N j  to be, on average, as distant 
as possible from the diphosphate leaving group. Move- 
ment of N 7 toward carbocationic centers will therefore 
probably not follow a random-walk path, but will be 
influenced by coulombic forces. 


In addition, a non-ionic substrate has a monoanionic 
leaving group, but our substrates react largely as dia- 
nions at pH 7 and a trianionic leaving group will affect 


nucleophilic attack upon a forming carbocation before 
the partners have fully separated. 


Mechanism of reaction of azide ion 


There is a marked dependence of k ~ / k w  on [NaN3] for 
reaction of G P P  and unexpectedly addition of NaN3 
markedly changes the product ratios for the formation 
of isomeric alcohols and, with TPP,  of alkenes. In par- 
ticular, in the reaction of G P P  addition of NT not only 
generates allyl azides, but also sharply decreases the 
formation of the primary alcohol, GOH, and has a 
much smaller effect on  the formation of the tertiary 
alcohol, LOH (Table 2). These results cannot be 
explained on  the assumption that all the products of 
reaction of a given substrate are derived from the same 
carbocationic intermediate (Tables 2-5). We therefore 
postulate that carbocationic species only partially inter- 
convert and that N.T affects interconversion and we 
consider possible explanations of these effects. Car- 
bocationic intermediates can differ in several ways. 
They can be free, or ion paired, and both tight ion pairs 
within a solvent cage and solvent-separated ion pairs 
are believed to  exist. 1 2 - 1 4 3 L 9 * 2 3  Carbocations can differ 
conformationally, depending on rotations about single 
bonds and the formation of a-terpinyl products 
involves cisoid carbocations. -’ Geranyl substrates give 
largely acyclic products because rotation of allylic 
carbocations is relatively slow. 24 


Free and ion-paired carbocations often give different 
solvolysis products, 12- 1 4 3 L 9 3 2 3  but ion pairs are typically 
formed in low-polarity media and not in as good an 
ionizing solvent as water. However, the leaving 







HYDROLYSES OF TERPENOID DIPHOSPHATES 87 


diphosphate trianion should interact coulombically 
with a carbocation, even in water,22 so ionization 
probably generates ion pairs that may react with 
nucleophiles or bases, or dissociate to free carboca- 
tions. Any of these intermediates may react with HzO 
and NF and their relative reactivities will probably be 
different toward ion pairs and free carbocations. In 
addition, ion pairs may change conformations before 
they dissociate or react. 


Distinctions are often drawn between ion pairs within 
a solvent cage and solvent-separated ion pairs. Sneen 
and co-workers'g suggested that the leaving group in an 
intimate ion pair is close to the a-carbon, and we use 
this concept in discussing our data. Therefore, in an 
intimate ion pair formed from GPP the anion will be 
close to the primary center even though positive charge 
is delocalized on to the tertiary center. 


The key feature in the hydrolysis of GPP is the 
marked suppression of formation of the primary 
alcohol, GOH, by NT (Table 2), showing that LOH 
and GOH are derived from different species. We 
suggest that a first-formed species that gives LOH can 
be trapped before it forms a second species that gives 
GOH. A possible reaction path is shown in Scheme 2 .  
Ionization generates an ion pair (1), probably in a 
solvent cage, that can be attacked at the tertiary center 
by solvent water or NT to give LOH and LN3, respect- 
ively, although the latter readily isomerizes to an equi- 
librium mixture of allylic azides (RN3). Attack at the 


1 ... 


primary center by an external reagent is hindered by the 
leaving diphosphate trianion, in part because of its high 
negative charge. As the ion pair dissociates, water that 
separates the ions (2) can attack the primary center 
giving GOH. Such a water molecule should be activated 
nucleophilically by hydrogen bonding to the basic 
diphosphate trianion, and its lone-pair electrons will be 
directed towards the carbocation. Further dissociation 
of 2 generates a free carbocation with its charge largely 
on the tertiary center, and it could rotate to a cisoid 
conformation and cyclize to give TOH in addition to 
forming acyclic linalyl products. Cyclization is a minor 
reaction,'-4 and is suppressed by NF. On this model 
attack of NY on the first-formed species (1) (Scheme 2 )  
reduces the extent of its dissociation to form other car- 
bocationic species (2) that react with water to give 
GOH. In this and other schemes RN3 denotes a mixture 
of equilibrating allylic azides, [ ] ion pairs within a 
solvent cage and 11 pairs separated by solvent 
molecule(s). 


The situation is different for hydrolysis of NPP 
(Scheme 3), where trapping by NT is never a dominant 
reaction and does not have a dramatic effect on the 
reaction products (Table 3). The 6,7-double bond can 
interact at the reaction center at various stages of the 
overall reaction to give TOH and TN3. We assume that 
ionization generates a pair within a solvent cage (3). 
This species may be trapped by solvent water at the ter- 
tiary allylic center to give LOH or by N j  to give allylic 


2 GOH - 


Scheme 2 
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X '- = P207H2- ; Nu a NB, OH 


Scheme 3 


azides (RN3), but if it has a cisoid conformation inter- 
action with the 6,7-double bond generates a species that 
gives TOH or TN3. I f  the ions break through the cage 
to give 4, attack on tertiary centers can give terpinyl 
products after cyclization or LOH plus RN3. Nerol and 
alkenes are minor products (Table3) and we d o  not 
show them in Scheme 3, but nerol is probably formed 
from a solvent-separated pair (4). 


In this system a-participation, which requires a cisoid 
conformation, competes with attack by external 
nucleophiles. The effect of NT on product composition 
is therefore less marked than in reactions of G P P  
(Scheme 2 and Table 2). We noted earlier that the tria- 
nionic leaving group could hinder attack on the primary 
center of an intimate ion pair by external nucleophiles, 
but it should have less effect on interaction with the 6,7- 
double bond. The behavior of N P P P  is qualitatively 
similar to that of NPP (Tables 3 and 4) and the pro- 
ducts can be explained in terms of reactions similar to 
those shown in Scheme 3 .  


a-Terpinyl diphoshate differs from the other 
substrates in that reaction gives only cyclic products, 
and there is extensive elimination. Postulated reactions 
are shown in Scheme4. The cyclohexene residue 
hinders nucleophilic substitution. Elimination gives 
limonene ( 5 )  and terpinolene (6) in the approximate 
ratio of 2: 1 in the absence of NT (Table 5 ) .  Statistically 
the ratio should be 6: 1, but the formation of terpino- 


lene, the most alkylated alkene, fits the Saytzeff rule.2' 
However, the formation of limonene is favored by NF 
and the limonene/terpinolene ratio then becomes close 
to 6: 1. The ratio of substitution to elimination, i.e. 
TOH + TN3 to total alkene, is only slightly changed by 
NaN3 (Table 5 ) .  The Saytzeff rule is typically obeyed in 


, -_ 
5 .., 


O P O P ~ -  


Scheme 4 
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E l  reactions that involve fully formed carbocations. 2 5  


Bentley and Carter26 suggested that nucleophilic par- 
ticipation is kinetically important in solvolyses of tert- 
butyl chloride in nucelphilic solvents, and on  this view 
nucleophiles could participate in reactions of a-terpinyl 
compounds, although not necessarily during the for- 
mation of the transition state. Azide ion could interact 
nucleophilically with a forming carbocationic center 
and also abstract a proton. If abstraction is random 
limonene (5) should be formed in large excess over ter- 
pinolene (6). Intervention of N <  shortens the lifetime 
of the carbocationic intermediates so they have less time 
in which to  become ‘free’ of the leaving group so that 
the Saytzeff rule does not apply. 


Another possibility is that the basic trianionic leaving 
group helps to  abstract the proton. The initial confor- 
mation of the reaction center of TPP is probably that 
shown in Scheme 4. The forming carbocation (7) may 
rearrange conformationally so that the leaving trianion 
can abstract the proton in a syn-elimination, but if 
addition of NT shortens the lifetime of the carboca- 
tionic species a proton will be lost statistically, which 
favors formation of limonene (5). It appears, therefore, 
that substitution and elimination products of TPP are 
derived from carbocationic species that differ, at least 
conformationally. 


Ratios of TOH to TN3 are very different for reactions 
of TPP,  N P P  and NPPP (Tables 3-5). Therefore, 
cyclizations of neryl, and also linalyl,7 derivatives d o  
not involve carbocationic species identical with those 
formed in reactions of TPP. 


We discuss product formation from carbocationic 
species on the assumption that the counter ion is 
P2O7H3-. At p H  7 the reaction largely involves dia- 
nionic substrate and the lifetimes of the intermediates in 
water are probably too short for diffusion-controlled 
protonation, or deprotonation, ’’ involving H@+,  or 
O H - ,  to  change the charge on the leaving group. 


Conformational effects 


The discussion thus far has not explicitly considered 
conformations of acyclic substrates or  carbocationic 
intermediates, although the formation of cyclic pro- 
ducts requires their precursors to  adopt cisoid confor- 
mations that have gauche interactions. Astin and 
Whiting3 pointed out that syn-butane interactions, 
which could arise in cyclization, are energetically costly, 
but two additional factors have to  be considered. First, 
cyclization does not require strict eclipsing, 2o and 
second, in a structured solvent such as water, 
unfavorable alkane-water interactions in an extended 
structure will decrease as the alkane chain coils. These 
hydrophobic interactions” should offset unfavorable 
eclipsing strains. Solvophobic interactions should be 
unimportant in acetic acid, the solvent used by Astin 
and Whiting. 


Added sodium azide should not affect the conforma- 
tions of the substrates, but trapping of carbocations or 
ion pairs by N <  shortens their average lifetimes and 
therefore could inhibit conformational changes in these 
intermediates. Conformational changes should be 
relatively unimportant in reactions of C P P ,  which gen- 
erate largely acyclic products. 


The situation is different for reactions of linalyl and 
neryl derivatives. Solvolyses of chiral linalyl substrates 
give optically active or-terpinyl products, and acid- 
catalyzed oxygen exchange of linalool is faster than its 
racemizaton. 2o Therefore, a-participation by the 6,7- 
double bond is controlling the conformation and con- 
figuration of the carbocationic intermediate(s) in these 
reactions. 


There is also extensive *-interaction in solvolyses of 
neryl substrates to  give cyclic products and it will inhibit 
conformational equilibrium by rotation of single bonds 
in carbocationic intermediates. These results do not 
require r-participation in the rate-limiting step of 
ionization of linalyl and neryl substrates, although it 
has been postulated in some conditions. ‘ x l x  


We did not obtain large amounts of azide products in 
the hydrolysis of NPP,  in part because interaction of 
the 6,7-double bond with the forming carbocationic 
center generates TOH rather than TN3 and, in addition, 
*-participation competes with nucleophilic attack at the 
allylic centers (Table 3). The isopropylidene residue of 
a neryl substrate is sheathed in a cage of water mol- 
ecules which will not be fully hydrogen bonded and they 
should be more reactive than bulk water, and will react 
rapidly with a forming tertiary cationic center. Thus, 
H2O and NT probably have different relative reac- 
tivities adjacent to, and distant from, the initial 
reaction center. 


Rate increases due t o  neighboring-group partici- 
pation are largest in apolar solvents that do not effec- 
tively solvate forming ionic centers and in the absence 
of strongly electron-donating substituents at the 
reaction center. 5 , 1 2 3 3 0 * 3 1  Participation has entropically 
unfavorable conformational requirements. Water effec- 
tively solvates trianionic leaving groups and allylic 
delocalization stabilizes forming carbocations, so the 
6,7-double bond may participate after ionizaton of 
neryl and linalyl diphosphates. However, it has a sig- 
nificant role in product formaton, so the situation is 
different from that for hydrolysis of G P P  where there 
is little interaction of the 6,7-double bond and NT 
markedly changes the relative rates of formation of 
the acyclic alcohols LOH and C O H .  Although large 
amounts of LOH are formed in this reaction they d o  
not come from a tertiary ‘linalyl’ cation that has time 
to adopt a cisoid conformation and cyclize. 


Our results indicate that products are not derived 
from a common, free, allylic carbocation, but rather 
from pairs either within a solvent cage or separated by 
water or, in limiting situations, from free carbocations. 
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There will be strong coulombic interactions between 
partners within a solvent cage, but these species will not 
be true intermediates if their dissociation, and escape 
from the cage, does not involve a free energy barrier. In 
the same way interaction of the 6,7-double bond may 
occur either during ionization or in an ion pair within 
a solvent cage or subsequent to  escape from the cage. 
However, *-participation does not significantly increase 
the rates of overall reaction, based on comparison of 
the reactivities of geranyl and neryl compounds, poss- 
ibly because it is offset by loss of rotational entropy in 
a cisoid conformation. 


Carbocation lifetimes 
If water and N j  attack a common carbocationic inter- 
mediate, the product composition gives the relative rate 
constants of substitution by N; and HzO and the spon- 
taneous formation of alkenes by deprotonation. The 
absolute rate constants can then be calculated from the 
diffusion-controlled rate constant for reaction of 
N;. L3314 We cannot use this straightforward approach 
for reactions in which products are derived from dif- 
ferent carbocationic species which may not even be true 
intermediates, i.e. be in energy minima with respect to 
all degrees of freedom. To this extent our values of  
kN/kw (Tables 2-5) gives estimates of k,  which are only 
qualitative. This situation applies even to  reaction of 
T P P  (Table 5) ,  because the composition of alkenes 
depends on N j ,  suggesting that HzO and N; are 
attacking carbocationic species that differ conforma- 
tionally or in the extent of ionic dissociation. 


The ratio of LOH to GOH in hydrolyses of geranyl 
substrates is sensitive to  the charge on the leaving group 
even in highly aqueous media, as shown by comparison 
of the value of LOH/GOH (Table 2) with other data. 
For hydrolyses of G P P  in dilute aqueous acid, 
LOH/GOH is in the range 5-6’’2a and is ca 8 for hydro- 
lysis of geranyl chloride in 95% water-acetone and 
decreases modestly with decrease in the water content 
of the s01vent.~ Ionization of non-ionic substrates gen- 
erates a pair of univalent ions and their coulombic 
interactions will be weaker than in reactions of dia- 
nionic phosphates that involve departure of a trianion. 
Thus, in reactions of non-ionic substrates in polar sol- 
vents, H2O and N j  compete for carbocations that are 
relatively free of the leaving group. Many descriptions 
of & 1  reactions involve ion  pair^'^"^.^^ with the 
implication that they are in free-energy minima. The 
products of hydrolyses of prenyl disphosphates seem to 
be derived from a range of species which differ in solva- 
tion and conformation and may not be fully relaxed 
before trapping. These questions were raised in early 
explanations of partial inversion of configuration in 
terms of shielding by the leaving group, 3 2  whereas 
attack on ion-paired intermediates was subsequently 
postulated. 33  These explanations become equivalent if 


the ‘ion-pair’ is trapped before it is fully relaxed, and 
this situation may apply to  product formation in 
heterolyses of monterpenoid derivatives. If we are to  
consider ‘ion pairs’ and ‘free’ carbocations as discrete 
chemical intermediates and calculate absolute or rela- 
tive rate constants of their trapping reactions, we must 
assume that relaxations of these species are not 
affecting the kinetics of trapping. This assumption may 
not always be justified. 


The use of diffusion-controlled trapping by N; as the 
clock for measuring rates of capture of carbocations by 
other reagents requires the competing reactions to 
involve a common intermediate. l3,l4 This condition is 
not fulfilled in our reactions, and if there are strong 
coulombic interactions between the diphosphate leaving 
group and N; movement of the latter may not follow 
a random walk. In that even, even if trapping by N T is 
an encounter process its rate constant may not be that 
characteristic of a diffusion-controlled reaction between 
non-interacting species. 


Substrate ionization requires a conformation that 
permits stabilization of the forming carbocation by 
electronic delocalization from adjacent groups. We 
show the substrates in cisoid conformations about the 
4,5-single bond and, although this representation is 
conventionally used, there will be equilibria between 
conformers that interconvert by rotation about single 
bonds. These conformational changes are part of 
the energy barrier to  reaction. Formation of cyclic as 
compared with acyclic products, subsequent to  the rate- 
limiting step, may require conformational changes in 
remote groups and the rates of these changes may be 
similar to those of ion-pair dissociation or encounter 
formation of products. The product changes that we 
observe are therefore sensitive to  interactions of 
substrate and carbocationic species with their environ- 
ment, because solvent relaxation is involved in all the 
steps that govern rates and products. 


Effects of manganese ion 


Metal dications catalyze hydrolyses of prenyl 
diphosphates by forming bismetallic complexes. 73L6,L7 
The first-order rate constants of hydrolysis of G P P  
increase monotonically to  a constant value with 
increasing [Mn”] (Fig. 1 and Ref. 17), and dilute 
NaN3 (0 -  1 M) does not increase the rate. The carboca- 
tionic species formed in the Mn2+-catalyzed reaction 
(Table 6 )  are trapped effectively by N j ,  probably 
because the bismetallic complex of G P P  has a positive 
charge which attracts N:, and increases the probability 
of Nj being adjacent to  the reaction center(s). In this 
system the probability of capture of carbocationic 
species by N 3  should be higher than expected in terms 
of a random-walk process. However, M n Z +  does not 
significantly affect the value of  LOHIGOH, although it 
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affects the formation of minor products, including 
alkenes. l 7  


EXPERIMENTAL 


Materials. The substrates were prepared from 
tritiated alcohols by the standard phosphorylation pro- 
cedure of Cramer as described earlier, 1,7p'7 and mono- 
and diphosphates were separated by ion exchange as 
described. We also isolated neryl triphosphate (NPPP) 
by ion exchange. a-Terpinyl diphosphate (TPP) was 
prepared from tritium-labelled a-terpineol isolated 
from the hydrolysis of mixed [1-3H] neryl phosphates. 
Substrates were characterized by thin-layer and gas- 
liquid chromatography (GLC) after enzymic 
hydrolysis. 7 3 1 7  A mixture of allylic monoterpenoid 
azides was prepared by reaction of NaN3 with geranyl 
or neryl p-nitrobenzoate in dimethylformamide. The 
mixture appeared to contain linalyl, gernayl and neryl 
azides based on the 'H NMR spectrum of the mixture 
at 300 and 500 MHz, but we could not separate them by 
GLC and they equilibrate readily. 2' The preparation 
and properties of this mixture will be described else- 
where. a-Terpinyl azide was prepared in low yield by 
reaction of the chloride with NaN3 and was isolated by 
GLC. Its 'H NMR spectrum is similar to that of 
a-TOH. It does not equilibrate with the other azides 
and is stable at room temperature. 


Determination of rates and products. Reactions were 
followed, unless specified otherwise, at 4OoC in 
aqueous 0.1 M N-tris(hydroxyethyl)-2-aminoethane- 
sulfonic acid (TES) buffer (pH 7) with 20-200 PM 
tritiated substrate, as described. 7317  TES does not 
interact strongly with Mn2+ and we used it in earlier 
work. l 7  We used 0.1 M succinate at pH 6 . 0  and 0.1 M 
Tris at pH 8.0. Samples were removed, cooled in ice 
and organic products were extracted into hexane. 
Tritium activities were determined by scintillation 
counting. 7 , ' 7  Reactions were followed for < 10%. Salt 
effects of NaN3 and LiC104 were < l o %  for up to 
1 . 5  M salt at pH 7 and the initial rates varied linearly 
within 210% with substrate up to 2 0 0 ~ ~ .  Added 
LiC104 did not affect the formation of azides from 
GPP. 


Products were separated by GLC on a 
10 f t  x 0-25 in. i.d. 3% SE-30 on Chromosorb column 
and were identified by their retention times and co- 
injection. Alcohols were the dominant products in most 
reactions and alkenes were not always separated, but 
they had been identified in earlier work. Amounts 
of products were determined by radioactive 
counting. 7s17 Retention times of most of the products 
has been determined, but those of the mixed allylic 
azides and of a-TN3 were 2 . 4  and 2.74, respectively, 
relative to that of LOH. 


Minor products are usually easily detected by 


GLC 1-7  but it is difficult to quantify them, especially if 
their retention times are similar to those of major pro- 
ducts. Terpinyl compounds have longer retention times 
than their acyclic isomers so uncertainties in product 
composition are larger for ratios of acyclic alcohols. 


Although 0.1 M NaN, does not increase rates of the 
Mn2+-catalyzed reactions, there is a rate increase with 
0-3  M NaN3 and the rates depend on Mn2+, probably 
because NF is then affecting the equilibrium of GPP 
with Mn2+. We did not examine the products under 
these conditions. 
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REACTIONS OF MOLECULES WITH TWO EQUIVALENT 
FUNCTIONAL GROUPS. 3. NUCLEOPHILIC SUBSTITUTION 


REACTIONS OF CX, a-DIBROMOALKANES [Br(CH2)nBr, n = 3,4,5] 
WITH POTASSIUM CYANIDE 


IOANNIS CONSTANTINIDES AND ROGER. S. MACOMBER* 
Department of Chemistry, University of Cincinnali, Cincinnati, Ohio 45221-01 72, USA 


The substitution reactions of Br(CHz)Br(l,n = 3-5) with KCN in methanol were studied in detail. Second-order rate 
constants kl [formation of the mononitrile (2) from 11 and kz (formation of the dinitrile (3) from 21 were 
determined, as were the rates for the reaction of H(CH2),,Br (4, n = 3-5) with KCN under the same conditions. The 
ratios k ~ / k , (  = x )  of the three homologs of 1 were found to be 1.15, 0-77 and 0.61 for R = 3, 4 and 5, respectively; 
a x value of 0.5 indicates that the functional groups behave independently. The second-order rate constants k, 
(statistically corrected) and kz exhibit modest enhancements compared with model compound 4 when any of the 
following substituents are present: 6- or c-bromo, y-, 6-, or e-cyano. By contrast, a y-bromo substituent slightly 
retards the rate. These results indicate that the functional groups do influence each other to a modest degree by field 
effects which accelerate the reactions. Steric effects do not appear to play a significant role. 


INTRODUCTION 


Recently our group began a study of competitive- 
consecutive reactions as depicted generically in Scheme 
1 ,  where a substrate molecule XZ (with two symmetry- 
equivalent functional groups) reacts with reagent R that 
converts group X to P. ' -3  Chemists often face the 
problem of carrying out a reaction at just one of two 
similar functional groups in a substrate molecule; hence 
there is always interest in the development of methodo- 
logies for controlling the outcome of such  reaction^.^ 


Normally, when less than two equivalents of R are 
used, the final reaction mixture contains both products, 
XP and Pz, in addition to starting material X2. It can 
be shown' that if the functional groups in X2, XP and 


P2 are truly independent, and the reactions are 
kinetically controlled (irreversible), the fraction of each 
compound in the final product mixture can be readily 
calculated from r ,  the initial mole ratio of R to X2 
(0 < r < 2). A consequence of the independence of the 
functional groups is that X2 is exactly twice as reactive 
as XP (i.e. k2/kl = x = 0.5). 


The independent functional groups model was 
recently tested using the acetylation of p-,  m- and 
o-bis(hydroxymethy1)benzene. The para and meta 
isomers behaved essentially as predicted (K = 0.548 and 
0.521, respectively), presumably because the functional 
groups are rigidly constrained from direct interaction 
and long-range electronic effects are minimal. The 


x - 0 - x  - 2 L X - o - P  --L R P O P  
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xz 
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largest deviation from the model was exhibited by the 
ortho isomer (x = 0-605), and this was interpreted as a 
quantitative measure of the intramolecular interactions 
between functional groups. 


Although the mutual influence of two functional 
groups in a molecule has long been at the heart of 
physical organic chemistry, the factors that control 
such interactions are still debated' and often 
unknown. Quantitative descriptions of such inter- 
actions should lead to  a better understanding of their 
nature and magnitude. 


We report here a continuation of this work, a study 
of nucleophilic substitution reactions of several a ,  w- 
dibromoalkanes [l, Br(CHZ),Br, n = 3,4,5] with KCN 
(Scheme 2). The selected substrates contain two func- 
tional groups (the bromines) attached t o  a conforma- 
tionally flexible backbone. Our goal was to  determine 
the magnitude of their interactions with each other 
and/or with the product functional group (-CN) 
through detailed kinetic analyses. 


k 


KCN. 
1 NC(CH~),CN (n = 3-51 


MeOH 3 


Scheme 2 


The effect of variation in the alkyl chain length of the 
substrate was expected to  provide information about 
possible intramolecular steric and stereoelectronic 
effects. It was hoped that determination of actual rate 
constants for these reactions, and comparison with 
the corresponding rates of monofunctional model 
substrates, would lead to a consistent explanation of 
non-statistical product ratios previously observed by 
other workers in related systems. For example, it has 
been reported that a,w-dichloroalkanes react with 
NaCN to give mainly w-chloronitriles if n is odd (imply- 
ing that kl % 2k2) and a ,  w-dicyanoalkanes if n is even 
(kl Q 2k2).' However, other studies found n o  such 
effect.' To the best of our knowledge, only isolated 
product ratios have been studied in such systems; the 
direct measurement of kl and k2 has not been reported. 


RESULTS 


Substrate molecules such as those in Scheme 2, contain- 
ing only primary halides, give kinetically well behaved 
second-order reactions with mildly basic nucleophiles 
such as KCN in methanol. In this study, calibrated gas 
chromatography (CC), NMR and titrimetry' were used 
complementarily for the kinetic analyses (see below). 


Initially, the rate of reactions of KCN with 1 -  
bromoalkanes (4) having 3-5 carbon atoms were 
studied at 6OoC (Scheme 3). 


H(CH2)"Br + KCN +H(CHz),CN + KBr 
4 5 


n = 3,4,5 
Scheme 3 


In order to avoid possible concentration-based medium 
effects on the rate constants, the initial concentrations 
of substrates and KCN were kept within the same 
range. Control experiments showed that under these 
conditions, attack by methanol on the bromoalkanes 
was very slow. This was also confirmed by analysis of 
the final reaction mixture from each substrate, showing 
only minor amounts (ca 5 % )  of solvolysis products. 


As shown in Table 1, all three homologs of 4 (initial 
concentration ca 0.250 M) reacted with KCN (initAal 
concentration cu 0.3OOM) in methanol at 60 c 
with nearly the same rate constant (ca 
1.1 x I m o l - L s - l ,  see runs 1-16). All kinetic runs 
exhibited cleanly linear second-order kinetics (first 
order in both 4 and KCN) to a t  least 5 5 %  reaction (with 
correlation coefficients of 20.990). The close agree- 
ment between the rate constants of different runs for 
each substrate, even when different analytical tech- 
niques were used, indicates that all three analytical tech- 
niques (NMR, CC and titrimetry) give independently 
accurate results. Analysis of the reaction mixtures 
versus time by NMR gave the relative concentrations of 
4 and 5; calibrated G C  analysis was used to  determine 
the concentrations of 4; titrimetry was used to  deter- 
mine the concentration of unreacted KCN (see Exper- 
imental).' In the case of 4, any one of these techniques 
alone is sufficient to accurately determine the second- 
order rate constant of the reaction. 


KCN 
Br(CHz),CN=NC(CH2),CN (n = 3-5) 


2 fin c 3 


Scheme 4 


Exactly the same procedures were used for the 
reactions in Scheme 4, where the three authentic homo- 
logs of intermediate bromonitrile 2 were allowed to 
react with KCN under the same conditions (runs 17-31, 
Table 1). Specifically, the rate constants for these three 
substrates exhibited approximately the same values 
( 1 . 9 4 ~  10-4-2.11 x 10-41mol- 's-1)  with 2 ( n = 3 )  
giving the slowest reaction and 2 (n = 4) the fastest 
(runs 17-31). Note that these rate constants represent 
directly determined experimental values for k2 in 
Scheme 2. As can be seen from Tables 1 and 3, these 
rate constants are cu 70-80'70 higher than those of the 
corresponding 1-bromoalkanes. Again, linear second- 
order kinetics were observed in all cases to  at least 55% 
reaction (with correlation coefficients of 2 0.994), and 
all analytical techniques gave comparable results. 


For the reaction of dibromide 1 ( n  = 3-5) with KCN, 
a combination of analytical techniques was used to 
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Table 1. Rate constants for the reaction of 2 (n = 3-5) and 4 (n = 3-5) with KCN in methanol 
at 60°C" 


Compound Run No. Analytical technique k ( 1 0 - ~  1 m o I - l s - ' ) b  


4(n  = 3) 1 
2 
3 
4 


4(n = 4) 


4(n = 5 )  9 
10 
11 
12 
13 
14 
15 
16 


2 ( n  = 3) 


2(n  = 4) 


17' 
18 
19d 
20 
21 
22 
23 
24 


25 
26 
27 
28 
29 


2(n = 5) 30 
31 


NMR 
Titrimetry 
Titrimetry 
Titrimetry 


Titrimetry 
Titrimetry 
Titrimetry 
Titrimetry 


Titrimetry 
Titrimetry (and GC) 


Titrimetry 
Titrimetry 
Ti trimetry 


GC 
GC 
GC 


NMR 
Titrimetry 
Titrimetry 
Titrimetry 
Titrimetry 
Titrimetry 
Titrimetry 


GC 


Titrimetry 
Titrimetry 
Titrimetry 
Titrimetry 


GC 


Titrimetry 
Titrimetry 


1.30) 


k =  1.07 2 0.15 0.88 
0.93 
1 -05 
1.07 


1.90 


1.95 
2-30 
2.18) 


2.20 
2.40 


~ 


'For all runs (unless indicated otherwise) 1410 or [210=0.25 ? 0 . 0 4 ~  and [KCN10=0.30 ? 0.04 M .  
hError limits are standard deviations. 
' [KCN]o = 0.16 M. 
d [ 2  (n=3)]0=0'34M. 


determine the concentrations of 1, 2 and 3 as a function 
of time for each kinetic run (see Experimental). The 
overall reaction (Scheme 2) can be characterized as 
involving consecutive-competitive second-order 
reactions; all three concentrations must be known to 
extract the rate constants kl and k2. An algorithm 
developed by Wideqvist, lo which was successfully uti- 
lized in our previous study,2 determines kl and K 
directly from concentration measurements; from these, 
k2 can be easily calculated. Alternatively, the value of 
H can be determined by a computational method3 in 
which the best fit is found between the experimental 
concentration data and those predicted theoretically, 
using a variation of Euler's method for numerical inte- 
gration of the appropriate differential equations. The x 
values thus determined are shown in parentheses in 


Table 2 and are seen to agree well with the results of the 
Wideqvist algorithm (deviations 1-22070). 


The results for the three homologs of 1 are summar- 
ized in Table 2. For each kinetic run, the final product 
ratios were also determined by GC analysis at t = m, 
and were compared with values predicted from the 
independent functional groups model. In Table 3, the 
average rate constants for each compound are 
expressed relative to the rate for the respective 
1 -bromoalkane. 


As can be seen from Table 2 (runs 32-40), all three 
homologs of 1 deviate markedly from independent 
functional group behavior. They exhibit H values 
substantially greater than 0.5, and the observed final 
product mixtures are significantly different than those 
predicted for independent behavior. The deviations are 
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Table 2. Kinetic and product ratio data for 1 (n = 3-5)a 


Observed product mixturesd (predicted") Average 
deviation 


Compound Run no. klb x ~ * ~  kzb r fx, fXP f P 2  (VOY 


I ( n  = 3)  32 2.07 1.07(1.05) 2.21 1-21 1 0.260(0.156) 0.324(0.478) 0.416(0.367) 37 
33 2.37 l.lO(1.09) 2.61 1.202 0.242(0.159) 0.290(0.480) 0.468(0.361) 41 
34 2.02 1.14(1.13) 2.30 1.152 0.288(0.180) 0.314(0.488) 0.398(0.332) 56 
35' 1.95 1.14(1.29) 2.22 2.000 
36h 2.00 1.28(1.36) 2.56 2.000 


Av. 2.08 5 0.17 1.15 2 0.08 2.38 2 0.19 


l ( n  = 4) 37 3.17 0.73(0.89) 2.31 1.190 0.246(0.164) 0-369(0.482) 0.385(0.354) 27 
38 3.10 0.80(0.94) 2.48 1.226 0-187(0.150) 0.339(0.474) 0.474(0.376) 26 


Av. 3.14 2 0.05 0 .772  0.05 2.40 2 0.12 


l ( n  = 5) 39 3.28 0.57(0.70) 1.87 1.194 0.197(0.162) 0.455(0.481) 0.348(0.356) 10 
40 3.18 0.64(0.68) 2.04 1.220 0*244(0.152) 0.465(0.476) 0.292(0.372) 28 


Av. 3.23 k 0.07 0.61 2 0.05 1-96 2 0.12 


'For all runs (unless indicated otherwise) I110 = 0.25 ? 0.01 M and [KCNIa = 0.30 t 0.01 M .  
bRate constants are in units of lo-' Imol-' at 60'C. x = kZ/kl .  Error limits are standard deviations 
'Values in parentheses calculated with the method in Ref. 3. 
dAt  t =  m.  
'Calculated with equations relating product ratios to [RIo/ [X,]O (Ref. 1). 
Average absolute deviation as a percentage of predicted value. 
' [1 ]o= 0.20 M, [KCN]o= 0.40 M .  


(110 = 0 . 1 5  M, [KCNIo = 0.30 M. 


Table 3. Relative rate constants 


H(CHz),Br (4)a NC(CH2)"Br (2)b Br(CH>),Br ( 1 ) '  
- 


Parameter n = 3  n = 4  n = 5  n = 3  n = 4  n = 5  n = 3  n = 4  n = 5  


k ,  (re!.) 1.00 0.96 0.92 - - - 1.79 2.83 3.02 
kz (re1 .) - - - 1.71 1.90 1.81 2.05 2.16 1.83 
x = kz/ki - - - - - - 1.15 0.77 0.61 


"The values of k ,  are expressed relative to the value for 4 (n = 3). 
hThc values of k2 are those directly measured (Table l ) ,  expressed relative to the kl value of 4 with the same number of carbonr. 
'The values of k ,  (directly measured) and kz (indirectly calculated) are expressed relative to the kl value of 4 with the same number 
of carbons. 


most pronounced in the case of 1 (n = 3) (runs 32-36), 
where x = 1 15, and least pronounced in 1 (n = 5) (runs 
39 and 40), where x = 0.61. 


It should also be noted that the directly determined 
values of kz obtained from the reactions of authentic 2 
differ by an average of less than 11 'To from the values 
determined indirectly by Wideqvist's algorithm (com- 
pare runs 17-24 with 32-36, 25-29 with 37 and 38 and 
30 and 31 with 39 and 40, Tables 1 and 2), which we 
interpret as satisfactory agreement. 


Comparing the values of k1/2 for the three homologs 
of 1 with the k values of the corresponding 1- 
bromoalkane 4, it can be seen that the additional 
bromine in 1 (n  = 3) causes a 10% decrease in rate con- 
stant (Table 3). By contrast, in the case of 1 (n  = 4) and 


1 (n = 5) there is a significant increase in ki/2 (35-40%) 
compared with 4 ( n  = 4) and 4 (n = 5) respectively. 


DISCUSSION 


Perhaps the most important finding in this work is that 
even in these conformationally mobile molecules, the 
two functional groups in 1 and 2 depart by less than a 
factor of 2 from independent kinetic behavior. None- 
theless, the results in Table 3 demonstrate several 
things. First, in comparing the three homologs of 4, 
there seems to  be a slight (8%) but uniform decrease in 
the rate constant as the carbon chain length increases 
from three to  five. Admittedly, however, the magnitude 
of this decrease essentially matches the experimental 
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uncertainty in the k values. Still, it is clear that 
the steric bulk of the hydrocarbon chain does not 
appear to inhibit significantly the reactivity of these 
three substrates. It is also clear that 6- and e-bromo 
substituents, as well as y-, 6- and c-cyano substituents, 
mildly accelerate S N ~  displacement of bromide at the 
a-carbon relative to a similarly located hydrogen. The 
largest of these accelerations is 90% is caused by the 
cyano group of 2 (n=4).  By contrast, a y-bromo 
substituent has a slight (ca 10%) retarding effect [l 
(n = 3)], although this difference is again at the level of 
experimental uncertainty in the k values. The combi- 
nation of these effects results in a monotonic decrease 
in x from 1 . 1 5  to 0.61 as the carbon chain length 
increases from n = 3 to 5. As stated before, a x value 
of 0.5 is predicted for independent functional group 
behavior. ' Our results contrast with the alternating 
behavior reported by others. 


Bimolecular nucleophilic substitution reactions are 
mainly influenced by steric effects, though rate 
acceleration due to certain electron-withdrawing 
a-substituents are also well documented. It is highly 
unlikely that the modest accelerations described above 
are manifestations of steric effects. Instead, the acceler- 
ations must be due to modest electron-withdrawing 
polar effects of the non-reacting neighboring group, 
thereby stabilizing the electron rich sN2 transition state, 
including perhaps its solvation. 


Our results are fully consistent with the Swain-Lup- 
ton'3 inductive substituent parameters F (0.72 for Br 
and 0.90 for CN), indicating that remote CN substi- 
tuents should accelerate the reaction more than com- 
parably positioned Br substituents. However, the fact 
that the number of carbons between the reaction center 
and the electron-withdrawing substituent has relatively 
little effect on the magnitude of rate acceleration [com- 
pare rates of 2 (n = 3), 2 (n = 4) and 2 (n = 5 ) ,  and also 
the rates of 1 (n = 4) and 1 (n = 5) ]  suggests that these 
are conformationally averaged field effects transmitted 
through space rather than through u-bonds. 


Although in 1,3-dibromopropane [l (n = 3)] the 
electron-withdrawing y-bromine is closer to the reaction 
center than in 1 (n = 4) and 1 (n = 5 ) ,  the reaction is 
slightly slower. Steric effects in this case could be 
responsible for overcoming any favorable electronic 
effect. 


Our results are consistent with some observations of 
rate accelerations by remote substituents in sN2 
reactions previously reported in the literature. Conant 
et al. l4 found that chloroalkyl nitriles [NC(CH2),Cl] 
react 2.8 (n = 2), 3 .7  (n = 3), and 2 -8  (n = 4 )  times 
faster than I-chlorobutane with KI in acetone. Simi- 
larly, Hine et aZ.I5 reported that displacement by 
thiophenoxide of the iodine in Cl(CHZ),I exhibited the 
following rates relative to n-C3H7I: n = 3, 1-08; n = 4, 
1.59; and n = 5 ,  1-52. Holtz and Stock16 found that 
4-bromo compound 5 reacts twice as fast as the 
unbrominated analog with thiophenoxide ion in ethanol 
(Scheme 5 ) .  The latter result is especially relevant, 
because the rigidity of these substrates allows the iso- 
lation of substituent polar effects without the influence 
of steric effects. 


CONCLUSIONS 


The reaction of three homologous apdibromoalkanes 
with KCN in methanol gives product ratios that are sig- 
nificantly different from those predicted by the indepen- 
dent group model. In all three cases the value of x 
( =  kz/kl)  is greater than 0.5. The smallest value, 
x = 0.61, is exhibited by the 1,5-dibromopentane 
system [l (n = 5)]  and the largest, x = 1.15 (greatest 
deviation from the model), is exhibited by 1,3-dibromo- 
propane [l (n = 3)]. With the exception of the latter 
compound, all other homologs of 1 and 2 react sig- 
nificantly faster than the corresponding n- 
bromoalkane; these results are best explained by polar 
field effects of the non-reacting Br or CN functional 
group. Steric effects do not appear to play a significant 
role. 


EXPERIMENTAL 


The instruments used included the following: Bruker 
AC250 (NMR); Hewlett-Packard Model 700 GC 
(8 ft x Q in 0.d. column packed with 2.8% Carbowax 
20M on Chromosorb G-HP, 80-100 mesh) with HP 
3394 integrator and thermal conductivity detector; 
Varian Model 90-P GC (12.5 ft x in. 0.d. column 
packed with 18% Carbowax 20M on Chromosorb W, 
60-80 mesh) with disc integrator and thermal conduc- 
tivity detector. The GC analyses for the reaction of 4 


PhSe + .;is' ___) EtOH Gr 
OSOgPh SPh 


6 


+ 
PhS03e 


Scheme 5 
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(n = 5 )  and KCN were performed on the 90-P. The ana- 
lyses for the reactions of 2 (n = 3), l (n  = 3), l (n  = 4) 
and 1 (n = 5) were performed with the HP700. 


The calibrated response factors [RFx = (moles 
X/moles standard) (signal of standard/signal of X); 
where the internal standard is 1, the appropriate 
homolog was used] for the relevant compounds (vs 
internal standards) are as follows: 4 (n = 5 )  1 -09 (vs rn- 
xylene); 2 (n = 3) 1.09 (vs benzyl alcohol); 2 (n  = 4) 
1-04 (vs benzyl alcohol); 2 ( n  = 3) 1 - 12 (vs 1); 2 (n  = 4) 
1 *04 (VS 1); 2 (n  = 5) 1.05 (VS 1); 3 (n = 3) 1-12 (VS 1); 
3 (n = 4) 0-95 (vs 1); and 3 (n  = 5 )  1.12 (vs 1). 


Materials. Potassium cyanide, 1 ( n  = 3 - 9 ,  2 (n  = 3 ,  
4), 3 ( n  = 4, 5) and 4 ( n  = 3-5) were supplied by Aldrich 
Chemical; the KCN was pulverized and oven dried at 
80 "C before use. Anhydrous methanol was prepared by 
refluxing reagent-grade solvent with magnesium metal 
and iodine, followed by distillation and storage over 
molecular sieves. " All glassware was oven dried. 


Synthesis of 1,3-dicyanopropane [3 (n  = 3)] .  To a 
solution of 2-08 g of 1 ( n  = 3) (10.3 mmol) in 100 ml of 
dry methanol were added 2-51 g of KCN (38.5 mmol). 
A reflux condenser was attached and the solution was 
stirred at 60 "C for 5 days. After this period GC analy- 
sis of the reaction mixture showed only trace amounts 
of 1 ( n  = 3) and 2 (n  = 3). Rotary evaporation of the 
solvent and extraction of the residue with diethyl ether 
(3 x 75 ml) gave, after evaporation, 0.88 g of pale 
yellow liquid which was distilled bulb-to-bulb at 
0.2 mmHg to give 0-63 g (65%) yield of colorless 
liquid,'sa-c whose 'H NMR spectrum matched the 
previously reported one. 


Synthesis of 6-brornohexanenitrile [2 (n = S)] . To a 
solution of 48.45 g of 1,5-dibromopentane (0.211 mol) 
in 100ml of MeOH were added 10.0g of KCN 
(0.154 mol). A reflux co2denser was attached and the 
solution was stirred at 70 C for 4 days. Rotary evapor- 
ation of the solvent and fractional distillation twice of 
the residue under reduced pressure afforded 7.7 g (21% 
yield) of colorless liquid, l9 b.p. = 132 "C (18 mmHg) 
[lit. 8b b.p. = 134.4 "C ( 1 5  mmHg)]. 


Kinetic methods. (A) NMR study. To an NMR tube 
containing a weighed amount of KCN in ca 0 . 4  ml of 
methanol-d4 was added a weighed amount of 2 (n = 3) 
or 4 (n  = 3). The solution was diluted with additional 
methanol-d4 to bring the volume to exactly 0.50 ml, 
then the NMR tube was sealed and inserted into an oil- 
bath maintained at 60 ? 0.1 "C. Every 0-5-4 h the 
'H NMR spectrum was obtained. Concentrations of 
starting alkyl bromide and nitrile product were deter- 
mined from peak integrations of central -CH2- 
signals of each, and the known initial concentration of 
the starting bromoalkane. The concentration of CN- 


was calculated from its known initial concentration and 
the mass balance. 


(B) Gas chromatographic and titration analyses. To 
a 20 ml volumetric flask containing ca 8 ml of dry 
methanol and a weighed amount of KCN was added a 
weighed amount of 1 , 2  or 3 (and a weighed amount of 
internal standard, where appropriate). The volumetric 
flask was filled to the mark with dry methanol and, 
after complete mixing, the solution was transferred into 
a 20 ml round-bottomed flask with stirring bar, which 
was then sealed and inserted in an oil-bath maintained 
at 60 & 0.1 "C. Aliquots (1 .O ml) of the solution were 
withdrawn every 0.5-4 h until the reaction was ca 70% 
complete, then also after ca 48 h (t  = a). The reaction 
mixtures were homogeneous until ca 50% completion, 
at which point a white precipitate (presumably KBr) 
formed. Each aliquot was mixed in an Erlenmeyer flask 
with 50 ml of water and 1-2 ml of 1 M NaHCO3 and 
titrated with standard iodine solution (0.05 M) until a 
light yellow color persisted for ca 10 s. This iodine sol- 
ution was prepared and standardized weekly against 
NazS203 solution (which in turn was standardized 
against KI03 solution). 9c In the case of dibromoalkane 
substrates (l), 1.0-2.0 pl of the same aliquot was ana- 
lyzed simultaneously by GC and the ratio [1]/ [2] ( = a )  
was determined from GC integrations corrected for 
response factors. The concentrations of 1, 2, 3 and 
CN- were calculated from the following equations: 


[CN-lo- [CN-] - 2[1]0 
- 1 - 2 a  


[ l ]  = a 


[CN-Io- [CN-I - 2[11o 
[31 = [110-(a+ 1)  - 1 - 2 a  


[CN-] = [CN-Io- [2] -2[3] 


which are readily derived from the mass balance. The 
aliquot corresponding to t = m was analyzed only by 
GC and the absolute concentrations of 1, 2 and 3 were 
determined from GC integrations (corrected for 
response factors) and the known initial concentration 
of 1. 


In the case of monobromo substrates (2 or 4), GC 
analysis of each aliquot gave directly the concentration 
of starting material from its peak integration, the peak 
integration of the internal standard, the response factor 
correction and the known concentration of the internal 
standard. The concentration of CN- in this case was 
determined by mass balance. 


Determination of rate constants. (A) Mono- 
brominated substrates (2 and 4). The rate constant k 
was determined as the slope of the plot of the standard 
integrated second-order rate law. 
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(b) Dibromoalkane substrates (1). The graphical 
integration method of Wideqvist2." was used. For each 
timed aliquot (data point) the concentrations [l] , [2], 
[3] and [CN-] were determined by GC and titrimetry 
as described above. For each data point the values of 
In( [110/ [l l) ,  [21/ [ l l  , [llo - [ll , 0 and u were calcu- 
lated where 0 and u are defined by the following 
equations and were determined by graphical 
integrations: 


B =  l' [CN-] dt 
0 


The value of kl was found as the slope of a linear plot 
of In( [l] O/ [ 11) versus 0 (as abscissa). The value of x was 
found as the slope of a linear plot of [2]/ [ 11 versus u 
(as abscissa). The value of k2 was calculated as xkl. 


Alternatively, the value of x can be determined by 
varying x to locate the best fit of the experimental con- 
centration data for each run to the data predicted by 
the numerical solution of the appropriate differential 
equations. 
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INCLUSION COMPOUNDS OF HYDROXY HOSTS. 6. 
STRUCTURES AND THERMAL ANALYSIS OF 


WITH METHANOL AND ETHANOL 
1,2,3,4,5-PENTAPHENYLCYCLOPENTA-2,4-DIEN-l-OL 


SUSAN A. BOURNE,* LUIGI R. NASSIMBENI AND MARGARET L. NIVEN 
Deparfment of Chemistry, University of Cape Town, Rondebosrh 7700, South Africa 


The crystal and molecular structures of the methanol and ethanol inclusion compounds of 1,2,3,4,5- 
pentaphenylcyclopenta-2,4-d@1-1-ol have been elucidated. (I) C3&& * CHdO is triclinic, PI, a = 10.377, 
b = 10.778, c = 14.537 A, Q = 102*66(2), fl= 90.26(2), 7 = 117.33(2)', Y =  1398(15) A', 2 = 2; (11) 
(C~~HMO)Z*CZH~O is briclinic, Pi, a = 10.901(2), b = 13.498(2), c = 19.037(3)A, Q = 101.88(1), fl = 93.76(1), 
7 = 90.84(1), Y =  2734(8) A', Z =  2. The structures were refined to final residuals of 0.127 for 2207 retlections and 
0.073 for 4720 reflections. Thermal analysis of the complexes confirmed the crystallographic results and gave 
information about their thermal decompositions. 


INTRODUCTION 


Hydroxy-containing compounds, particularly those 
with a rigid structure, have been shown to act as excel- 
lent hosts in inclusion compounds. They have been 
shown to separate isomers and to resolve racemates'. 
Some hydroxy hosts include guests in topologically 
favourable positions and thus control their reactivity. ' 


We have studied the clathrating behaviour of a 
number of host compounds which contain one or two 
hydroxyl moieties. Thus, we have shown that 1,1,2,2- 
tetraphenylethane-1 ,2-diol forms inclusion compounds 
with various lutidines and have demonstrated preferen- 
tial inclusion of 3,5-lutidine over 2,6-lutidine. We have 
also reported the structure of the related host com- 
pound 1,1,6,6-tetraphenylhexa-2,4-diyne-l ,6-diol in its 
non-porous a-form and the kinetics of the complexa- 
tion reaction with acetone ~ a p o u r . ~  In a recent paper, 
we compared the structures of a series of hydroxy hosts 
with the same guest, 1,4-dioxane, and discussed their 
stabilities. ' 


We have been studying the inclusion behaviour of the 
host 1,2,3,4,5-pentaphenylcyclopenta-2,4-dien- 1-01 and 
have recently published the structures of this host in its 
non-porous a-phase and its inclusion compounds with 
water and dimethyl sulphoxide. We now present the 


* Author for correspondence. 


structures of the methanol and ethanol inclusion 
compounds of this host. 


EXPERIMENTAL 


The preparation of the host compound has been 
described. The inclusion compounds of methanol (I) 
and ethanol (11) were obtained by making a concen- 
trated solution of the host in the alcohol and allowing 
it to evaporate slowly at room temperature. 


X-ray analyses. Suitable single crystals were 
mounted in Lindemann tubes with mother liquor to 
prevent the desorption of the guest. Intensity data were 
collected on an Enraf-Nonius CAD4 diffractometer 
using Mo KCX radiation (A = 0.7107 A).  Accurate cell 
parameters were obtained by least-squares analysis of 
the setting angles of 24 reflections in the range 
16 < 0 < 17". Data were collected with variable scan 
width and scan speed, using the W-28 scan mode. 
Three reference reflections were monitored periodically 
for intensity and orientation control. The data were 
corrected for Lorentz polarization effects. Compound I 
decayed by 48% during data collection, hence a linear 
decay correction was applied to these data. Further 
details of the crystals and of data collection are given in 
Table 1. 
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Table 1 .  Crystal data, details of data collection and final refinement 


Compound 


Parameter I 


Molecular formula 
Mass (g mol-') 
Space group 
@(A 1 
b ( + )  
c ( A )  
ff(") 
P ( " )  
Y ( O )  


Volume (A) 
Z 
F(OW 
p(Mo Ka) (em.-') 
Crystal dimensions (mm) 
D, (g 
D, (g ~ m - ~ )  
0 range scanned (') 
Range of h,k,l 
Number of reflections collected 
Number of reflections with 1,1 > 2uI,,i 


C35H260 * CH40 
470._442 


P1 
10.377(2) 
10*778(3) 
14.537(4) 


102.66(2) 
90.26(2) 


117.33(2) 
1398( 15) 


2 
524 


0.38 
0.25 x 0.25 x 0.31 


1.21 
1.20 
1-25 


212, 212, 7 
5060 
2207 


Number of parameters 342 


Max. LS shift to e.s.d. 0-17 
R 0.127 
R W  0.127 
W 1 
S 2.19 


Max./min. residual electron density (e k3) 0.231 - 0 . 2  


I1 


(C35Hz60)z.CzHsO 
97 1 ._253 


PI 
10.901(2) 
13.498(2) 
19.037(3) 


101.88(1) 
93.76(1) 
90.84( 1 )  
2734(8) 


2 
1028 
0.37 


0.28 x 0.31 X 0.34 
1.18 
1.16 
1-23 


2 12, t 14, 20 
7969 
4720 
67 8 


0.24 
0,073 
0.073 


1 
1.56 


0.531 -0.53 


Structure solution and refinement. The structures 
were solved by direct methods using SHELXS-86' and 
refined using SHELX76.' In the final refinement of I 
and 11, the non-hydrogen atoms of the host were treated 
anisotropically. The phenyl hydrogens were placed in 
calculated positions and linked to a common isotropic 
temperature factor. The hydroxyl hydrogens were 
located iv difference maps and constrained to ride at 
l-OO(2) A from the hydroxyl oxygen. The two guests 
were modelled isotropically. No hydrogens were placed 
on the methanol carbon but the ethanolic hydrogens 
were placed in calculated positions and linked to a 
common temperature factor. The hydroxyl hydrogens 
of the guests were modelled as described for those of 
the host. Further details of the structure refinements are 
given in Table 1 .  


Thermal analysis. Differential scanning calorimetry 
(DSC) and thermogravimetry (TG) were performed on 
a Perkin-Elmer PC7 Series system. Crystals were 
removed from their mother liquor, blotted dry on 
filter-paper and crushed before analysis. Sample 
weights were cu 4-5 mg. The temperature range was 
30-220°C at 10°C min-I. The purge gas was dry 
nitrogen at a flow-rate of 40 rnl min-'. 


RESULTS 


Fractional coordinates of I and I1 are given in Tables 2 
and 3. A perspective view of the host, with atomic 
labelling, is shown in Figure 1. A comparison of the 
three host molecules shows that the molecular structure 
is rather rigid. The double bonds in the cyclopentadiene 
ring are easily identified as C(2)-C(3) and C(4)-C(5) 
as these- bond lengths are between 1-30(1) and 
1*361(7)A. Other bonds in this ring are between 
1.508(7) and 1 54( 1) A. The bond joining the cyclopen- 
tadiene ring t? the hydroxyl oxygen is 
1 *430(6)- 1.44(2) A. Bonds from the cyclopentadiene 
ring to the phmyl rings are in the range 
1 *453(8)- 1.62(2) A and the phenyl C-C bond lengths 
are between 1 -36(3) and 1 -41(7) A. Bond angles differ 
by less than 5 %  for similarly defined angles in the three 
molecules. 


The guest molecules in both structures were not as 
well defined as the hosts. Their bond lengths were 
generally poorer, with higher standard deviations, 
owing to the relatively high thermal motion of the guest 
molecules. This is a well known effect in clathrate struc- 
tures, particularly when the guest molecules are highly 
volatile. The oxygen atoms of the guests, in both struc- 
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Table 2. Fractional atomic coordinates ( x  lo4) and thermal parameters 
(AZ x lo’) with e.s.d.s in parentheses for compound I 


828( 8) 
772(11) 


1984(11) 
1474(10) 
- 201(11) 
- 565(11) 


836(11) 
69 1 (14) 
701(17) 
776(18) 
96 1( 16) 
926( 13) 


3583( 12) 
41 56( 13) 
56OO( 14) 
6496( 14) 
5956( 15) 
4501( 13) 
2238(11) 
1 935( 12) 
2646( 14) 
3735( 15) 
4032( 13) 
3327(11) 


- 1098(11) 
- 870(11) 
- 1703(14) 
- 2895(14) 
- 3152(14) 
- 2345( 1 1) 
- 2089( 12) 
- 2836(14) 
- 4204( 15) 
- 4732( 16) 
- 4005( IS) 
- 2625( 13) 


665( 15) 
1964(26) 


1263(11) 
1305( 14) 
1141(13) 


21(11) 
- 718(13) 


26( 13) 
2837(14) 
3040( 17) 
4349(20) 
5289(26) 
5 13 1( 18) 
3738(17) 
227 1 (14) 
2902( 16) 
3919( 18) 
4285(18) 
3699(19) 
2684(18) 
- 523(12) 
- 840( 13) 
- 1391(14) 
- 1670(15) 
- 1366(15) 
- 822( 14) 
- 2065( 13) 
- 3265(13) 
- 4534( 18) 
- 464% 17) 
- 3441(18) 
-2225(15) 
- 441(16) 
- 1859( 18) 
- 2286(22) 
- 1307(25) 


104(23) 
518(17) 


- 1289( 15) 
- 1016(25) 


4151( 6) 
3168( 8) 
267 1 ( 8) 
1954( 8) 
1920( 8) 
2605( 9) 
3 159( 8) 
2243( 10) 
221 7( 12) 
30OO( 15) 
3907( 12) 
3904( 9) 
2979( 8) 
3925( 9) 
4175(11) 
3480(12) 
2552(11) 
2265(10) 
1280( 8) 
305( 9) 


13(13) 
989(12) 


1623( 10) 
1219( 8) 
1044( 9) 
388( 11) 


26(11) 
674( 9) 


295 1 ( 9) 
3035(11) 
3378(12) 
3620( 13) 
3547(12) 
3175(10) 
4310( 9) 
4407( 16) 


-315( 9) 


- 160(11) 


68( 5)* 
57( 6)* 
53( 6)* 
43( 5)* 
49( 6): 
53( 6) 
49( 5)* 
74( 8)* 


95( 9)* 
73( 9)* 


108( 10) 


90(11)* 
126( 17)* 


59( 6)* 
85( 8): 


119(11)* 


52( 6): 
60( 6) 
70( 6)* 
87( 9)* 


64( 7)* 
51( 5)* 


92( 9)* 
87( 8)’ 
83( 9): 
66( 7) 
68( 8)* 
94( lo)* 


116(13)* 
119(13)* 
108( 12)* 


128( 4) 
152( 8) 


102( 9)* 


lOO(lO)* 


79( 9)* 


58( 7)* 


79( 9)* 


u* = e-Zr2(U, ,h‘o*‘+ +2Ulihku”b” + ) 


Table 3. Fractional atomic coordinates ( X  lo4) and thermal parameters 
(A2 x lo3) with e.s.d.s in parentheses for compound 11 


Atom XI. Ylb zlc u!soluequl”(*) 


4003( 4) 
4725( 5) 
5662( 5) 
6785( 5) 
6740( 5) 
5536( 5) 
3829( 5) 
2606( 6) 
1811( 6) 
2301( 7) 
3523( 7) 
43OO( 6) 
5238( 5) 
5915( 6) 


1038( 3) 
1932( 4) 
1786( 4) 
1938( 4) 
2217( 4) 
2209( 4) 
2776( 4) 
2667( 5) 
3466( 6) 
4375( 5) 
4477( 5) 
3679( 4) 
1558( 4) 
1896( 5 )  


4093( 2) 
4406( 3) 
5014( 3) 
4827( 3) 
4099( 3) 
3856( 3) 
4672( 3) 
4461 ( 3) 
4664( 4) 
5069( 4) 
5285( 3) 
5089( 3) 
5689( 3) 
6342( 3) 


59( 2)* 
51( 2)* 
52( 2)* 
52( 2)* 
50( 2)* 
so( 2j* 


74( 3,: 
89( 4)* 
84( 4) 
79( 3)* 
69( 3)* 
54( 2)* 
67( 3)* con finued 


51( 2)* 







C(123) 
C( 124) 
C(125) 
C(126) 
C(131) 
C(132) 
C(133) 
C( 134) 
C(135) 
C( 136) 
C(141) 
C(142) 
C( 143) 
C( 144) 
C(145) 
C( 146) 
C(151) 
C(152) 


C( 154) 


C( 156) 


C( 153) 


C( 155) 


O(21) 
C(21) 
C(22) 
C(23) 
(224) 
C(25) 
C(211) 
C(212) 
C(2 13) 
C(214) 
C(2 15) 
C(216) 
C(221) 
C(222) 
C(223) 
C(224) 
C(225) 
C(226) 
C(231) 
C(232) 
C(233) 
C(234) 
C(235) 
C(236) 
C(241) 
C(242) 
C(243) 
C(244) 
C(245) 
C(246) 
C(25 1) 


C(253) 
C(254) 
C(255) 
C(256) 
O(1) 
(31) 
C(2) 


C(252) 


5511( 7) 
4463( 7) 
3781( 7) 
4168( 6) 
7991( 5) 
8381( 6) 
9536( 8) 


10275( 8) 
9906( 8) 
8754( 6) 
7812( 5) 
8756( 5) 
9741( 6) 
9879( 6) 
8949( 7) 
7946( 6) 
5046( 5) 
4170( 6) 
3702( 7) 
4097( 7) 
4945( 6) 
5428( 6) 


- 1289( 4) 
- 1516( 5) 
- 2250( 5) 
- 1578( 5) 
- 357( 5) 
- 333( 5) 
- 2233( 5) 
- 2665( 5) 
- 3339( 6) 
-363I( 6) 
- 3 194( 6 )  
- 2520( 5) 
-3512( 5) 


- 5637( 6) 
- 5960( 7) 
- 5060( 7) 
- 3872( 6) 
- 1942( 5) 
-2462( 6) 
- 2798( 7) 
- 2582( 7) 
- 2076( 6) 
- 1738( 5) 


- 4437( 5) 


609( 5) 
1097( 5) 
1969( 5) 
2368( 6) 
1907( 6) 
1032( 5 )  
736( 5) 
664( 6) 


1720( 8) 
2803( 8) 
2852( 7) 
I805( 6) 


178( 12) 
643(12) 


- 241( 5) 


1669( 5) 
1089( 5) 
770( 5 )  


1007( 4) 
1893( 5) 
981( 5) 
930( 8) 


1767( 10) 
2676( 8) 
2734( 6) 
2383( 4) 
1689( 5 )  
1849( 6) 
2720( 7) 
3415( 6) 
3244( 4) 
2319( 4) 
3019( 4) 
3065( 6) 
243 1 ( 6) 
1731( 6) 
1671( 5) 
5684( 3) 
6500( 4) 
7346( 4) 
8210( 4) 
8025( 4) 
7036( 4) 
6074( 4) 
5083( 4) 
4727( 5) 
5358( 6) 
6348( 5) 
6705( 4) 
7185( 4) 
7835( 5) 
768 1 ( 5) 
6866( 6) 
6232( 6) 
6372( 4) 
92 1 9( 4) 


10289( 5 )  
11  124( 5) 
11013 5) 
10078( 4) 
8805( 4) 
8947( 4) 
9704( 4) 


10323( 5 )  
10184( 5) 
9430( 4) 
65 12( 4) 
6046( 5 )  
5616( 6) 
5642( 6) 
6062( 6) 
6491( 5) 
3819( 4) 
341 6( 10) 
2583( 9) 


9145( 5 )  


6968( 3) 
6953( 4) 
6312( 4) 
5691( 3) 
5228( 3) 
5380( 3) 
5723( 4) 
5915( 4) 
5787( 4) 
5443( 3) 
3718( 3) 
3619( 3) 
3250( 4) 
2980( 4) 
3072( 4) 
3433( 3) 
3138( 3) 
3036( 3) 
2353( 4) 
1760( 4) 
1848( 3) 
2531( 3) 


620( 2) 
1207( 3) 
960( 3) 


1145( 3) 
1504( 3) 
1547( 3) 
1736( 3) 
1603( 3) 
2093( 4) 
272 1 ( 4) 
2859( 4) 
2376( 3) 
651( 3) 
927( 3) 
649( 4) 


94( 4) 
- 181( 4) 


93( 3) 


373( 3) 
1032( 3) 


266( 4) 
820( 4) 


1470( 4) 
1581( 3) 
1769( 3) 
248 I ( 3) 
2750( 3) 
2326( 4) 
1619( 3) 
1344( 3) 
1803 3) 
2381( 4) 
2642( 4) 
231 I (  6) 
1733( 6) 
1473( 4) 
354( 3) 
980( 7) 
873( 7) 


78( 3)* 
78( 3): 


3)* 
67( 3) 
60( 2)* 
74( 3)* 


102( 4)* 
117( 5)* 
109( 4)* 
84( 3)* 
52( 2)* 
6% 3): 
81( 3) 
87( 3)* 
81( 3): 
63( 2) 


70( 3)* 
90( 4): 
90( 3) 
84( 3)* 
70( 3)* 
62( 2)* 
51( 2)* 
48( 2)* 
48( 2)* 


48( 2)* 


65( 3)* 
82( 3)* 
80( 3)* 


63( 3) 
52( 2)* 
69( 3)* 
80( 3)* 
91( 4): 
86( 3) 
72( 3)* 
51( 2)* 
67( 2): 
84( 3) 
9 2  3): 
79( 3) 
63( 2)' 
50( 2)* 
57( 2)* 
64( 2): 
68( 2) 
71( 3): 
60( 2) 
58( 2)* 


98( 4) 
107( 4)* 
112( 5)* 
89( 3)* 


111( 2) 
194( 5) 
216( 6) 


55( 2)* 


47( 2)* 


47( 2)* 


75( 3,: 


79( 3,: 
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:54 


c2 


Figure 1 .  Perspective view of the host, showing the atomic nomenclature 


tures, are involved in hydrogen bonding and were thus 
correctly identified. 


The packing of structure I, viewed along [loo], is 
shown in Figure 2. A cyclic system of hydrogen bonds, 
involving two hosts and two guests, bs present. O..-O 
distances are 2.73(2) and 2.74(2) A. The cell par- 
ameters and packing of this structure are very close to 
those found in the hosteH20 structure.6 


A projection down [lo01 of structure I1 is shown in 
Figure 3. Although a similar cyclic hydrogen bonding 
pattern between two hosts and two guests is observed 
[O...O distances are 2.745(7) and 2.749(7) A] ,  the 
packing of this structure is made more complex by the 
presence of an additional host molecule in the asym- 
metric unit. This molecule is not involved in hydrogen 
bonding. 


Thermal analysis curves of I and 11 are shown in 
Figures 4 and 5.  TG yielded a weight loss of 6.06% for 
I, which is close to the calculated value of 6.47%. For 
11, the measured weight loss of 4-90% also agrees well 
with the calculated value of 4.67%. TG thus confirmed 
the stoichiometries found crystallographically for these 
compounds. 


The DSC of I1 was straightforwaord. An initial 
skewed endotherm between 106 and 137 C corresponds 
to the weight loss in the TG and is caused by the desorp- 


tion of the ethanol from the crytal. A second, sharp, 
endotherm occurs at onset 178 C and is indicative of 
the melting of the host. 


The DSC of compound I has an unusual feature. The 
first endotherm, marked A, occurring between 112 and 
130°C is due to the loss of the methanol. This 
reasoning is confirmed by the weight loss in the TG 
which occurs over the same temperature range. This is 
followed almost immediately by an exotherm (labelled 
B) between 135 and 152°C. Finally, the host melts at 
178°C (endotherm C), as expected. An exotherm as 
seen here may imply the rearrangement of the com- 
pound to a more stable form. This heating process was 
followed visually on a Linkam TH600 hot stage set on 
a Nikon SMZ-10 stereo microsc$pe. The clear, yellow 
crystals when heated at cu 10 C Tin- '  showed the 
appearance of bubbles at 110-125 C. This was vig- 
orous and by 128°C the cryztals appeared to have 
melted. Between 140 and 150 C, fine yellow needles 
appeared in the liquid and these finally melted at 
178 "C. Hence it seems probable that the exotherm B in 
Figure 4 is caused by the rearrangement of the host 
molecules that remain once the methanol has been lost. 


The objective of carrying out thermal analysis in 
these compounds is to reconcile thermodynamics with 
structure. Thus it should be possible, in principle, to 
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Figure 2. Projection of compound I down [IOO]. Hydrogen bonds are shown by dotted lines 


find a relationship between the onset temperature char- 
acterizing the guest-release reaction and the strength 
of the hydrogen bonding interactions. For inclusion 
compounds of a given host with different guests, the 
onset temperatures, Ton, are a function of both the 
host-guest interactions and the intrinsic physical pro- 
perties of the guest. In particular, the normal boiling 
point, Ti,, of the guest is important, and we suggest that 
the temperature difference, Ton - Tb is a measure of the 
thermal stability of the inclusion compound. For I $nd 
11, these temperature differences are + 52 and + 27 C ,  


respectively, which are considerably +higher than the 
value for the dimethyl sulphoxi$e6 inclusion com- 
pound, for which Ton - Tb = - 14 C .  This shows that 
the methanol and ethanol guests are tightly held by the 
host compound. Such high positive temperature differ- 
ences are unusual but not unknown, and Weber and 
Czugler' list three inclusion compounds of the host 
1 , l  '-binaphthyl-2,2 '-dicarboxylic acid which exibit 


Attempts to  form inclusion compounds with higher 
alcohols, acetonitrile and methyl ethyl ketone all failed. 


Ton - Tb > 50 "c. 


Figure 3 .  Projection of compound I1 down [loo]. Hydrogen bonds are shown by dotted lines 
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Figure 4. Thermal analysis curves of compound I 


1 0 6  178 


I ? ' 8 0  


Hence it seems that the bulkiness of the phenyl groups 
surrounding the hydroxyl moiety of this host prevents 
the close approach of many of the guest molecules 
which might be expected to be included. 


Supplementary material 


Tables of bond lengths and angles, anisotropic tem- 
perature factors and structure factors are available 
from the author on request. 
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ENTHALPIES OF SOLUTION AND INTERMOLECULAR FORCES. 
tert-BUTYL HALIDES IN HYDROXYLIC SOLVENTS 
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JOAQUIM J.  MOURA RAMOS 
Instituto Superior Tecnico, Centro de Quimica Fisica Molecular, Complexo I, A v. Rovisco Pais, 1096 Lisboa Codex, Portugal 


The application of cavity theories of solution and linear solvation energy relationships to the interpretation of enthalpy 
of solution values of tert-butyl halides in hydroxylic media, measured at 25 OC and infinite dilution, is deserted, in 
order to define the intermolecular forces acting between solutes and solvents. It is concluded that solvent dipolarity 
and solvent HBD acidity effects dominate the solution process. An empirical equation relating the enthalpies of 
solution with selected properties of both solvents and solutes is proposed. New experimental AH: values for terf- 
butyl iodide in 13 alcohols are reported. 


INTRODUCTION 


A key problem in physical organic chemistry is the 
quantitative consideration of solvent effects on thermo- 
dynamic data concerning equilibrium, kinetics and ther- 
mochemical phenomena. Thermodynamic solution data 
can be treated by means of a cavity theory of solution. 
The model underlying the solution process can be envis- 
aged as being composed of several stages: the creation 
of a cavity of suitable size to accommodate the solute 
molecules, the reorganization of the solvent molecules 
around the cavity and the introduction of the solute 
into the cavity to set up various solvent-solute interac- 
tions. In this context, several methods for calculating 
the energetics of cavity formation in liquids have been 
advanced which provide the possibility of obtaining sol- 
vent-solute interaction energies. '.' 


Recently, we proposed an alternative method, based 
on a new formulation of the reference cavity formation 
process, which allows a consistent description of the 
dissolution process from a thermodynamic point of 
view. Thermochemical results can also be treated 
in terms of linear solvation energy relationship analysis, 
which splits the solvent effect into separate 
contributions corresponding to different types of 
solute-solvent-solvent interaction mechanisms: long- 
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range intermolecular forces, specific solvation inter- 
actions and solvent-solvent interactions due to the 
cavity In a previous paper we discussed the 
enthalpies of solution, AH,", of 2-chloro-2- 
methylpropane (t-BuCl) in water and several alcohols 
by means of the application of cavity theories of sol- 
ution.' Later, a linear solvation energy relationship was 
successfully applied to AH," data for t-BuC1 and t-BuBr 
in water and 13 monoalcohols.9 


In this paper we present new experimentally obtained 
enthalpies of solution values for 2-iodo-2- 
methylpropane in 14 hydroxylic solvents at 25 "C and 
infinite dilution. We used our new method and the 
scaled particle theory (SPT) to estimate the cavity 
enthalpies, Hc, of t-BuX (X = halogen) in the different 
solvents and these values are compared and discussed. 
Moreover, H, values were used to obtain the enthalpy 
of interaction, Hi, according to the equation 


(1) 


where AH,,, is the solute vaporization enthalpy at 
25 "C. The Hi values from both models are also com- 
pared and discussed. Using appropriate solvent par- 
ameters, multiple regression analysis was applied to 
AH$ data, which reveals significant information about 
the dominant solute-solvent-solvent interaction 
mechanisms. 


We obtained a common relationship to relate AH," 
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Hi = AH," - AH,,, - H, 
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and selected properties of both solvents and solutes, 
making use of a step by step procedure and least- 
squares multiple regression, similar to that performed 
by Glikberg and Marcus. lo The ultimate aim of such a 
treatment is to permit the prediction of enthalpies of 
solution from known solvent and solute properties. 


EXPERIMENTAL 


The general calorimetric technique and instrumentation 
for obtaining A H $  values were described previously in 
detail.8*" The rate of the heat evolution was linear 
during the electrical calibration and exponential during 
the solution process. The corrected temperature change 
was obtained by the graphical extrapolation method of 
Dickinson. l2  The concentration of the solute ranged 
from 0.01 to about 0-04 mol dm-3. The AH," values 
obtained are effectively partial molar heats of solution 
at infinite dilution, as shown by our ability to break 
three to five ampoules of the solute into the same sol- 
ution without producing any change in the measure- 
ments outside experimental error. At least two 
independent runs were performed and the results are 
the mean values of the calorimetric experiments. 


The alcohols were obtained from BDH and Merck. 
They were dried over molecular sieves and their purity 
was established by gas chromatography and infrared 
spectrometry. The water content was kept lower than 
0.02%; however, traces of water do not cause signifi- 
cant errors in the measurements. t-BuI was obtained 
from BDH and Fluka. It was distilled under reduced 
pressure and copper wire was added to stabilize the 
material during storage in dark flasks at temperatures 
below 5°C. 


RESULTS AND DISCUSSION 


The experimental AH," values are summarized in 
Table 1 together with previously obtained data. The 
solution enthalpy of t-BuC1 in water, extrapolated from 
Arnett et al.'s data for water-ethanol mixtures, l4 is 
also included, together with the corresponding solution 
enthalpies of t-BuBr and t-BuI estimated from the 
following good linear correlations using the alcoholic 
solvents (Figure 1): 


AH,"@-BuBr) = 0.23397 + 1*036lAH,"(t-BuCl) 
(2) 


(r=0.994; 0=0.19;  N= 13) 


and 


AH,"(t-BuI) = 0.26825 + 1 *0766AH$(t-BuCl) 
(r=0.987; 0=0*29 ;  N= 13) (3) 


where u is the standard deviation of the fit and N is the 
number of pairs of AH," values. 


The solvation enthalpies at 25"C, AH&, are also 
listed in Table 1 and were obtained by subtracting the 
enthalpies of vaporization of the solutes (Table 2) from 
the solution enthalpies. 


Application of cavity theories of solution 


In the study of solvent effects, the calculation of the 
energetics of cavity formation makes it possible to 
obtain the solute-solvent interaction energy. 2o This 
enables us to separate the different contributions to the 
thermodynamic solution parameters and to interpret 
the observed solvent effects in terms of the molecular 
characteristics of the species involved. It has been 


Table 1. AH," and A H L  values (kJ mol-') of ferf-butyl halides in water and alcohols at 25 'C 


t-BuCI a t-BuBra f-BuI 


No. Solvent AH," AH," - A H %  AH," - A H %  


1 Water 1.05b 27.93 1.32 30.49 1.40 34.15 
2 Methanol 1.56 27.42 2.20 29.61 2.61 32.80 
3 Ethanol 1.50 27.48 1.75 30.06 1.80 33.61 


5 Propan-2-01 3.57 25.41 4-12 27.69 4.37 31.04 
6 Butan-1-01 2.10 26.88 2.37 29.44 2.52 32.89 
7 Butan-2-01 5.11 23.87 5.57 26.24 5.80 29.61 
8 2-Methylpropan-1-01 3.09 25.89 3,36 28.45 3.39 32.02 
9 2-Methylpropan-2-01 6.32' 22-66' 7-26' 24.55' 7.53' 27.88' 


10 Pentan-1-01 2.56 26.42 2.62 29.19 2.60 32.81 
11 Pentan-2-01 5.26 23.72 5.43 26.38 5.77 29.64 
12 2-Methylbutan-1-01 3.78 25.20 4.12 21.69 4.06 31.35 
13 2-Methylbutan-2-01 4.78 24.20 5.19 26.62 5.59 29.82 
14 3-Methylbutan-1-01 2.80 26.18 2.95 28.86 3.09 32.32 


4 Propan-1-01 1.62 27-36 2.00 29-81 2.04 33.37 


"AH," values are from Refs 8, 9, 11 and 13. 
hExtrapolated from Ref. 14. 
'Values at 27'C. 
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6 


2 I 
2 6 


Figure 1 .  Plot of ( 0 )  AH," (t-BuBr) and ( 0 )  AH," (1-Bui) against A H :  (t-BuCI) (kJ mol-I). The numbers refer to the solvents listed 
in Table 1 


Table 2. Selected properties and molecular parameters of tert-butyl halides at 25 OC 


AHwp v2 P 
Solute (kJ mol-') Ref. (crn3mol-') Ref. (,?)a (D) Ref. 


I-BuCI 28-98 15 109.9 16 5.67 2.14 17 
t-BuBr 31-81 15 112.2 16 5.71 2.21 18 
t-Bul 35.41 15 119.1 16 5.83 2.20 18 


a Calculated from Stearn and Eyring's expression. l 9  


emphasized by many workers8.20-z2 that the different 
models available in the literature for calculating the 
energetics of cavity formation in liquids lead to results 
which differ considerably and may even lead to opposite 
interpretations. Recently we reinvestigated this problem 
and proposed a new method for calculating the cavita- 
tion energetics. This method was checked by applying 


it to different problems, namely, to the interpretation of 
the solution enthalpies and Gibbs energies in binary 
mixtures of alkanes at infinite d i l ~ t i o n , ~  to the analysis 
of the solvent effect on the solvolysis of tert-butyl 
chloride' and to the study of the interactions of rare gas 
solutes with n-alkane solvents.23 


The method of calculation of the enthalpy of cavity 
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formation has been described elsewhere: 


where yo is the solvent surface tension (dyn cm-'), V 
and VO are the solute and the solvent molar volumes 
(cm3 mol-'), respectively, Hc,, is the enthalpy of the 
reference cavity (J mol-') and A0 is an adimensional 
quantity given by 


where (yo is the isobaric thermal expansion coefficient of 
the solvent. In equation (4) it is implicitly considered 
that the surface tension at the surface of the micro- 
scopic spherical cavities depends on the surface curva- 
t ~ r e . ' ~  According to our model, the enthalpy of the 
reference cavity, H,,, can be calculated by the fol- 
lowing equation: 


HCo=5*365(1 + w)RTC ( 5 )  


where w is the Pitzer acentric factor and T, is the critical 
temperature (K). 


Tables 2 and 3 present the solute and solvent proper- 
ties needed for the calculations. In order to obtain a 
consistent set of data, the hard sphere diameters of the 


solvents, 5 1 ,  were deduced from de Ligny's equation:27 


(6) 


where V, is Bondi's van der Waals volume2* according 
to  Treiner's p r ~ p o s a l . ' ~  For this reason, some of the 
values listed in Table 3 are slightly different from those 
presented previously. 


Table 4 shows the enthalpies of cavitation, H,, for 
t-BuX solutes in alcohols and water. The H, values were 
calculated from equations (4) and (5) (top row in each 
instance) and from the SPT (bottom row). Qualitatively 
we expect that, for a given solute, it will be more 
difficult (more endothermic) to  create the cavity in a 
primary than in a tertiary alcohol since the cohesive 
energy density is higher in the former. The H, value for 
a secondary alcohol is expected to have an intermediate 
value. This behaviour is observed for H, values calcu- 
lated by our method (top rows) but an opposite behav- 
iour is found for H, values calculated by the SPT 
method (bottom rows). Water has a very high cohesive 
energy density, so we expect high H ,  values in this sol- 
vent, particularly if we remember that the solute size (ca 
110 cm3 mol- ' )  is large compared with the water molar 
volume and with the dimensions of the holes which are 
present in the water open structure. The very low H ,  
values obtained from SPT in water seem not to  be 


1 
- K NO: = - 10 + 1 * 13 V, 
6 


Table 3. Selected properties and molecular parameters of water and alcohols at 25 'C  


VI ?, 10% Y - d r l y  T' 
No. Solvent (cm3 mol-')a ( A ) b  ( K - I ) '  (dyn cm-')d (dyn cm- K - ' ) e  A' w (K) 


1 Water 
2 Methanol 
3 Ethanol 
4 Propan-1-01 
5 Propan-2-01 
6 Butan-1-01 
7 Butan-2-01 
8 2-Methylpropan-1-01 
9 2-Methylpropan-2-01 


10 Pentan-1-01 
1 1  Pentan-2-01 
12 2-Methylbutan-1-01 
13 2-Methylbutan-2-01 
14 3-Methylbutan-1-01 


18.07 
40.74 
58.69 
75.17 
76.96 
91.99 
92.35 
92.88 
97.76 


108.72 
109.45 
108.16 
109.50 
109.22 


2.77 
3.59 
4.35 
4.92 
4.92 
5.38 
5.38 
5-38 
5.38 
5.78 
5.78 
5.78 
5.78 
5.78 


0.257 
1.195 
1.093 
0.995 
1.064 
0.932 
0.910 
0.950 
1.335 
0.893 
0.970 
1.000 
1.330 
0.920 


71.97 
22.20 
21.85 
23.30 
21.24 
24.16 
23.05 
22.55 
20.02 
25.16 
23.47 
25.1 
22.31 
23.88 


0.155 
0.086 
0.084 
0.081 
0.055 
0.082 
0.085 
0.087 
0.102 
0.088 
0.102 
0.09 
0.093 
0.089 


1.5910 
1.9175 
1 .9290 
1.8387 
1.5606 
1.7500 
1.9186 
1.9615 
2.2537 
1.8653 
2.1029 
1.8703 
1,9785 
1.9283 


0.344 
0.556 
0.644 
0.623 
0.665 
0.593 
0.577 
0.592 
0.612 
0.579 
0.602' 
0.549' 
0.497' 
0.583' 


647.3 
512.6 
513.9 
536.8 
508.3 
563.1 
536- 1 
547.8 
506.2 
588.2 
558.3k 
571.0 
545.0 
579.4 


"Molar volume from Refs 25 and 26. 
Hard sphere diameter calculated from values in Refs 27-29. 
Isobaric thermal expansion coefficient from Refs 25, 26 and 30. 


dSurface tension from Ref. 26. 
'From Ref. 26. 
Calculated from equation (4a). 
Pitzer acentric factor from Ref. 31 unless stated otherwise. 
Critical temperature from Ref. 31 unless stated otherwise. 


!Predicted by the method proposed in Ref. 3. 
'Calculated from the saturated vapour pressure given in Ref. 26. 
'Predicted by the Ambrose method (see Ref. 31). 
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Table 4. H ,  and Hi values (kJ mol-') of tert-butyl halides in water and alcohols at 25 OC 
calculated using equations (4) and (5) (top rows) and the SPT method (bottom rows) 


Solute 


t-BuC1 t-BuBr t-BuI 


No. Solvent HC - HI HC -Hi HC -Hi 


1 Water 


2 Methanol 


3 Ethanol 


4 Propan-1-01 


5 Propan-2-01 


6 Butan-1-01 


7 Butan-2-01 


8 2-Methylpropan-1-01 


9 2-Methylpropan-2-01 


10 Pentan-1-01 


11 Pentan-2-01 


12 2-Methylbutan-1-01 


13 2-Methylbutan-2-01 


14 3-Methylbutan-1-01 


113.90 


54-88 
19.49 
51.18 
24.91 
47.84 
29.17 
44.32 
28.32 
44.44 
31.15 
42.25 
29.87 
43.29 
30.38 
39.57 
34.18 
41.74 
33.04 
40.02 
34.73 
39.92 
37.97 
36.49 
47-51 
41.09 
33.28 


7.401 
139.54 
33.04 
80.70 
45.31 
76.99 
50.72 
73.46 
54.79 
68.04 
52.04 
69.53 
56.24 
64.31 
51.93 
67-40 
54.49 
60.74 
55.35 
66.34 
57.64 
61.98 
56.69 
63.38 
61.43 
59.19 
70.21 
65.47 
57.66 


115.39 


55.44 
19.74 
51.73 
25.23 
48-40 
29.54 
44.75 
28.68 
44-99 
31.54 
42.82 
30.25 
43.87 
30.77 
40.16 
34.60 
42.35 
33.46 
40.67 
35.16 
40.53 
38-45 
37.07 
48.11 
41.66 
33.70 


7.496 
143.70 
35.81 
83-45 
47.75 
80.12 
53.62 
76.47 
57.61 
70.75 
54.68 
72.64 
59.19 
67.25 
54-68 
70.54 
57.44 
63.22 
57.66 
69.72 
60.83 
65 * 29 
59.78 
66,48 
64.40 
62.19 
73-23 
68.72 
60.76 


119.81 1 
7.786 


57.08 
20.47 
53.36 
26.17 
50.05 
30.65 
46.03 
29.75 
46.63 
32.73 
44.53 
31-39 
45.57 
31.92 
41.90 
35.89 
44.16 
34.72 
42.57 
36.49 
42.34 
39.90 
38.77 
49-92 
43.47 
34.97 


151.67 
39.65 
88.28 
51.67 
85.30 
58.11 
81.68 
62.28 
75.38 
59.10 
77.73 
63.83 
72.33 
59. I9 
75.81 
62.16 
68.29 
62.28 
75.15 
65.71 
70.45 
64.37 
71.95 
69.51 
67.09 
78-24 
73.99 
65.49 


physically acceptable. On the other hand, when the 
dimensions of the solute cavity are not very different 
from the molecular dimensions of the solvent, the H, 
values must be near the reference cavity enthalpy Hco, 
and this is not very far from the solvent vaporization 
enthalpy. In this context we can consider that the H ,  
values in Table 4 calculated by the SPT method are 
exceedingly low. 


Table 4 also gives the solute-solvent interaction 
enthalpies, Hi, for the same systems. These halide 
solute molecules are able t o  interact with the solvent via 
dipolar interactions (Keesom and Debye) and specific 
interactions involving the hydroxylic protons of the 
alcohols and the lone electron pairs of the solute. In 
primary alcohols the hydroxylic group is free to  partici- 
pate in those interactions since it is not sterically hin- 
dered. In a tertiary alcohol such as 2-methylpropan-2-01 
or  2-methylbutan-2-01, in contrast, there is a steric hin- 
drance which partially prevents those interactions. We 
therefore expect the interaction of a given solute with a 


primary alcohol to  be more exothermic than that with 
a corresponding tertiary alcohol. A secondary alcohol is 
expected to  show an intermediate behaviour. From 
Table4 we may conclude that this is the observed 
behaviour of the Hi values calculated from our cavity 
model (top rows) but not of Hi values obtained from 
the SPT method. This discussion provides sufficient evi- 
dence to  conclude that our cavity model is more reliable 
than that based on SPT. A similar conclusion was 
reached in previous work. 323 


Application of linear solvation energy relationships 
One of the most important attempts to express solvent 
effects quantitatively involves different solvent par- 
ameter scales and multiparameter treatments. In spite 
of the criticisms about the additive contribution 
hypothesis of solvent effects and the choices of the best 
empirical parameters and the statistically preferred 
equation, there is no doubt that linear solvation energy 







98 R. M. C. GONCALVES E T A L .  


relationships can provide a sound interpretation of the 
observed phenomena and can predict thermodynamic 
properties from solvent properties. A general formu- 
lation of this problem, however, should not avoid the 
simultaneous treatment of solvent and solute effects. 
Although it is not known how both effects are inter- 
related, some studies have been made on this 
aspect. 1 0 , 3 2 3 3 3  


Correlations of AH," of t-BuX in the 14 hydroxylic 
solvents listed in Table 1 were attempted using the 
general equation 34 


AH," = uo + U I ~ ( E )  + ~ z g ( 7 )  + ~ 3 E p  + u ~ C  (7) 
where f(~) is the dielectric Kirkwood function, g(7)  is 
the refractive index function (7' - l ) / ( ~ '  + 2), EP is the 
normalized parameter of Dimroth and Reichardt 3 5 - 3 7  


and C is the cohesive energy density. 38*39 


The set of chosen parameters is in agreement with the 
physico-chemical model of the solution process already 
described and shows only moderate colinearity. * The 
values of the empirical parameters of solvent polarity 
used in this analysis are listed in Table 5 .  The applica- 
tion of equation (7) to  the enthalpies of solution was 
performed as described in a previous paper.' The cri- 
terion for the inclusion of a solvent property in the 
regression was its correlation with the dependent vari- 
able, AH,", or with the residuals when some variables 


* A  high correlation coefficient, r =  0.857, was found for the 
EP-C linear relationship. However, smaller r values were 
found for other sets of solvents, 34 which questions the exist- 
ence of a close relationship from a physico-chemical point of 
view. lo  


have already been included. Ehrenson's criterion42 for 
relative fitting to  a more restricted equation form was 
used to  give the best statistical equations. Thus, the 
most meaningful dependences of AH," for the three 
halides are 


AH,"(t-BuCI)= -3.1341 + 39.461 f ( ~ )  
- 24.6278 ET" + 4.1228 X 10-3C (8) 


(r=0.948;  ~ = 0 . 6 1 ;  N =  14) 
AH\m(t-BuBr) = -3.6245 + 42-607 f(E) 


- 25.947 E? + 4.3913 x 10-3C (9) 
( r ~ 0 . 9 4 2 ;  ~ = 0 . 6 7 ;  N= 14) 


AH\m(t-BuI) = - 2.6796 + 41.147 f ( ~ )  
- 26.261 E p  + 4.4864 X lO-'C (10) 


( r  = 0.925; u = 0.79; N = 14) 


It should be pointed out that the optimum correlation 
for each halide is also the best correlation according to  
a common model for all the halides. 


We may than describe the solution process of tert- 
butyl halides in water and alcohols as being dominated 
by the non-specific interactions coming from the polar- 
ization of the solvent, the specific solvent hydrogen 
bond acidity interactions and the solvent-solvent inter- 
actions on account of the solute cavity effect. 


In order to  relate the experimental AH," values to  the 
properties of the solvents and of the solutes simul- 
taneously, we decided to adopt a method similar to  
that described by Glikberg and Marcus. lo First, the 
enthalpies of solution values are submitted to  a multiple 
regression analysis in terms of solvent parameters to  
select the properties that are statistically relevant. This 
is exactly what we have done so far [equations (8) to  


Table 5. Empirical parameters of solvent polaritya 


No. Solvent f ( E )  g ( v )  EP lO-'C(MPa) 


1 Water 0.49048 0.20569 1 .OOO 2.307 
2 Methanol 0.47738 0.20311 0.762 0.887 
3 Ethanol 0.47006 0.22147 0.654 0.703 
4 Propan-1-01 0.46420 0,23467 0.617 0.590 
5 Propan-2-01 0.46327 0.2301 1 0.546 0.552 
6 Butan-1-01 0.45836 0.24210 0.602 0.485 
7 Butan-2-01 0.45604 0.24087 0.506 0.488 
8 2-Methylpropan-1-01 0.45931 0.24023 0.552 0.516 
9 2-Methylpropan-2-01 0.44219 0.23581 0.389 0.467 


10 Pentan-1-01 0.44792 0.24776 0.568 0.497 
11  Pentan-2-01 0.44722 0.24584 0.488 0.465 
12 2-Methylbutan- 1-01 0.45350 0.247 12 0.534' 0.482d 
13 2-Methylbutan-2-01 0.35669 0.24510 0.321 0.443 
14 3-Methylbutan-1-01 0.45220' 0.24627' 0.565' 0.497* 


aValues from Ref. 9 except where indicated otherwise. 


'Value from E ~ ( 3 0 )  in Ref. 41. 


'Value from Ref. 7. 


Value from Ref. 40. 


Value from AH,,, at 25 'C in Ref. 26. 
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(lo)]. Second, the regression coefficients of that 
analysis are submitted to single regressions in terms of 
solute properties in order to identify the relevant inter- 
dependences. A common model is then obtained 
relating all studied solvents and solutes. 


The explanatory variables selected in the first step are 
checked after the second step to see if their presence is 
statistically still warranted. The statistical criterion of 
Ehrenson4' was used again to terminate this procedure. 


The values of the considered solute properties, the 
molar volume Vz and the dipole moment p,  are listed in 
Table 2. These two variables do not show any signifi- 
cant collinearity. The best dependence of AH," on the 
properties of the solvents and of the solutes simul- 
taneously is then 


AH," = - 6.4179 - 1 1  -380 f(~) + 1 *3995 EP 
+ 2.2516 x 10-3C 
+ 3.0320 x 10-2V2 
+ [23*709 f ( ~ )  - 12.238 ET" 


(r=0*938; 0=0 .65;  N=42)  
+ 0.92701 x 10-3C]p (12) 


The fit achieved with these final parameters is shown in 
Figure 2, where the calculated AH," values from 
equation (12) are plotted against the experimental data 
from Table 1 .  The continuous straight line corresponds 
to a perfect fit. Only methanol shows a strong deviation 
from the perfect fit; we have no simple explanation for 
this behaviour. 


4 1 


CONCLUSIONS 


In the study of solvent effects on chemical processes, 
two different semi-empirical approaches are of great 
value, the cavity theories of solution and the linear 
solvation energy relationships. The correct utilization 
of a cavity model in the study of binary mixtures at 
infinite dilution gives information about the energetics 
of cavity formation and allows the interaction term to 
be obtained, which enables us to interpret the observed 
solvent effect in terms of the molecular characteristics 
of the species involved. Thus, the Hi values for t-BuX 
in hydroxylic solvents were discussed on the basis of 
dipolar solute-solvent interactions and specific interac- 
tions involving the hydroxylic protons of water and 
alcohols and the lone electron pairs of the solutes. The 
application of correlation analysis to the solution 
enthalpies of t-BuX also reveals important information 
on the solvent-solvent-solute interactions which domi- 
nate the solution process. The experimental AH$ 
values reflect not only the direct interactions of solute 
and solvent, but also the accompanying changes in 
solvent-solvent interactions. The solvent properties 
chosen to perform the multiparameter procedure lead 
us to conclude that the solution enthalpies are sensitive 
to the solute-solvent and solvent-solvent polarity 
effects and to the ability of the solvents to act as Lewis 
acids, in a close agreement with the conclusions drawn 
from the physical approach. 7234 


It is relevant that we were able to reach similar inter- 


& 4  


0 , , , , ' , , , , , , 1 , , 1 , , , ' , , , ' , , , , ~ , 1 , ~ , , , ' , ~ , ~  


0 4 a 
AH=-( exp > /XJ m1-l 


Figure 2. Plot of AH," calculated according to equation (12) against the experimental AH," values. (+ )  t-BuCI; ( ) t-BuBr; ( A ) 
I-BuI 
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pretations of the solution enthalpy values of tert-butyl 
halides in hydroxylic solvents using two different 
methods, one based on the application of the cavity the- 
ories of solution and the other based on  linear solvation 
energy relationships. 


Finally, a statistical treatment of data was made in 
terms of the properties of the solvents and the solutes 
simultaneously. The proposed empirical equation 
permits the prediction of new AH," values from known 
solvent and solute properties, provided that the interac- 
tion mechanisms are similar in nature. 
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EFFECT OF HEXADECYLTRIMETHYLAMMONIUM BROMIDE 
MICELLES ON THE RATE OF OXIMOLYSIS OF ESTERS 
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Two amphiphilic oximes, 10-phenyl-10-hydroxyiminodecanoic acid (oxime 11) and 4-(9-carboxynonanyl)-l-(9-carhoxy- 
1-hydroxyimino nonany1)benzene (oxime 111) were synthesized. The pK. values of oximes I1 and I11 and 
acetophenoxime (oxime I) and the rates of oximolysis of p-nitrophenyl acetate (NPA) and p-nitrophenyl octanoate 
(NPO) were determined in the presence and absence of micellar hexadecyltrimethylammonium bromide (CTAB). The 
rates of oximolysis increased by up to 3 x 104-fold in the presence of CTAB. Quantitative analysis of micellar effects, 
using an ion-exchange pseudo-phase model, allowed the determination of the second-order rate constants for the 
reactions of oximes 1-111 with NPA and NPO in the micellar pseudo-phase. The calculated rate constants in the 
micellar pseudo-phase were lower than those in water, demonstrating that the rate enhancements were due to substrate 
concentration in the micelles. Comparison of the rate constants in micelles and water suggests that the sites of reaction 
of oximes 1-111 with NPO and NPA are similar to those in hulk aqueous solution. Micellar incorporation of the 
hydrophobic oximes I1 and I11 does not lead to a major change in the nucleophilicity of the oximate anion. 


INTRODUCTION 


Quantitative analysis of micellar effects on the rates of 
chemical reactions has been used to show that the rate 
constants of bimolecular reactions in the aggregate 
rarely differ from those in the bulk aqueous phase by 
more than tenfold. ' This observation also applies to 
reactions in other amphiphile aggregates such as 
microemulsions2a9b and vesicles. 2c Most of the data has 
been obtained with ionic or water-soluble nucleophiles 
attacking micelle-incorporated substrates. ',* Nucleo- 
philic reactivity in aqueous solution is limited by partial 
desolvation of the reactants. Since nucleophilic reac- 
tivity in micelles and in water are similar, the (micellar) 
reaction sites are considered to be water-like. It would 
be interesting to study reactions of nucleophiles 
designed, in principle, to penetrate the hydrophobic 
core of a micelle at different positions in order to 
investigate their reactivity relative to water. 


* Author €or correspondence. 


0894-3230/92/060341-08$09.00 
0 1992 by John Wiley & Sons, Ltd. 


1 


(1) 


In this paper we describe the effect of micelles on the 
rate oximolysis [reaction (l)] of p-nitrophenyl acetate 
(NPA) and octanoate (NPO) by water-soluble (oxime 
I) ,  Scheme 1 and hydrophobic oximes (oximes I1 and 
111). We found that the calculated rate constants for the 
oximolysis reactions are very similar. Therefore, for 
these compounds, the conformational freedom of the 
micelle-incorporated nucleophiles and the hydration of 
the attacking group impose a water-like reaction site 
even between oxime 111 and NPO. 
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O X l M E  I 


OXIME R 


Scheme 1. Oxime I, acetophenoxime; oxime 11, 10-phenyl-10- 
hydroxyiminodecanoic acid; oxime I l l ,  4-(9-carboxynonanyl)- 
1-(9-carboxy-l-hydroxyirninononanyl)benzene; NPA, p-nitro- 


phenyl acetate; NPO, p-nitrophenyl octanoate 


RESULTS 


Micelles produce major changes in the acid dissociation 
constants of (micellar-bound) acids, ’ hence the deter- 
mination of micellar effects on the pKa values is essen- 
tial for analysing reactions in which the nucleophile is 
the dissociated species of a weak acid. Quantitative 
analysis of the effect of amphiphile aggregates on the 
pK, values of weak acids is facilitated by independent 
determination of the species incorporation 
constants. 2c*4s The association constant of the pro- 
tonated form of oxime I to hexadecyltrimethylam- 
monium bromide (CTAB) micelles (KHA) was measured 
by UV spectrophotometry (see Experimental). Using 
three different conditions (water, 0.02M borate buffer 
and Tris-HBr buffer) the value of KHA for oxime I was 
110 ? 10 1 mol-’. This value is within the range of 
water-micelle distribution constants for compounds of 
similar structure. Oximes I1 and 111 were totally incor- 
porated in CTAB micelles at any detergent concen- 
tration above the critical micelle concentration (CMC) 
(not shown), as expected from published data on 
similar systems.6 Addition of salt did not change the 
spectra of micellar-bound I1 or 111 at either high or low 
pH (not shown).’ 


The pKa values of oximes I, I1 and 111 in the absence 
of added detergent were determined from the effect of 
pH on the spectra of the protonated oxime (HOX) and 
oximate anion (OX) (see Experimental). The pK, values 
were 11.58 +_O-04 (lit.* 11-48) for oxime I,  
12.05 +- 0.05 for oxime 11 and 12.2 ? 0-04 for oxime 
111. 


The apparent K ,  in the presence of micelles (Kap) was 
defined as5a 


where [Hf] is the H +  ion concentration in the inter- 
micellar aqueous pseudo-phase calculated from the 
measured pH, [OX] and [HOX] are the analytical 
concentrations of the oximate anion and protonated 
oxime, respectively, and the subscripts f and b refer to 
species that are ‘free’ in the intermicellar aqueous 
pseudo-phase or bound to the micelle, respectively. The 
effect of micelles on the pKap (see Experimental) of 
oximes 1-111 is shown in Figure 1 .  


At the same pH, the rates of oximolysis and hydro- 
lysis of NPA and NPO without micelles are similar. The 
second-order rate constants for oximolysis ( k z o x )  were 


I 
12 A 


I2  


p. 
0 
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I I  I 
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Figure 1. Effect of CTAB on the apparent pK, (pKap) of 
oximes (A) I, (B) I1 and (C) 111. pK,, was determined as 
described under Methods: curves are calculated, as described 
in the text. Buffer was triethylamine (0-02 M)-HBr. The fol- 
lowing parameters were used in the curve fitting: 01 (degree of 


counter-ion dissociation), 0.2; la K O H I B ~ ,  0.08Sb 
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calculated from 


(3) 


where k$ is the observed first-order rate constant and 
kZoH is the second-order rate constant for the attack of 
OH- ion on the same ester. The concentration of the 
oximate anion [OX] was calculated from the 
(measured) pKa of the oxime (see above) and pH. It was 
not possible to determine experimentally the value of 
krox for oxime 111. At high enough concentrations of 
oxime 111 to yield competitive oximolysis, the first-order 
plots were not linear, strongly suggesting aggregation of 
the oxime and a change in the charge of the aggregate 
as the reaction proceeded. In the calculations we 
assumed that the second-order rate constant for oximo- 
lysis by oxime 111 has the same value as that obtained 
for oxime 11. The second-order rate constant for ester 
oximolysis is not very sensitive to the chain length of 
the oxime. lo 


As expected, the products of oximolysis of NPA were 
p-nitrophenol and the corresponding acyloxime (see 
Experimental). 


Figure 2 shows representative data for the effect of 
[CTAB] on the rate of NPA and NPO oximolysis. the 
rate acceleration produced by CTAB depends on both 
oxime and ester. For the more hydrophobic ester (NPO) 
the maximum rate enhancement [maximum observed 
rate constant ( k y )  divided by the calculated rate of 
oximolysis in the absence of micelles at the same pH 
(k$"")] reaches more than 104-fold (Table 1). 


For the same nucleophiles k$-/k$? is, at best, 1000- 
fold when the substrate is NPA. Identification of the 
source of these different rate enhancements requires 
quantitative analysis of the micellar effect on these 
reactions (see Discussion). 


DISCUSSION 


The model used to analyse quantitatively the data pre- 
sented here is the pseudo-phase model with explicit con- 
sideration of ion exchange (PPIE). This model 
assumes that the micelles are a separate pseudo-phase 
and that the micellar surface is saturated with respect to 
ions and, thus, the degree of ion dissociation from the 
surface can be considered constant. The PPIE 
model, and also every two-state model,' also assumes 
that two separate rate constants describe the kinetics of 


Figure 2. Effect of CTAB on the rate of oximolysis of 
p-nitrophenyl acetate (NPA) and octanoate (NPO) by oximes 
(A) I, (B) I1 and (C)  111. Borate buffer (0.01 M) was used 
throughout, the total oxime concentration was 
2 x 10-5-5 x M and the ester concentration was 
3 x 10-6-4 x M .  pH 9.2, NPO (a), NPA ( A  ); pH 9-5 ,  
NPA (0). Parameters used in curve fitting were as in Fig. 1 and 


are described in the text. 
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Table 1. Maximum effects of CTAB rnicelles on the rate of 
oxirnolysis of p-nitrophenyl acetate (NPA) and p-nitrophenyl 


octanoate (NPO) 


Maximum rate 
k p  acceleration 


Oxirne Ester ( s - *  x 1 0 ~ ) ~  (k,j?/kp")d 


NPO 
NPO 
NPO 
NPO 
NPO 
NPO 
NPA 
NPA 
NPA 
NPA 
NPA 
NPA 


7.5 
19.0 
15.2 
36.0 
90.0 
40.0 
11.8 
13.2 
7.5 


21.2 
24.8 
15.8 


2800 
17900 
20300 


5400 
33950 
21300 


550 
1190 
960 
500 


1130 
1010 


~- ~ ~ 


" p H  8.80, Tris-HCI buffer, 0.01 M. 
bpH 9.2,  borate buffer, 0.01 M. 
'pH 9.5, borate buffer, 0.01 hi. 
*The maximum observed rate constant ( k r a X )  was obtained 
from Figure 2 taking the maximum k+. k.4UX was calculated as 
described in the text. 


a reaction in the presence of micelles, namely a rate 
constant in the intermicellar aqueous phase (k,) and a 
rate constant in the micellar pseudo-phase (km).  This 
model can be applied to  reactions that are, as in the 
present case, slow with respect to  the rate of 
monomer-micelle equilibration. Moreover, the PPIE 
model can be applied when the salt and detergent con- 
centrations are relatively low and the predominant ions 
in solution are not heavily hydrated (e.g. O H -  or 


Details of the calculations using the PPIE model to 
fit the experimental data on the effect of detergent con- 
centration in the reaction rate have been extensively 
described. 5 * 7  Only the equations used for data analysis 
are presented in each case. The best-fit values of  
adjustable parameters were calculated using a computer 
program that fits a theoretical expression (such as 
equations 4-7) to  a set of experimental data (Figures 1 
and 2) using a multiple regression expression. 


For oxime I the expression relating the variation of 
Kap with [CTAB] is5 


F- ) .  " 


(4) 
1 + Kox/~r[Brb/Brfl 


I +KHACD 
Kap = Ka X 


where K o x / ~ r  is the oximate/bromide selectivity constant 
for ion exchange, KHA the association constant of the 
protonated form of the oxime to the micelle and CO the 
concentration of micellized detergent [CD = total con- 
centration of added detergent (C,) - CMC] . The value 
of KHA for oxime I was 110 1 mol-l (see Results) and 
the value of Kox,,~r was used as an adjustable parameter 


to fit the data. The calculated value of K o x / ~ r  for oxime 
I was 4.8, well in the range of ion selectivities of anions 
of comparable hydrophobicities. 


For oximes I1 and I11 the equation describing the 
effect of micelles on Kap is 


where K'(K'  = K o x / ~ r / K ~ A )  is an adjustable parameter. 
The best-fit values of K '  for oximes I1 and I11 were 
0.037 and 0.067, respectively. The equation used to 
analyse the effect of CTAB on the rate of oximolysis of  
esters is5 


k4 = [OXTI Kakzox 


X- (6) 
(kzrn/ kzox)(l/ V ) K & m  [Brb/Brfl + 1 


( 1  +KHACD)(H~+ +Kap)(I +KsCD) 
where kzm is the second-order_ rate constant in the 
micellar pseudo-phase and V ( V =  0.37 1 mol-1)'2 the 
molar volume of the micellized detergent. The values of 
the association constants of the esters with micellar 
CTAB ( K s )  were 541 mol-' for NPA and 
1 . 5  x lo4 1 mol-' for NPO. I 2  


For oximes I1 and 111, it can be shown that the 
expression relating k+ with detergent concentration 
iS5a.12c 


Since the values of all other constants are fixed, the only 
adjustable parameter needed for the computer fit of 
equation (7) with the kinetic data was kzm. In all cases 
the effect of CTAB on the rate of hydrolysis of the 
esters was corrected.' This correction becomes 
important at high detergent concentration. Best-fit 
values for kzm are presented in Table 2. The kzm values 
calculated for oximolysis of NPA at pH 9 . 2  were used 
to generate the curves fitting the results at p H 9 . 5  
(Fig. 2) .  In all cases the correspondence of the calcu- 


Table 2. Calculated second-order rate constants for the 
oximolysis of p-nitrophenyl acetate (NPA) and p-nitrophenyl 


octanoate (NPO)" 


Substrate 


I 20.0 8.0 64.0 47.0 
11 23.5 5.4 93.0 33.5 
111 (23.5) 2.8 (93.0)h 18.0 


a Rate constants in 1 mol s I; see texr for the calculation procedures. 
bThe  value of kzo. for oxirne 111 was assumed to be that for oxime 11 
(see text). 
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lated curves with the results was within experimental 
error. 


The calculated second-order rate constant in the 
micellar pseudo-phase (kzm) was lower than that in the 
aqueous phase (kzox) for all oxime-ester reactions 
(Table 2). The rate constants for oximolysis in micelles 
decreased with the increase in hydrophobicity of the 
ester (Table 2). A decrease in the second-order rate 
constant observed on transferring the reaction from 
water to the micellar pseudo-phase has been reported 
for several bimolecular reactions. The increase in 
hydrophobicity of the oxime nucleophile did not cause 
any major change in the calculated second-order rate 
constant in the micelle. The difference between the kzm 
values for oximolysis of NPA and NPO by any oxime 
was higher than the difference in kzm values for the 
reaction of oximes 1-111 with either NPA or NPO 
(Table 2). 


The present model for a micelle (at low added salt 
and detergent concentrations from the CMC to up to 
two orders of magnitude above) depicts the aggregate as 
a constantly fluctuating structure, containing ca 100 
monomers. Part of the hydrocarbon backbone is 
exposed to water and the interior is essentially com- 
posed of a hydrophobic core. l 3  


Chemical reactions occurring in this aggregate can be 
affected to various extents when compared with the 
same reaction in solution. For monomolecular 
reactions, several distinct features of the micellar struc- 
ture have been proposed as the source of the micellar 
effect. Conformer selection, transition-state stabiliza- 
tion, local dielectric constant-related medium effects, 
partial desolvation of the attacking group, electrostatic 
effects on the energy of the initial state and specific sta- 
bilization of transition states by charged groups have 
been proposed as sources of micellar effects for dif- 
ferent chemical reactions. 1 3 2 3 1 4 9 1 5  All these elements, 
plus the concentration of the reagents in the micelles, 
must apply for higher molecularity reactions. 


As a rule, the reactivity of oxygen nucleophiles incor- 
porated in the micelle decreases rather than 
increases. ' * I 6  Exceptions for this rule are intramole- 
cular cyclization reactions. '','' The rate acceleration 
caused by micelles on the cyclization of 
[o-(3-halopropyloxy)phenoxide] has been ascribed to 
the partial desolvation of the attacking phenoxide 
ion. '' 


Micelle modification of ester oximolysis has been 
described and, on the basis of observations made at a 
single detergent concentration, CTAB micelles have 
been found to accelerate the reaction. lo Here we show 
that CTAB can increase the rate by simply increasing 
the local reagent concentration. In the present case it is 
evident that the differences in oxime structure were not 
sufficient to cause a significant change in the reaction 
site. Thus, even for oxime 111, where partial desolvation 
could be expected on incorporation of the undissociated 


head group deeper into the micellar hydrophobic core, 
the calculated second-order rate constants were similar 
to those of the more hydrophilic oxime I. Careful quan- 
titative analysis of ester reactions in mixed micelles con- 
taining functional detergents has been used to propose 
that desolvation of anionic nucleophiles is not a rel- 
evant source of micellar rate enhancement." The 
energy for desolvation of the closely bound water mol- 
ecules in the first solvation shell seems to be sufficiently 
large to exclude the possibility of desolvating even a 
relatively small portion of an otherwise hydrophobic 
substrate. 2o This is in agreement with experimental 13a 


and t h e ~ r e t i c a l ' ~ ~ . ~  data showing that all segments of 
the amphiphilic chain have approximately the same 
probability of being in contact with water, although 
water penetration in the micellar core is negligible. 


EXPERIMENTAL 


Materials 


Acetophenoxime was prepared from acetophenone 
(Carlo Erba, Brazil) and hydroxylamine (paker, 
USA).'Ia The recrystallized product had m.p. 59 C (lit. 
60°C;Z'b 57.5-57-8 oC21c). 


CTAB was obtained from Merck (Darmstadt, 
Germany) and recrystallized from acetone-ethanol. p -  
Nitrophenyl acetate (NPA) was obtained from Sigma 
(St. Louis, MO, USA). p-Nitrophenyl octanoate was a 
pure sample donated by Professor 0. A. El-Seoud 
(Instituto de Quimica, Universidade de Sgo Paulo, 
Brazil). Water was deionized and doubly distilled in 
glass. All other reagents were at least of analytical 
grade. 


The synthetic routes leading to oximes I1 and 111 are 
presented in Scheme 2. 


Dimethyl sebacate was prepared from sebacic acid 
(BDH, Poole, UK) and methyl sebacate by treatment of 
dimethyl sebacate with Ba(0H)z. 22323 Methyl 9- 
benzoylnonanoate ester was prepared by acylation of 
benzene with monomethylsebacyl chloride (3). 24 The 
crude ester was hydrolysed in 1 M NaOH (reflux 1 h) to 
yield 9-benzoylnonanoic acid (4). After treatment with 
charcoal and recrystallization (hexane-benzene, 85 : 15, 
v/v) the m.p. was 82-83 "C (lit.% 78-79 "C). Elemental 
analysis, IR and 'H NMR spectra were consistent with 
the structure. 


10-Phenyl-10-hydroxyiminodecanoic acid (oxime 11, 
Schemes I and 2) To 2 -0  g of 4 dissolved in ethanol, 
1 -0  g of hydroxylamine hydrochloride and 1.83 g of 
powdered NaOH were added. The mixture was refluxed 
for 25 min, cooled and acidified with HCI. The oily 
phase solidified on standing. The solid was filtered and 
recrystallized from ethanol-water. Analysis: calculated 
for C I ~ H Z ~ N O ~ ,  C 69-29, H 8-36, N 5.05; found, c 
69.12, H 8.25, N 5.03% M.p. = 58-60°C. IR (KBr), 
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3100, 1700, 3280cm-'. NMR (in CDCI3) 6(ppm) 
7.2-7.6 (m, 5H), 2-82 (t, 2H), 2.34 (t, 2H) 1.2-2 (m, 
12H). UV (EtOH), 244.5 nm (log emax = 4.02). 


Methyl 10-phenyldecanoate (6). Compound 4 was 
reduced with NzH4-KOH, esterified with MeOH 
(HzS04) and purified by vacuum distillation. NMR, IR 
and UV data were in accord with the structure. 


4-(9-Carbomethyoxynona~lyl)-I-(I-oxo-8- carbo- 
methoxyocty1)benzene (7). A 70 g amount of 6 was dis- 
solved in 270 ml of tetrachloroethane containing 110 g 
of anhydrous AICl3, then 63 g of 3 were added slowly 
(1 h). The (slow) liberation of HCl continued over 2 h. 
The mixture was agitated at room tempeorature over- 
night. The temperature was adjusted to 45 C and after 
4 h no further gas was evolved. The reaction mixture 
was poured over 150ml of concentrated HCl and 


diluted (1 : 1) with ice. The resulting mixture was 
extracted with benzene and the organic phase washed 
with water and dried. Solvent was stripped off and the 
remaining solid was recrystallized from hexane. Analy- 
sis: calculated for CZBH4405, 2 73, H 9-63; found, C 
72.8, H 9.93%. M.p. = 58-60 C. UV (EtOH), 254 nm 
(log cmax = 4.1). NMR (CDC13), 6(ppm) 7 .81  (d, 2H), 
7.15 (d, 2H), 3.65 ( s ,  6H), 2.88 (t, 2H), 2-65 (t, 2H), 
2.3 (t, 4H), 1.2-1.9 (m, 26 H). 


4-(9-Carboxynonnnyl)-I -(l-oxo-9-carboxynonanyl)- 
benzene (8). A 2 g amount of 7 was dissolved in 100 ml 
of 95% (v/v) ethanol and after addition of 0.7 g of 
NaOH the solution was refluxed for 1 . 5  h. After 
cooling and acidification (HCI), the white precipitate 
was washed with water and recrystallized from 95% 
ethanol (yield 1 - 6  g). Analysis: calculated for 
C26H4005, C 72-19, H 9.32; found, C 71.95, H 
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9.30TJ0. M.p. = 128-130 "C.  UV (EtOH), 255 nm (log 
emax = 4.2). 1R and NMR spectra were consistent with 
the structure. 


4- (9-Carboxynonany1)- I -(9-carboxy- 1 -hydroxyimin o- 
nonany1)benzene (oxime HI) (Schemes I and 2). To 
1.3 g of 8 dissolved in 70% ethanol, 0.4g of 
NHzOH.HCl and 0 . 8 g  of powdered NaOH was 
added. After refluxing for 30min the solution was 
cooled and acidified with dilute (1 : 3) HCI. The result- 
ing solid was recrystallized with ethanol-water and 
dried in vacua. Analysis: calculated for CzaH41N05, 
C 69-77, H 9.223, N 3-13j  found, C 69.50, H 9-13, 
N 2.99%. M.p. =67-69 C. WV (EtOH), 251 nm 
(log cmax = 4.16). NMR and IR spectra were consistent 
with the structure. 


Methods. All kinetic, pK and distribution constant 
determinations were done at 30 "C. Rates of oximolysis 
or hydrolysis were determined following the appearance 
of p-nitrophenoxide ion at 403 nm. Reactions were 
started by addition of a 1-pl aliquot of the ester to a 
temperature-equilibrated (1 5-3 .O ml) solution con- 
taining all other reagents. Rate constants, calculated 
from linear first-order plots, are the averages of at least 
three separate experiments with a maximum deviation 
of 5%. 


Determination of pK,. The pKa values of oximes 
1-111 were determined from the effect of pH on the 
spectra of the protonated and deprotonated species. 
The wavelength of maximum absorption (nm) (log emax) 
for the protonated oximes and oximate anions were as 
follows: I,  239, 262 (4-01, 4.06); 11, 239, 261 (3.96, 
4.01); and 111, 246, 262 (4.06, 4.09). Typically the 
spectra of a 6 x M solution of the oximes were 
recorded as a function of pH in 0-02 M buffers. The 
spectra of deprotonated and protonated oximes were 
obtained in 0 -  1 M NaOH and 0.02 M Tris-HBr buffer 
(pH 8*8), respectively. The effect of CTAB on the pKap 
values of the oximes was determined at a pH near the 
pKa of the oxime in 0-02 M triethylamine-HBr buffer. 
pKap was calculated from the expression4 


where Ab,] and Abs2 are the absorbances of the totally 
deprotonated and protonated species in CTAB, respect- 
ively. Ab,,  and Abs2 were obtained in 0.1 M NaOH 
and 0.02 M Tris-HBr buffer (pH 7 . 9 ,  respectively. 
Ab,$ is the measured absorbance at pH 1 1 . 1 ,  1 1  - 3  and 
1 1  * O  for oximes I, I1 and 111 respectively. 


Determination of micelle-water distribution cons- 
tant. The distribution constant of oxime 1 was obtained 
by determining the effect of CTAB on the absorbance 
of a 5 x lo-' M solution of the compound at 255 nm.6 


The determination was carried out in water at pH 8 . 1  
(0.02 M Tris-HBr buffer) and pH 9.1 (0.02 M borate 
buffer). 


Analysis of the reaction products between oxime I 
and p-nitrophenyl acetate. A 3.0  mg amount of I was 
dissolved in 300 ml of 0.01 M borate buffer (pH 10.0) 
and 1 -0 ml of ethanol containing 4.5 mg of NPA was 
added. After 3 h the reaction mixture was extracted 
with diethyl ether. The aqueous solution contaided p- 
nitrophenol (spectra). The ethereal fraction was dried 
with MgS04 and the residue was shown to contain 
unreacted NPA and acetoxyphenoxime (APO) by thin- 
layer chromatography in three different solvents [Ethyl 
acetate-benzene (2 : 20), ethyl acetate-benzene-hep- 
tane (1 : 17 : 3) and diethyl ether-heptane (4 : l)] . NPA 
and APO were used as standards. 
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GAS-PHASE AMBIDENT REACTIVITY OF CYCLIC ENOLATE 
ANIONS 


IVO L. FRERIKS, LEO J.  DE KONING AND NlCO M. M. NIBBERING* 
Insrituie of Muss Spectromefry, University of Amsferdum, Nieuwe Achtergracht 129, 1018 WS Ainsterdarn, The Netherlands 


The gas-phase reactions between cyclic enolate anions and unsaturated per thorocarbon compounds were studied b y  
Fourier transform ion cyclotron resonance. A correlation is observed between the experimental electron detachment 
threshold energies, the reaction selectivity and the ring size of the cyclic enolate anions. The results suggest that 
frontier orbital interactions play a n  important role in the course of the reactions of cyclic enolate anions, as has been 
shown previously f o r  the reactions of acyclic enolate anions. In addition, the reaction selectivity of cyclic enolate 
anions may also be influenced by  the charge distr ibution and by  transannular interactions. In comparison w i th  the 
acyclic enolale anions, the HOMO energy of the small cyclic enolate anions ( c 4 - C ~ )  has decreased and the carbanion 
character has increased, both of which favour reaction via carbon. The medium ring-sized cycloketone enolate anions 
behave very similarly t o  their acyclic analogues, whereas for the larger ring-sized cycloketone enolate anions ( c 8 - C ~ )  
the reaction via the carbon nucleophilic centre gains importance as a result of the stabilization of the HOMO due to 
transannular interactions. 


INTRODUCTION 


Ambident ions can be characterized as ions in which 
reactive sites are connected through mesomerism. 
Among ambident ions, enolate anions occupy a special 
position, and considerable efforts have therefore been 
made to understand the controlling factors in the 
reactions of enolate anions with alkylating agents. 
Controlling factors which are not an intrinsic property 
of the enolate anion, such as solvent and counterion, 
are fully eliminated in the gas phase. Determination of 
the reaction selectivity of enolate anions in the gas 
phase is therefore an important way to investigate 
ambident reactivity as a function of the reactants. 


It has been demonstrated that the reaction between 
an unsaturated polyfluorocarbon compound and an 
enolate anion in the gas phase, proceeding via either 
the oxygen or the carbon nucleophilic centre, yields dis- 
tinctive ionic products. 3-5 This consistent reactivity 
pattern, together with the earlier results concerning the 
reactivity of both carbanions6.' and oxyanions, ' - l o  


indicate that the product ion distribution in the reaction 
between enolate anions and unsaturated perfluoro- 
carbon compounds can be used as a reliable tool to 
probe the ambident reactivity of these anions. 


The utility of a gas-phase ion-molecule reaction 
between an enolate anion and an unsaturated per- 
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fluorocarbon compound as a probe to  investigate the 
intrinsic chemical properties of enolate anions in the gas 
phase has been shown recently in an elegant study by 
Brickhouse and S q ~ i r e s . ~  


In a previous study, we showed that the product dis- 
tribution of the reaction between acyclic enolate anions 
of the type R I H C =  CRZO- and hexafluoropropene or 
hexafluorobenzene in the gas phase reveals the whole 
range of ambident r e a ~ t i v i t y . ~  It was found that the 
reaction selectivity of acyclic enolate anions towards 
unsaturated perfluorocarbon compounds in the gas 
phase cannot be explained by the charge distribution in 
the enolate anion or the overall exothermicity of the 
reaction.435 According to  the overall exothermicity of 
the reaction, predominant or exclusive addition via 
the carbon nucleophilic centre is expected," but in 
many reactions predominant oxygen alkylation was 
observed.4s5 The charge distributions in the acetone and 
acetaldehyde enolate anions are identical, ' ' * I3  but 
acetone enolate anion reacts with hexafluorobenzene 
predominantly via the carbon nucleophilic centre, 
whereas the acetaldehyde enolate anion reacts pre- 
dominantly via the oxygen nucleophilic centre with 
hexafluorobenzene. 


There appears to be a correlation between this 
reaction selectivity and the experimental electron 
detachment threshold (and thus HOMO) energies of the 
acyclic enolate anions. It has also been observed that 
the reaction selectivity of acyclic ambident enolate 
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anions in the gas phase depends on the unsaturated 
perfluorocarbon compound which acts as a substrate. 
The nature of this correlation suggests that the reaction 
is controlled by specific frontier orbital interactions of 
the reactants rather than by the charge distribution in 
the enolate anion. The gas-phase reaction between 
acyclic enolate anions with a relatively low energetic 
( < - 1.9 eV) HOMO and unsaturated perfluorocarbon 
compounds proceeds preferentially via the carbon 
nucleophilic centre. The interaction between the 
LUMO of the unsaturated perfluorocarbon compound 
and the HOMO of the enolate anion (with the largest 
orbital coefficient on the carbon atom) appears to be 
energetically most favourable. Acyclic enolate anions 
with a relatively high energetic ( > - 1 *7  eV) HOMO 
react preferentially via the oxygen nucleophilic centre. 
The interaction between the LUMO of the unsaturated 
perfluorocarbon compound and the HOMO-1 of these 
enolate anions (with the largest orbital coefficient on 
the oxygen atom) appears to be energetically most 
favourable. 


in contrast with acyclic enolate anions, not many 
studies have been reported on the reactivity of cyclic 
enolate anions in the gas phase. A pronounced ring-size 
influence on the reactivity was found in the gas-phase 
reaction of cyclic enolate anions with 6,6- 
dimethylfulvene l4 and hexafluoropropene. Small 
cyclic enolate anions react mainly via the carbon 
nucleophilic centre, whereas the larger (c7-C~) cyclic 
enolate anions react preferentially via the oxygen end of 
the enolate anion. The selectivity of the reactions was 
related with the differences in energies gained on pro- 
tonation of the enolate anion on carbon and on oxygen 
and hence the difference in the heats of formation of 
the keto and enol forms of the neutral carbonyl com- 
pounds, AHke, I t  is not possible, however, to explain 
the influence of the substrate on the reaction selectivity 
with this single-parameter model. Unfortunately, too 
few experimental data are available to draw any conclu- 
sion concerning the influence of the substrate on the 
gas-phase reactivity of cyclic enolate anions. 


As mentioned above, the gas-phase ambident reac- 
tivity of acyclic enolate anions correlates with the exper- 
imentally determined electron detachment threshold 
energies.5 Larger cyclic enolate anions (CIO and CIZ) 
have electron detachment threshold energies which are 
almost identical with those of the small-ring (CS) 
enolate anions. Is Therefore, the chemical behaviour of 


these enolate anions in the gas phase is expected to be 
similar, based on the observed correlation between the 
gas-phase reactivity and the electron detachment 
threshold for acyclic enolate anions. 


The aim of this study was to investigate system- 
atically the influence of the substrate and ring size of 
the enolate anion on the reaction selectivity for a series 
of cyclic enolate anions. 


RESULTS 


The primary product ion distributions have been deter- 
mined for the gas-phase reactions between a series 
of cyclic enolate anions 1 and hexafluorobenzene, 
hexafluoropropene and octafluorotoluene. Following 
the conclusions of earlier the yield of 
[1+ C,F, - nHF] - ions represents the relative rate of 
the reaction via the carbon nucleophilic centre 
[equation (la)], whereas the yield of C,F,-IO- ions 
represents the relative rate of the reaction via the 
oxygen nucleophilic centre [equation (1 b)] . 


Reaction between cyclic enolate anions and 
hexafluoropropene 


The observed reactivity of cyclic enolate anions towards 
hexafluoropropene under ion cyclotron resonance 
(ICR) conditions is analogous to earlier studied 
reactions of cyclic enolate anions and hexafluoro- 
propene obtained under flowing afterglow (FA) con- 
ditions. Under ICR conditions, primary product ions 
of the type [1+ C3F6 - IHF] - show a larger preference 
for an additional loss of 1-3 HF molecules than under 
FA conditions, where even the adduct [1+ C3F61 is 
observed. Collisional cooling of the intermediate 
reaction complexes under FA conditions results partly 
in thermalization of the observed reaction complexes. 
Under the relatively low-pressure ICR conditions this 
cooling does not take place, and the intermediate 
reaction complexes therefore have sufficient energy to 
overcome the activation barrier for this additional HF 
loss. 


From the primary product ion distribution, the pro- 
portion of the reaction via carbon [equation (la)] and 
oxygen [equation (lb)] have been determined. The 
obtained carbon alkylation percentages of 1 are given in 
Table 1; earlier obtained results in a flowing afterglow 


via C ,--- [I+ C,F,-nHFj' + nHF 
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Table 1. Percentage carbon alkylation of cyclic enolate anions in the 
reaction with unsaturated perfluorocarbon compounds 


Electron 
Enolate anions detachment 
from C3F6a C6Fs CeF5CF3 thresholdb (eV) 


cyclobutanone lOO(96) 100 100 1-84 t 0.07 
cyclopentanone 100(95) 100 100 1.62 2 0.06 
cyclohexanone 87(73) 98 100 1.55 ? 0.05 
cycloheptanone 2(13) 77 87 1.48 2 0.04 
cyclooctanone 9(18) 61 71 1.63 t 0.06 
cyclononanone 26(24) 65 16 1.69 5 0.06 
cyclodecanone 63 66 92 1.83 5 0.07 
cyclododecanone 68 66 93 1.90 5 0.07 


"Values in parentheses taken from a flowing afterglow study; see Ref. 4 
'Taken from Ref. I 2  


apparatus, taken from the l i t e r a t ~ r e , ~  are included in 
parentheses. 


Reaction between cyclic enolate anions and 
hexafluoro benzene 


The obtained carbon alkylation percentages of 1 are 
summarized in Table 1. Carbon alkylation of all the 
studied cyclic enolate anions yielded exclusively the 
product ion [l + CsF6 - 2HF] -, except for carbon 
alkylation of the cyclobutanone enolate anion. In the 
reaction of the cyclobutanone enolate anion with hexa- 
fluorobenzene, 67% of the product ions are observed to 
be [ I  + C6F6 - IHF]  -. The behaviour of this reaction 
system can be associated with the unfavourable ener- 
getics of additional loss of HF molecules from their 
carbon alkylation product ion (2) which will result in a 
significant increase of the ring-strain in this product 
ion. 


0 


2 


In the reaction of the cycloheptanone enolate anion 
with hexafluorobenzene, 16% of the product ions are 
observed to be the uncommon CsFsO- * H F  ions. This 
product ion is associated with reaction via the oxygen 
nucleophilic centre of the enolate anion. 


Reaction between cyclic enolate anions and 
octafluorotoluene 
The primary product ion distributions in the gas-phase 
reactions between a series of cyclic enolate anions and 


octafluorotoluene were determined. Carbon alkylation 
of all the studied cyclic enolate anions yielded exclu- 
sively the product ion [I + C7Fs - 2HF] -, except for 
carbon alkylation of the cyclobutanone enolate anion 
where, again owing to  the unfavourable energetics (see 
above), 53% of the reaction via the carbon nucleophilic 
centre yielded [I + C7Fe - IHF] product ions. The 
obtained carbon alkylation percentages of 1 are 
summarized in Table I .  


DISCUSSION 


From the results in Table 1, it follows that cyclic 
enolate anions display an ambident chemical behaviour, 
which appears to be a function of the enolate ring size. 
Further, the reaction selectivity clearly depends on the 
nature of the substrate molecule. The cyclic enolate 
anions show a reaction selectivity shifted towards more 
carbon alkylation in the reaction with hexafluoro- 
benzene relative to the reaction with hexafluoropro- 
pene. This is in agreement with the previously obtained 
reaction selectivity of acyclic enolate anions. The 
reaction selectivity of the cyclic enolate anions is shifted 
even more towards carbon alkylation in the reaction 
with octafluorotoluene. Clearly, the ambident chemical 
behaviour of the cyclic enolate anions is not determined 
by the nature of the anions alone. 


In our previous study, it was shown that the ambi- 
dent chemical behaviour of acyclic enolate ions in the 
gas-phase reactions with hexafluoropropene and hexa- 
fluorobenzene can be rationalized with a simple MO 
model5 in which specific frontier orbital interactions 
determine the competition between reaction via the 
oxygen or carbon end of the enolate anions. In this 
model, reaction via oxygen takes place if  the orbital 
interaction between the HOMO-I of the enolate anion 
(with the largest orbital coefficient on the more elec- 
tronegative oxygen atom) and the LUMO of the 
unsaturated perfluorocarbon compound is energetically 
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more favourable than the interaction between the 
HOMO of the enolate anion (with the largest orbital 
coefficient on the carbon atom) and the LUMO of the 
unsaturated perfluorocarbon compound. Similarly, the 
reaction proceeds dominantly via carbon if the orbital 
interaction between the HOMO of  the enolate anion 
and the LUMO of the unsaturated perfluorocarbon 
compound is energetically more favourable than the 
interaction between the HOMO-I of the enolate anion 
and the LUMO of the unsaturated perfluorocarbon 
compound. 


With this simple model, the trend observed in this 
work of increasing preference for carbon alkylation in 
the series hexafluoropropene, hexafluorobenzene and 
octafluorotoluene may be rationalized in terms of the 
energy differences between the LUMOs of these 
unsaturated perfluorocarbon compounds. According to 
the calculated LUMO energies of hexafluoropropene 
(-4.53 eV) and hexafluorobenzene (-4.83 eV),5 a 
larger preference for carbon alkylation of hexafluoro- 
propene in comparison with hexafluorobenzene is t o  be 
expected. However, on formation of the encounter 
complex the LUMO of the unsaturated perfluocarbon 
compound is expected to  rise in energy owing to  
Coulombic interactions with the enolate anion. Further, 
in this simple model repulsive interactions between 
filled orbital of the enolate anion and the unsaturated 
perfluorocarbon compound are not taken into account. 
Both repulsive and Coulombic interactions have a 
larger influence on the LUMO energy of the 
unsaturated perfluorocarbon compound than on the 
HOMO energy of the enolate anion. If these inter- 
actions are taken into account, the relative LUMO 
energies of hexafluorobenzene and hexafluoropropene 
may be inverted. 


As mentioned above, the results in Table 1 show that 
the reaction selectivity is also a function of the enolate 
anion ring size, which may be rationalized in terms of 
a varying HOMO energy within the series of cyclic 
enolate anions. 


According to Koopman’s theorem, the wavelength 
threshold for photodetachment of an electron is a 
measure for the energy of the HOMO, EHOMO, of the 
enolate anion. For the cyclic enolate anions studied, 
this experiment wavelength threshold, Ehu, has been 
reportedI5 and the values are included in Table 1. In 
order to  reveal the importance of HOMO-LUMO 
interaction, the individual HOMO energies of the 
enolate anions (EHOMO = - &) have been correlated 
with the selectivity of the addition reactions. 


In Figure 1, the HOMO energies of the enolate 
anions from the cyclic and corresponding acyclic 
ketones are plotted against the number of enolate anion 
carbon atoms. Not all the electron detachment 
threshold energies of the acyclic enolate anions are 
known. The electron detachment threshold energies of 
the acyclic enolate anions of hexanone, octanone, 


-1.40 -1 
-1.50 


-1 .hO 


g -1.70 
2! 


-1.80 


-1.W 


-2.00 
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4 6 8 10 12 
Number of Cnrbon Atoms 


Figure 1. HOMO energies of enolate anions from (0) cyclic 
and (*) acyclic ketones as a function of the number of carbon 


atoms. Drawn lines are to guide the eyes 


decanone and dodecanone are taken to be identical with 
those of heptan-4-one. This seems justified, based on 
the observation that the electron detachment threshold 
energies of larger acyclic alkoxides are, within exper- 
imental uncertainty, independent of the alkyl chain 
length. l 6  


In Figure 2, the selectivity of the reaction between the 
enolate anions from the cyclic and corresponding 
acyclic ketones (results for the acyclic ketones are taken 
from our previous study5) with hexafluoropropene are 
plotted against the number of enolate anion carbon 
atoms. The results show that small-sized (c4+c6) and 
large-sized (C9-C12) cyclic enolate anions preferentially 
react via carbon, whereas medium-sized (C,-Cs) cyclic 
enolate anions react preferentially via the oxygen 


4 6 8 I 0  12 
Number of Carbon Atoms 


Figure 2. Selectivity of the reaction between (n) cyclic and 
(*) acyclic enolate anions and hexafluoropropene as a function 
of the number of carbon atoms. Drawn lines are to guide the 


eyes 
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nucleophilic centre. This trend has also been reported 
for addition reactions of cyclic enolate anions in the 
condensed phase. l 7  The observed reactivity pattern as a 
function of ring size qualitatively follows the HOMO 
energy pattern of the cyclic enolate anions shown in 
Figure 1, which clearly demonstrates that specific fron- 
tier orbital interactions play a leading role in the course 
of the enolate anion reaction. 


According to perturbation theory, stabilization of the 
reaction transition state depends on both the energy gap 
between the interacting orbitals and the local overlap of 
these orbitals between the interacting atoms. Because of 
the lack of geometrical constraints it is expected that the 
.Ir-electron distribution within a series of acyclic enolate 
anions does not differ significantly. This implies that 
the energy gap between the interacting orbitals in the 
reactions with acyclic enolate anions is dominant. This, 
however, may be a false assumption for the cyclic 
enolate anions. 


The results in Figure 1 show that the energy of the 
HOMO of cyclobutanone enolate anions (C4) is about 
0.2 eV lower relative to  the corresponding butanone 
enolate anions. The energy gap between the HOMO of 
the enolate anion and LUMO of the unsaturated per- 
fluorocarbon compound decreases. On the basis of this 
it can be expected that relative to butanone enolate 
anions, cyclobutanone enolate anions show a larger 
preference for addition via the carbon nucleophilic 
centre.' This is confirmed by the experimental results in 
Figure 2. The decrease in HOMO energy of the cyclobu- 
tanone enolate anion in comparison with the acyclic 
butanone enolate anion can be associated with an 
increase in the s-orbital character of the C-H bonds in 
the rigid cyclobutanone enolate anions as a result of 
which the carbon atom becomes more electronegative, 
which will increase the *-electron density on carbon in 
the enolate anion in comparison with an acyclic enolate 
anion, where the n-electron density is mainly localized 
on the oxygen atom. '2 ,13*'8 On the other hand, con- 
jugation with the carbonyl group in the enolate anion is 
expected to  be hindered by the increase in ring strain in 
the cyclic enolate anion, which will compensate the 
HOMO energy gain to a certain extent. Both the 
increase in electronegativity of the carbon and the hin- 
dered *-conjugation result in an increase in the electron 
spin density on the carbon atom, giving this enolate 
anion a typical carbanion character, which is in agree- 
ment with the observation that this enolate anion reacts 
exclusively with the unsaturated perfluorocarbon com- 
pounds via carbon. Therefore, the increased preference 
for reaction via the carbon nucleophilic centre of the 
cyclobutanone enolate anion compared with the 
butanone enolate anion can be rationalized by both the 
lowering of the HOMO energy and the enhanced 
electron density on the carbon atom. 


The HOMO energies of cyclopentanone and pen- 
tanone enolate anions (CS) are very close (see Figure 1). 


For both cyclic and acyclic enolate anions the reaction 
channels via the oxygen and carbon nucleophilic centre 
are exothermic. Reaction via the carbon nucleophilic 
centre is thermodynamically most favourable in both 
cases. In spite of this, the ambident chemical behav- 
iour of these corresponding enolate anions is not 
similar, as shown for the reactions towards hexafluoro- 
propene in Figure 2, which show a shift from about 
IS% t o  100% carbon alkylation on going from the 
pentanone to the cyclopentanone enolate anions. The 
different chemical behaviour of cyclic and acyclic pen- 
tanone enolate anions may be caused by different 
charge distributions in the enolate anions due to  the 
ring strain in the cyclic enolate anion. 


For the cyclobutanone enolate anion it was suggested 
(see above) that lowering of the HOMO energy is due 
to an increase in the electronegativity of the carbon 
atom, giving this enolate anion a carbanion character. 
The HOMO energies of cyclopentanone and pentanone 
enolate anions ( C S ) ,  however, are very close (see Figure 
I). Apparently, the lowering of the HOMO energy due 
to  an increase in the electronegativity of the carbon 
atom bearing the charge is cancelled by the destabiliza- 
tion due to  the hindered *-conjugation with the car- 
bonyl group in the ring-strained cyclopentanone enolate 
anion, as a result of which this enolate anion has more 
carbanion character than the corresponding enolate 
anion from pentanone. 


For the cyclohexanone enolate anions (C6), the 
HOMO energy has increased relative to the HOMO 
energy of the corresponding hexanone enolate anions 
(see Figure 1). Apparently, the energy gain due to the 
increase in the electronegativity of the carbon atom 
bearing the charge is negligible relative to  the destabil- 
ization due to  the hindered n-conjugation with the car- 
bonyl group in this larger cyclic enolate anion. This 
hindered *-conjugation is probably responsible for the 
increase in the carbanion character of this cyclic enolate 
anion relative to  the corresponding acyclic enolate 
anion. Therefore, in spite of the higher HOMO energy, 
the proportion of C-alkylation has increased to  87%, 
relative to the 14% which is associated with the enolate 
anion from hexanone (see Figure 2). 


For the cycloheptanone enolate anion (C,), the 
HOMO energy has further increased relative t o  the 
HOMO energy of the corresponding heptanone enolate 
anions (see Figure 1). Consequently, the proportion of 
C-alkylation has decreased to 2% relative to the 13% 
which is associated with the enolate anion from hep- 
tanone (see Figure 2). Evidently, the *-electron distri- 
bution in this medium ring-sized enolate anion is similar 
to  that in the corresponding acyclic enolate anion. 


For the larger cyclic enolate anions the HOMO 
becomes increasingly stabilized with respect to the 
HOMO of the corresponding acyclic enolate anions. 
This relative stabilization is probably due to trans- 
annular interactions. A transannular interaction is, 
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based on the experimental data for the neutral cyclic 
ketones l9 and bifunctional cyclic ketones, 20-22 only to 
be expected for the larger ( C B - C ~ ~ )  cyclic enolate 
anions. Recently, transannular interactions have been 
shown to influence the fragmentation process of posi- 
tive ions which are formed via acetone chemical ioniza- 
tion of the series cycloheptene-cycloundecene. 23 


In the condensed phase, the experimentally deter- 
mined content of the enol tautomer of cyclooctanone is 
ten times higher than that for octan-2-one and almost 
twenty times higher than for cycloheptanone. 19,24 This 
phenomenon has been explained with a transannular 
n-complex. l9 Spectroscopic evidence for transannular 
interaction in large (CS-C~O) neutral bifunctional cyclic 
ketones has been obtained from I3C and I7O 
NMR,Zo-22 x-ray crystallography" and photoelectron 
spectroscopy. '* 


A transannular interaction between the negatively 
charged enolate group and a hydrogen of one of the 
methylene groups is expected to stabilize the cyclic 
enolate anion more than the corresponding enolate 
radical, as a consequence of which the HOMO energy 
decreases (see Figure 1). Consequently, as expected, the 
proportion of C-alkylation increases from 2% for the 
cycloheptanone enolate anion (C7) up to about 60% for 
the enolate anions from cyclodecanone ( C ~ O )  and cyclo- 
dodecanone ( C I ~ )  (see Table 1 and Figure 2). 


The observed intrinsic gas-phase reactivity of the 
enolate anions from cyclic ketones is also manifested in 
the condensed phase, where it was shown that the 
kinetic acidity of cyclic ketones in solutionz5 follows the 
same order as the electron detachment thresholds and 
thus the HOMO energy of the cyclic enolate anions in 
the gas phase.I5 Small (C4-C5) and large (CS-CIZ) 
cyclic ketones are more acidic in solution than medium- 
sized cyclic ketones. 


The question arises of how important frontier orbital 
interactions are in general for gas-phase reactions of 
enolate anions, e.g. in the reactions with simple 
alkylating reagents, such as RX. Unfortunately, very 
limited experimental data are available, because substi- 
tution via the carbon and oxygen nucleophilic centre of 
the enolate anions both results in the ionic product, X-.  
In  fact, only for the reaction between the enolate anion 
of cyclohexanone and CH3Br has it been established 
from the analysis of the neutral products that exclusive 
0-alkylation occurs in the gas phase.26 This is in con- 
trast with the reactions towards perfluorocarbon com- 
pounds in which the enolate anion from cyclohexanone 
strongly favours addition via ~ a r b o n . ~  


It may be evident that the energy gained in these spe- 
cific frontier orbital interactions can only compete with 
the energy gained in the assumed strongly electrostatic 
interactions if the energy gap between the frontier 
orbital of the two reactants is small. Moreover, the 
overlap of the HOMO of the enolate anion and the 
LUMO of the substrate is an important parameter. 


For the reactions between the enolate anions and 
unsaturated perfluorocarbon compounds both the 
HOMO of the enolate anions and the LUMO of the 
unsaturated perfluorocarbon compounds are of the T 


type, which allows a favourable overlap, eventually 
resulting in the formation of a u complex. For the 
reactions between the enolate anions and RX, the 
n-type HOMO has to overlap with the u*-type LUMO 
of RX, which may be less favourable, and which 
synchronously results in R-X bond cleavage. There- 
fore, even if the energy of the HOMO and LUMQ are 
close, it is difficult to predict if the frontier orbital inter- 
actions are still stronger than the electrostatic 
interactions. 


The LUMO energy of CH3Br is not known but for 
this discussion can roughly be estimated by E(n-.LT*) 


which is surprisingly close to the calculated LUMO 
energy of hexafluoropropene of -4.53 eV.' Hence it 
may be expected that the reaction with CH3Br would 
show similar ambident behaviour to the reaction with 
hexafluoropropene, which is in contrast with the exper- 
imental findings. Evidently, owing to the poor frontier 
orbital overlap in the reaction with CH3Br, the electro- 
static interactions are dominant and favour reaction via 
oxygen. 


- Eionizarion=6.1 (204 nm)27- 10*516= -4.4eV, 


CONCLUSIONS 


Cyclic enolate anions exhibit an ambident chemical 
behaviour in their reactions with hexafluoropropene, 
hexafluorobenzene and octafluorotoluene. It appears 
that frontier orbital interactions play an important role 
in the course of the reactions of both acyclic and cyclic 
enolate anions. The reaction selectivity of cyclic enolate 
anions also may be influenced by the charge distri- 
butions and transannular interactions in the cyclic 
enolate anions. In comparison with the acyclic enolate 
anions, the HOMO energy of the small cyclic enolate 
anions (C4-C5) has decreased and the carbanion 
character has increased, both of which favours reaction 
via carbon. The medium ring-sized cycloketone enolate 
anions behave very similarly to their acyclic analogues, 
whereas for the larger ring-sized cycloketone enolate 
anions (Cs-C12) the reaction via the carbon 
nucleophilic centre gains importance as a result of the 
stabilization of the HOMO due to transannular 
interaction. 


EXPERIMENTAL 


Experiments were carrried with a Fourier transform ion 
cyclotron resonance (FT-ICR) mass spectrometer built 
at the University of Amsterdam and equipped with a 
Bruker 1.4 T electromagnet and a 1 x 1 x 1 in cell. 
Details of the instrument and general operating and 
experimental procedures have been described pre- 
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viously. *’ Enolate anions were generated via proton 
abstraction from the corresponding cyclic ketones using 
primarily generated amide as the base. 


The total pressure was kept typically at ca 8 x LO-’ 
Pa. The temperature of the FT-ICR cell was ca 330 K 
as measured by a thermocouple on the trapping plate 
opposite to the filament. The segmented Fourier trans- 
form (SEFT) procedure, 29 developed in our laboratory, 
was used to determine relative ion abundances with an 
accuracy of better than 1%.  


Materials. All chemicals employed were commer- 
cially available and were used without further purifica- 
tion. They were purchased from Aldrich (Brussels, 
Belgium), except for ammonia (Hoek Loos, Schiedam, 
The Netherlands) and cyclopentanone (Merck, 
Amsterdam, The Netherlands). 
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SHORT COMMUNICATION 


CHEMIEXCITATION OF AN ANTHRAQUINONE DERIVATIVE IN THE 


DERIVATIVE 
THERMAL CYCLOREVERSION OF A DEWAR-ANTHRAQUINONE 


SADAO MIKI,* HIROYUKI KAGAWA AND ZEN-ICHI YOSHIDA* 
Department of Synthetic Chemistry, Kyoto University, Yoshida, Kyoto 606, Japan 


Dewar-anthraquinone ( la)  and 1,2,3-tri-terl-butyl-5,8-Dewar-anthraquinone ( lb)  were synthesized. Thermodynamic 
parameters for their cycloreversion to the corresponding anthraquinones indicate that thermal population of the 
excited states of the products via non-adiabatic valence isomerization is energetically feasible. On thermolysis of Ib, 
the formation of a detectable amount of 1,2,3-tri-tert-butyl-1,4-Dewar-anthraquinone (3)  was observed. The excited 
singlet state of 1,2,3-tri-tert-butylanthraquinone (2b) produced via the non-adiabatic process is responsible for the 
formation of 3.  


The formation of excited triplet benzene in the thermo- 
lysis of Dewar-benzene reported by Lechtken et al. is 
the prototype and rare example of a simple unimole- 
cular chemiexcitation. In a study of light energy storage 
based on the photosynthesis of strained molecules, we 
were interested in this intriguing class of non-adiabatic 
valence isomerization as a type of releasing strain 
energy. In this connection we have now studied the 
chemiexcitation in the thermal cycloreversion of 1,2,3- 
tri-tert-butyl-5,8-Dewar-anthraquinone ( lb)  to 1,2,3- 
tri-tert-butylanthraquinone (2b) [equation (l)]  . 


1 2 *  
a; R = 11 (1) 
b; R = t-Bu 


The thermal reaction of l b  to 2b possesses the fol- 
lowing characteristic features: (i) both the S1 and T I  
states of the product, 2b, possess a lower energy than 
the transition state for the thermal isomerization; and 
(ii) on excitation, 2b affords 1,2,3-tri-tert-butyl-1,4- 
Dewar-anthraquinone (3) as shown in equation (2). 


*Authors for correspondence. 


2 b 


The former feature also occurs in the reaction of 
Dewar-acetophenone to a~e tophenone .~  However, the 
present system, lb-2b, possesses fundamentally 
different features from the Dewar-acetophenone 
reaction as follows. In the case of the chemiexcitation 
in the isomerization of Dewar-acetophenone to aceto- 
phenone, the key bond-breaking and -making process is 
located on the benzene moiety whereas the final excited 
states (n?r*) are localized on the carbonyl moiety. Turro 
et u I . ~  attributed the low efficiency of excited state pro- 
duction by the thermolysis of Dewar-acetophenone to 
this molecular feature. With lb-2b, on the other hand, 
both the S1 and TI  states of the product are TK* in 
nature, ’*’ and therefore, the present system is expected 
to be devoid of this dislocation. Because of the latter 
feature (ii), chemiexcitation of 2b should lead to the 
formation of 3, and hence the non-adiabatic fraction in 
the thermal reaction of l b  could be detected directly by 
product analysis for 3. For comparison, the parent 
Dewar-anthraquinone ( la)  was synthesized and its 
isomerization to anthraquinone was also studied. 
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Dewar-anthraquinones l a  and b were synthesized 
according to Scheme 1. Attempt to purify l a  resulted in 
rearrangement to 2a. However, samples of la  used in 
the study contained 2a as a sole impurity detectable by 
NMR, and the amount of the contaminant was taken 
into account in determining the thermodynamic par- 
ameters for the isomerization of la. l a :  'H NMR 
(CDCI,), 6 (ppm) 8.10-8-00 (m,2H), 7-74-7-63 
(m, 2H), 6.65 (br s, 2H), 4.48 (br s, 2H). Tri-tert-butyl 
derivative, l b  was purified by preparative thin-IaJer 
chromatography (TLC) with development at - 15 C. 
lb:  'H NMR (CDCI3) S (ppm) 7.60 (s, IH), 6.64-6.54 
(m,2H), 4.47-4.32 (m, 2H), 1.43 (s, 18H), 1.37 
(s, 9H). In the synthesis of l b ,  special precautions were 


b 
____L 


0 
l a  


ii 


d 
L 


e 
b 


0 
l b  


Ce(NH4)2(N03)6, b; LiN(i-Pr),/-ISOC, c; Pb(OAc),. 


Cyclobutadiene iron tricarbonyl I Ce(NW&(N O&, 


1) LiN(i-Pr)z , 2) NBS I-70"C 


Scheme 1 


taken to prevent photolysis of reaction materials by 
ambient light, and all the synthetic procedures were 
performed in a dark room under a red safety lamp. 


NMR analyses revealed that the thermolyses of l a  
and Ib  gave the corresponding anthraquinones, 2a and 
2b, in 99% yields. The reactions of la, and b were fol- 
lowed kinetically in dichloromethane by measuring elec- 
tronic spectra using a temperature-regulated UV cell. 
The disappearance of 1 and the appearance of 2 were 
first-order reactions. Rate constants at various tempera- 
tures and activation energies are summarized in 
Table 1. Reaction enthalpies for the cycloreversion of 1 
were estimated based on the exothermic heat flow 
obtained by differential scanning calorimetry. 


As shown in Table 1, thermolyses of la  and Ib 
release 89 and 74 kcal mol-' (1 kcal = 4.184 kJ) ,  
respectively, in activation enthalpy and reaction 
enthalpy. These amounts of energy are sufficient to 
produce either singlet or triplet states of the products 2a 
and 2b. 


In order to detect excited-state production in the ther- 
molysis of l a ,  the 'chemical titration t e~hn ique '~  was 
employed by using trans-stilbene as an indicator 
because the anthraquinone triplet is known to effect the 
isomerization of trans-stilbene to cis-stilbene. More- 
over, since intersystem crossing in anthraquinone is a 
very fast process, determination of the triplet yield of 
anthraquinone should suffice to measure the total yield 
of excited-state products. A benzene solution of l a  
(0.1 M) and trans-stilbene (0.01 M) was degassed, ther- 
moiysed and analysed for cis-stilbene formation. How- 
ever, no cis-stilbene formation was observed. In the 
case of tri-tert-butylanthraquinone (2b), its triplet 
energy of ca 5 5  kcal mol-' (Ref. 5 )  does not suffice to 
excite trans-stilbene. In this case, however, molecular 
rearrangement to give 3 could be available as a measure 
of the population of the excited state which is respon- 
sible for the formation of 3. Thus, careful analyses of 
the thermolysate of l b  revealed the formation of a 
detectable amount of 3 in the thermolysis of l b .  


In a practical run, a solution of 0.5 g of l b  in 
dichloromethane was thermolysed at room tempera- 
ture, where product 3 possesses a lifetime long enough 
for product a n a l y ~ i s . ~  The reaction mixture was sub- 
jecte: to silica gel TLC on a preparative scale at 
- 15 C. The band fraction containing 3 was collected 
and dissolved in 0.5 ml of dichloromethane, and the 
solution obtained was quantitatively analysed for 3 
by high-performance liquid chromatography. Three 
replicate experiments revealed the formation of 3 in an 
average yield of 0.049% with a standard deviation of 
0.008%. Based on this value and the quantum yield of 
0-01 for the photovalence isomerization in 
equation (2), it was concluded that the thermal 
cylcloreversion of l b  was accompanied by a non- 
adiabatic fraction of not less than 0.4%. All of the pho- 
tovalence isomerizations of aromatic molecules known 
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Table 1 .  Rate constants, activation energies and reaction enthalpies for the thermal 
rearrangement of l a  and b to 2a and b 


Temperature 
Reaction (OC) 


la-2a 0 
10 
20 


2a-Zb 3 .1  
8 . 3  


12.3 


Rate constanta Activation energya Reaction enthalpyb 
(los S - I )  (kcal mol-I) (kcal mol-I) 


2-98 f 0.36 
27.5 f 1.2 26.7 f 1.5 64 
91.8 k 3 . 0  


2-22 2 0.07 
4 . 1 8 k  0.15 18.2 It 1.2  55 
6.60 f 0.23 


a Measured in dichloromethane solutions. All rate constants and activation energies are least- 
squares values, all errors are standard deviations. 


Measured by differential scanning calorimetry on samples in diphenyl ether solutions. 


so far generally involve an excited singlet state and not 
a triplet state.7 Further, the reaction in equation (2) 
could not be quenched by triplet quenchers such as 
anthracene and oxygen. Hence it is likely that thermal 
cycloreversion of l b  gives the excited singlet state of 2b. 
The present system represents the first example of a 
simple unimolecular electrocyclic reaction to populate 
the singlet excited state of the product. Although there 
is a possibility of the existence of chemiexcitation to 
give the triplet 2b, this remains to be studied owing to 
our lack of methods to detect the triplet state. Further 
studies including a theoretical treatment of the reaction 
are in progress. 
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NEW KINETIC METHODS. 2.* AN INDIRECT MEASUREMENT 
OF ESTER FORMATION AND HYDROLYSIS RATES 


W. DAVID CHANDLER, YONGFEI YAN AND DONALD G. LEE 
Department of Chemistry, University of Regina, Regina, Saskatchewan S4S OA2, Canada 


The use of an assistant reagent to monitor spectroscopically the concentration of compounds that lack chromophores 
is described, It is demonstrated, for example, that the concentration of au aliphatic alcohol (present during acid- 
catalyzed hydrolysis or esterification reactions) can be monitored continuously by addition of a small amount of 
chromium trioxide. From a knowledge of the rate law and the rate constants for chromic acid oxidations, 
- d [Cr03]/dt  = k[alcohol] [Cr03] ,  the concentration of alcohol can be determined at  any time by monitoring the 
absorbance of chromic acid at  363 nm. The rate at which the concentration of the alcohol is changing can then he 
used to calculate rate constants for the corresponding esterification or hydrolysis reactions. Rate constants obtained 
in this way are compared with those previously obtained by use of direct methods, and the application of this approach 
to the study of kinetics under conditions not accessible by other methods is illustrated. 


1NTRODUCTION 


The rates of chemical reactions in solution are usually 
determined by monitoring a physical property that 
changes progressively as the reaction proceeds. Some 
procedures are continuous, others non-continuous. 
Methods relying on spectroscopic changes can usuaHy 
be made continuous, as can conductance measure- 
ments, dilatometry and refractive index changes. Other 
methods which require the removal of an aliquot and 
quenching of the reaction followed by a quantitative 
analysis for one of the products of reactants are 
non-continuous. 


Because spectroscopic methods are both convenient 
and reliable, it has become common practice to use 
substrates that exhibit well defined spectral changes 
whenever possible. For example, p-nitrophenyl esters 
have often been used as model compounds for the study 
of hydrolysis rates because of the distinctive UV 
absorption spectrum of the p-nitrophenolate ion. 
However, because many aliphatic compounds lack 
chromophores that absorb in the ultraviolet and visible 
region, their reactions cannot be monitored by elec- 
tronic spectroscopy as easily as those for aromatic 
compounds. 


In this paper, a spectroscopic method for following 
the reactions of compounds lacking chromophores is 
described. The method involves addition of small 


*For Part 1 of this series, see Ref. 5 .  


amounts of an assistant reagent that undergoes a spec- 
tral change when it reacts with one of the reactants or 
products. If the rate constant for its reaction with one 
of the products or reactants has been predetermined, 
the concentration of that species at any given time can 
be obtained from a n  analysis of the rate a t  which the 
assistant reagent is reacting. An approach similar to this 
has previously been used non-continuously for moni- 
toring ethanol concentrations by determining the rate at 
which aliquots reduce permanganate. However, to the 
best of our knowledge, this is the first report of the use 
of an assistant reagent in a continuous fashion. 


Consider as a concrete example the acidic hydrolysis 
of ethyl acetate: 


H'/H>O 
C H ~ C O ~ C H Z C H ~  ___* CHKOzH + C H K H 2 0 H  


(1) 


Although none of the compounds in equation (1) 
absorbs in a readily accessible region of the ultraviolet 
spectrum, the rate can be monitored by adding an 
assistant reagent, chromium trioxide, in amounts small 
compared with the concentration of ethyl acetate. 
Because CrO3 does not react with either ethyl acetate or 
acetic acid under these conditions, its rate of reduction 
will be governed by the equation3 


-d[CrOl] /d t=  k2IC1-031 [CH$ZH2OH] (2 )  


Consequently, if it is possible to predetermine the 
rate constant, k2, under these conditions and t o  


0894-3230/92/060334-07$07.50 
0 1992 by John Wiley & Sons, Ltd. 
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monitor both - d [CrO3]/dt and [ C ~ O J  J , the concen- 
tration of ethanol can be determined continuously. 
Because the changes that occur in the absorption spec- 
trum of chromic acid when it is reduced are well 
d e f ~ n e d , ~  the required rate information can be obtained 
by taking tangents to a plot of absorbance at 363 nm vs 
time.' The rate of hydrolysis can then be determined 
from the variation in ethanol concentration with time. 
The required calculations can, of course, be most easily 
accomplished by use of a computer and the appropriate 
numerical analysis software. 


The results of such a study are reported in this paper. 
The rate constants obtained under certain conditions 
are compared with previously published values and the 
use of this method to study kinetics under conditions 
not accessible by other methods is illustrated. 


EXPERIMENTAL 


Materials. Esters, obtained commercially, were 
shaken with 3% sodium hydrogen carbonate to remove 
acids, washed with distilled water, dried over anhy- 
drous calcium sulfate for 3 days and distilled through a 
20 cm Vigreux column. Suitable fractions (Table 1) 
were collected for each compound. Gold label (+ 99Yo) 
alcohols, obtained from Aldrich, were also dried over 
anhydrous calcium sulfate for 3 days and then distilled 
through a Vigreux column. Suitable fractions (Table 1) 
were collected for each compound. 


Solutions of hydrochloric acid, sulfuric acid and per- 
chloric acid were prepared by dilution of Fisher 
reagent-grade acids with doubly distilled water. Con- 
centrations were determined by titration with standard- 


Table 1.  Boiling points of esters and alcohols 


Literature value6 
Compound ("c) 


Methyl acetate 
Ethyl acetate 
n-Propyl acetate 
n-Butyl acetate 
n-Pentyl acetate 
Ethyl fluoroacetate 
Ethyl propanoate 
Ethyl phenylacetate 
Ethyl butanoate 
Ethyl pentanoate 
Ethyl cyanoacetate 
Ethyl dichloroacetate 
Ethyl trichloroacetate 
Methanol 
Ethanol 
1-Propanol 
1 -Butanol 
1 -Pentan01 


56.0-57.0 
75.8-76.5 


101 - 102 
125- 126 
148-149 
120- 122 


98 '0-98.8 
222-224 
119-120 
145-147 
203-204 
152- 153 
166-168 


63.5-74.5 
77-78 


96-5-9775 
116-1 17 
136-137 


57.0 
77.06 


101.6 
126.5 
149.25 
121.7 
99.10 


227 
121 - 126 
144.6 (736 mmHg) 
205 
155.5 (764 mmHg) 
168 
64.96 
78.5 
97.4 


117.25 
137.3 


ized sodium hydroxide solutions. Acetic acid was 
purified by distilling reagent-grade acid (Fisher) from 
1% chromic acid througb a Vigreux column.' The frac- 
tion boiling at 117-118 C was collected and stored in 
an all-glass vessel. 


Kinetic methods. Oxidation rate constants were pre- 
determined by placing 2-00 ml of an aqueous acidic 
solution of the appropriate alcohol (ca 0-1 M) in a 
thermostated curvette. Concentrated aqueous CrO3 
(1 -0  pl) was then added to produce a solution with an 
absorbance of about 0 .9  (ca 5 x M CrO3) and the 
reduction of the oxidant was followed using a Hewlett- 
Packard Model 8485A spectrophotometer with a ther- 
mostated cell holder. The rates were obtained from 
plots of ln(absorbance - final absorbance) at 363 nm vs 
time (Figure 1). 


Hydrolysis rates were determined by adding 
0.2 mmol of ester to 2.00 ml of an aqueous acidic sol- 
ution in a thermostated curvette. Concentrated aqueous 
chromic acid solution (1 pl) was added immediately and 
the rate of reaction monitored at 363 nm. 


Esterification rates were determined by adding 
alcohol (10 p1) to 2.00 mi of aqueous acetic acid in a 
thermostated curvette, introducing 1 p1 of concentrated 
CrO3 solution and monitoring the rate as described 
above. 


Calculation of hydrolysis rate constants, kn.  Because 
it is known that hydrolysis is a first-order reaction,' the 
concentration of ester at time t can be computed from 
the equation 


[ester] = [ester] oe-kHf (3) 
where [ester] o is the initial concentration of ester. The 
concentration of alcohol formed by hydrolysis of this 
ester would then be given by 


(4) [alcohol] = [ester] o - [ester] 


100 
TIME ( seconds 


1400 


Figure 1. Typical pseudo-first-order rate plot for the oxidation 
of ethanol by chromium(V1). [Ethanol] = 0.102 M; 
[Cr6+] = 0.005 M ;  [HCI] = 1.49 M; temperature = 


25.1 ? 0.1"C. Slope=0.0100 2 0.002s-'; r=0.9995 
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If the concentration of oxidant is small compared 
with the concentration of ester (5 x and 0.1 M ,  
respectively, in these reactions) the amount of ethanol 
consumed by oxidation would be insignificant. 


Substitution of [ester] from equation (3) into 
equation (4) then gives 


(5 )  [alcohol] = [ester]o(l - eCkHf) 


The rate law for oxidation of the alcohol by chromic 
acid is given by the equation 


- d [Ox] /dt = k,, [alcohol] [Ox] (6) 


where [Ox] denotes the concentration of oxidant. The 
concentration of oxidant can be calculated by use of the 
equation 


(7) 


where A is the absorbance at time t ,  A ,  is the absor- 
bance of the products of the reaction, co is the molar 
absorptivity for CrO, at 363 nm and E, is the molar 
absorptivity for the products at the same wavelength. 
Substitution for [Ox] in equation (6) gives 


[Ox] = ( A  - A,)/(Eo - E,)  


- dA/dt = kox [Alcohol] ( A  - A, )  (8) 
from which [alcohol] can be calculated from the 
equation 


(9) [alcohol] = ( -dA/dt)/k,,(A - A , )  


Substitution of [alcohol] from equation (5) into 
equation (9) gives the equation 


-dA/dt = k,,[ester]o(l - e-kHt)(A - A , )  (10) 


1n(Ao - A , ) / ( A  - A ~ )  = kt + k/kH(eukH' - 1) (11) 


where k is k,, [ester]. Equation (10) can also be recast 
in a linear form: 


- h [ l  + (dA/dt)/k(A - A,)]  = kHt (12) 


The hydrolysis rate constant, kH, can then be 
obtained (from a set of absorbance-time data) by linear 
regression using equation (12) or by non-linear 
regression using equation (1 1). 


which can be easily integrated: 


For esterifications, described by the equation 


ROH + CH3C02H G CH3C02R + H20 (13) 
the use of aqueous acetic acid as solvent permits the 
rate of reaction to be defined in terms of a pseudo-first- 
order rate law, assuming that the reverse reaction can 
be neglected initially: 


(14) 
If a small amount of oxidant is present, the rate of 


its reduction can be shown (as above) to be linearly 
related to kE through the equation 


ln[ l  + (-dA/dt)/k(A - A, ) ]  = kEf (15) 


- d [ROH] /dt = k~ [ ROH] 


RESULTS 


Spectral scans obtained when a solution of ethanol 
reacts with chromic acid (Figure 2) are similar to those 
obtained when chromic acid is reduced as the hydrolysis 
of ethyl acetate occurs (Figure 3). The main difference 
is in the spacing of the scans taken at fixed time inter- 
vals. Because the concentration of ethanol is decreasing 
under the conditions in Figure 2, the scans become pro- 
gressively closer together, whereas under the conditions 
in Figure 3 ,  because the concentration of ethanol is 
increasing, the scans become further and further apart. 
In other words, the rate of reaction is steadily 
decreasing in Figure 2, but steadily increasing in 
Figure 3 .  


I.0C 


U 
u z 
4 


0 cn 
4 


g o s  


m 


4 0 0  SC 


X ( n m )  


Figure 2. Sequential scans for the oxidation of ethanol by 
chromiurn(V1). Spectra taken at 100s intervals (top to 
bottom). [Ethanol] = 0.103 M; [Cr6'] = 0.0005 hi; 


[HCI] = 1 . 4 9 ~ ;  temperature=25.1 2 O.IoC 


I.0C 


U 
u 
Z a 
g 0.5 
0 
Cn 


4 
m 


I I I 
350 450 


X ( n m )  


Figure 3 .  Sequential scans for the reduction of chrorniurn(V1) 
by ethanol during the hydrolysis of ethyl acetate. [Ethyl 
acetate] = 0.102 M; [HCI] = 1.49 M; 


temperature=25.1 _C 0.1 C 
[cr6+1 = 0.0005 M; 
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Table 2. Rate constants for the hydrolysis of esters 


Ester Acid solution k,, (I mol-' s - '  x 10')~ Observeda Literature value 


Ethyl acetate 
Ethyl acetate 
Ethyl acetate 
Ethyl acetate 
Ethyl acetate 
Ethyl acetate 
n-Propyl acetate 
n-Propyl acetate 


1.28 C 0-05 
1.43 C 0.04 
1.43 C 0.03 
1.69 C 0.02 
8-7 t 0.1 
16.8 C 0.4 
9-4 -t 0.1 
35 C 5 


1.26 C 0.06 
1.66 4 0.06 
2.64 C 0.01 
4.52 4 0.02 
2.01 4 0.04 
3.06 C 0.05 
2.4 20.1  
5.7 20.2 


1.2b 


4-5b 
2.01b 


l . g b  
2*6b 


3 ~ 5 0 ~  
2-4' 
6-0' 


aValues are averages of three or more experiments. Rate plots had correlation coefficients of 0.999 or better 
bObtained by Bell et al. l o  using dilatometry. 
'Obtained by Yates and McClelland" using a procedure that involves the quenching of aliquots. 


Table 3. Rate constants for the hydrolysis of alkyl acetatesa 


Relative rate 


Methyl acetate 0.040 t O.OO4 1.90 C 0.05 0.57 0.58 
Ethyl acetate 0.53 20-01  1.08 2 0.06 1.00 1.00 
n-Propyl acetate 0.78 _t 0.03 0.97 C 0.04 1.11 1.08 


n-Pentyl acetate 1-03 50.05 0.90 C 0.01 1.20 
n-Butyl acetate 0.99 20.03 0.92 C 0.03 1.17 1.18 


'Solvent, 50% (v/v) acetic acid containing 2.00 M HCl04, temperature = 25 'C. 
bValues are averages of three or more experiments. All rate plots had correlation coefficients of 0.999 or greater. 


Rate constants, obtained from plots of 
-In [l + (dA/dt)/k(A - A P ]  vs time (Figure 4), were 
determined for the hydrolysis of ethyl and n-propyl 
acetate in aqueous HCI and HzS04 (Table 2) and com- 
pared with those previously reported by others working 


TIME ( seconds x ) 


under the same conditions. Lo-12  The relative rates of 
hydrolysis of alkyl acetates in aqueous acetic acid were 
also determined (Table 3) and compared with those 
reported in the literature. l 3  The study was extended to 
include the hydrolysis of esters in aqueous perchloric 
acid solutions (Table 4) and in aqueous acetic acid 
solutions containing 2.00 M HC104 (Table 5). 


Table 4. Rate constants for the hydrolysis of ethyl acetate in 
perchloric acid solutions 


[HCIOI 1 (M) ko, (1 rnol-' s-')= k H  (s-1 x 1 0 ~ ) ~  


1.00 0.0115 t 0.0007 1.12+0.02 
1.40 0.0266 t 0.0005 1.34 f 0.02 
2.00 0.070 t 0.004 1.84 f 0.03 
2.40 0.128 C 0.005 2.21 C 0.02 
3.00 0.29 ? 0.02 2.58 t 0.04 
3.40 0.44 t 0.01 3.09 5 0.09 
4.00 0.92 t 0.03 3.5 20 .1  Figure4. Typical plot for calculation of the hydrolysis rate 


constant. [Ethyl acetate] = 0.103 M; [CrO3] = 0*00050~; a [Ethanol] = 0.103 M; [CrOs] = 5 X M; temperature = 25 O C .  
[HCI] = 1.49 M; temperature = 25.1 f 0.1 C. [Ethyl acetate] = 0.102 M, [CrO,] = 5 x M ,  tempera- 


Slope = 0.0338 C 0.0003 SKI; r =  1.000 ture = 25 "c. 
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Table 5. Rate constants for the hydrolysis of esters in aqueous 
acetic acid solutions" 


~~ 


Ethyl acetate 
Ethyl fluoracetate 
Ethyl propanoate 
Ethyl phenylacetate 
Ethyl butanoate 
Ethyl pentanoate 
Ethyl cyanoacetate 
Ethyl dichloroacetate 
Ethyl trichloroacetate 


10.1 ? 0.1 
6.7 k 0.2 


10.0 k 0.1 
4.1 t 0.2 
4.8 t 0.1 
4.4 ? 0.1 


0.67 t 0.02 
4.7 t 0.1 
1.7 t 0.3 


"50% (v/v) acetic acid; [HC104] =2.00 M; [ester] = 0.1 M; 
temperature = 25.0 t 0.1 OC. 


Table 6. Rate constants for the formation of alkyl acetates in 
acetic acid" 


Alcohol k,, (I rno1-I s - '  x lo3) ke (s - l  x lo4) 


Methanol 0.27 ? 0.02 10.5 t 0.2 


Propanol 10.3 t 0.3 4.6 t 0.2 
Butanol 14.4 2 0 . 5  4.8 t 0.4 
Pentanol 15.4 t 0 . 6  4.6 t 0.3  
Nonanol 18 2 1  3-21 5 0-07 


"87% (v/v) acetic acid; [HCI] =0.495 M; tempera- 
ture = 25.0 & 0. I 'c. 


Ethanol 7.8 t 0.3 4.4 t 0.2 


Table 7. Effect of acidity on the rate of esterification of 
ethanol in acetic acid" 


WCII (M) k,, (I rno1-I SKI x lo3) kE ( S - I  x lo4) 


0.099 7.9 5 0.3 1.5 2 0 . 1  
0.198 9.6 t 0.7 2.48 t 0.03 
0.297 10.9 2 0.6 3.5 5 0 . 1  
0.396 12.2 2 0.3 4.4 2 0 . 1  
0.495 10.5 2 0.4 5 . 8  2 0 . 1  
0.594 12.0 2 0.5 6-1 5 0 . 2  


a90% (v/v) acetic acid; [ethanol] = 0.0857 M temperature = 
25.0 & 0 .  I ''2. 


The versatility of this approach to  reaction kinetics 
was further illustrated by a study of the rates of 
esterification reactions under conditions not previously 
accessible (Tables 6 and 7). 


DISCUSSION 


The approach described here provides workers with an 
additional way of determining reaction rates and rate 
constants for compounds that lack suitable chro- 
mophores. Although indirect, the method gives results 


that seem t o  be reliable as judged from a comparison 
with rate constants previously determined in other lab- 
oratories using different techniques. Although the 
examples used to illustrate the method are limited to  
ester hydrolysis and formation, there seems to  be little 
doubt that extensions to  other reactions are possible; 
for example, the alkaline hydrolysis of alkyl halides to 
alcohols (using permanganate14 or ruthenate as 
assistant reagents), the formation of aldehydes or 
ketones (using 2,4-dinitrophenylhydrazine as the 
assistant reagent 1 6 ) ,  the formation of alkenes or 
alkynes (using permanganate or ruthenium tetroxide l 7  


as the assistant reagent), the reactions of amino acids 
(using ninhydrin as the assistant reagent18) or the 
reactions of aliphatic amines (using tetrachloro-p- 
benzoquinone as the assistant reagent lY) should be 
amenable to  study. 


The primary requirements are that the assistant 
reagent does not interfere with the reaction under inves- 
tigation and that it reacts with one of the products or 
reactants a t  a measurable rate under the conditions 
employed. Also, the rate constants obtained are more 
accurate when only one compound present in the 
reaction mixture reacts with the assistant reagent. In 
principle, it should be possible to  use a reagent that 
reacts with more than one compound present; however, 
our experience with such systems has been that the 
resultant rate constants contain large uncertainties. 
Similarly, we have found that it is best to  determine the 
rate constant for the reaction of the assistant reagent in 
separate experiments. Algorithms for determining both 
rate constants (e.g. k,, and kH)  coincidentally from one 
experiment are available, but their use also results in an 
increase in the uncertainty of the calculated rate 
const ants. 


This approach permits the study of reaction rates 
under conditions that could not be easily tolerated by 
other methods. For example, it would be difficult to 
monitor the rate of formation of alkyl acetates in acetic 
acid (Table 6) by other methods currently available. Of 
course, the reaction conditions also impose severe limi- 
tations, e.g. hydrolysis under alkaline conditions could 
not be monitored using chromic acid as the assistant 
reagent because alcohols and Cr03 do not react in basic 
solutions.20 Under such conditions it should be poss- 
ible, however, t o  use other oxidants such as perman- 
ganate14 or ruthenate.I5 The best reagents to use for a 
particular reaction can be selected on the basis of 
known chemistry, but each application may require 
additional experimentation. 


Although the purpose of this paper is to illustrate a 
new experimental method for the determination of 
reaction rates, it is also of interest to  comment briefly 
on the significance of the results obtained with respect 
to reaction mechanisms. From the data reported in 
Table 4 it is possible t o  test quantitatively our current 
understanding of the way in which hydrolysis occurs. In 
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moderately acidic solutions it is expected that an AA,2 
as summarized in equation (16), will 


pertain. 


0 
II 


'OH 
I I  


CH3COEt  


+ I  (16) CH3COEt t H t  CHjCOEt - 
u 1 0% 


$roducts 


In perchloric acid solutions the available kinetic data 
seem to indicate that less than two molecules of water 
participate in the transition state. 22 However, from the 
data in Table 4 it is possible to make an independent 
calculation of the amount of water involved. Using pre- 
viously reported ~ K B H +  values,23 the concentration of 
the conjugate acid of ethyl acetate, 1, can be calculated 
for each acidity from the Bunnett-Olson equation 24 or 
by use of the equations 


log( [ester H + ] /  [ester]) = - H E  + PKBH+ (17) 


[ester] + [ester H+l  =  ester]^ (18) 


where HE is the acidity function for esters (approxi- 
mately equal to O - ~ H O ) , ~ ~   ester]^ is the total concen- 
tration of ester, [ester H+] is the concentration of 
protonated ester and [ester] is the concentration of 
unprotonated ester. 


The expressions for the observed [equation (19)] and 
the derived rate laws [equation (20)] can be equated 
[equation ( 2 1 ) ] ,  rearranged into a linear form 
[equation (22)] and the value of n obtained from the 
appropriate plot (Figure 5) .  


rate = kH [ ester] (19) 


rate = k' [ester H+]  U H ~ O ~  (20) 


kH [ester] = k '  [ester H'] U H ~ O "  (21) 
log kH [ester]/ [ester H + ]  = n log U H ~ O  + log k'(22) 


As can be seen n is very close to 2, as it is in sulfuric 
acid solutions." It is not clear why these results are at 
variance with the previously reported value for n 
( 1  .63),22 in perchloric acid solutions. However, the 
similarity between the value in H2S04 and that for 
HCI04 reported here is consistent with the contention 


l 


a H20 


Figure 5 .  Plot for determining the extent of water partici- 
pation in the transiLion state. [Ethyl acetate] = 0.102 M; 


temperature = 25 C. Slope = 2.16 5 0.13; r = 0.991 


made by Yates2' that 'It seems inherently unlikely that 
the presence of different counterions such as HS04 ,  
(2104 and C1- could alter the basic mechanism to such 
an extent that the role of water in the rate-determining 
step would be significantly changed.' The second mol- 
ecule of water may be involved as a proton acceptor in 
either a linear'' or cyclic2' fashion as represented by 
structures 2 and 3. 


The value of the rate constant for conversion of the 
conjugate acid, 1, into products, k ' ,  is approximately 
constant over the entire range of acidities studied, as 
indicated by the data in Table 8. 


Table 8. Calculated values for k' 


[HC104] (M) [ester H'] (M x k" 


PH 
CH, C-0,Et 


P" 
L 'H 


H/O\H H 


CH,COEI 


H-0 
I /  
H- . -0 


\ 


1.00 
1 -40 
2.00 
2.40 
3.00 
3.40 
4-00 


3.30 
4.36 
6.43 
7.91 
1.12 
1.38 
1.89 


~ ~~ 


0.376 
0.355 
0.357 
0.370 
0.340 
0.362 
0.350 


2 3 
a [Esterlo = 0.102 M; temperature = 25 'C 
bk '  =k~[ester]/([ester H ' ] / U H , ~ ~ ) .  
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SIGNIFICANCE OF THE CIS-TRANS ISOMERIZATION OF 
EARLY INTERMEDIATES IN THE CAROTENE BIOSYNTHETIC 


PATHWAY 


PIOTR PANETH,* s. MAD HA VAN^ AND MARION H .  O’LEARY 
Depurrmenr of Biochemistry. Unrversiry of Nebraska- Lincoln, Lincoln, Nebraska 68583. USA 


Using semi-empirical self-consistent field molecular orbital (SCF-MO) quantum chemical calculations, structures of 
putative intermediates of the desaturstion pathway for both cis- and frans- carotene biosynthesis have been optimized. 
I t  was observed rhat the cis isomers of the early biosynthetic intermediates are more stable than corresponding truns 
isomers. Both desaturation and cyclization steps confer increased stability on these carotenes. The results also argue 
for phytoauene, rather than the earlier suggested phytoene or (-carotene, as the energetically favored branch point 
for poly-cis-carotene biosynthesis. 


INTRODUCTION 


Two major classes of pigments that occur in the photo- 
synthetic membranes of plants are chlorophylls and 
carotenoids. The main function of carotenoids in 
photosynthetic organisms is to provide protection 
against photodynamic destruction and to assist in light 
harvesting.’ Carotenoids are also present at high con- 
centrations in some flowers and fruits. &Carotene, the 
principal carotene in higher plants, also serves as the 
precursor for vitamin A in mammals.’ 


Most carotenoids found in nature show an all-trans 
configuration about the conjugated polyene chro- 
mophore. The natural occurrence of cis-poly-cis- 
carotenes in plants, although observed, is not very 
common. Treatment of plant tissues with substituted 
secondary or  tertiary amines can also induce the syn- 
thesis of poly-cis-carotenes in an otherwise normal 
trans-carotene-producing ~ y s t e m . ~  DaffodiI chro- 
moplasts form poly-cis-prolycopene (7,7.’ ,9,9’-tetra- 
cis) under aerobic conditions in vitro.’ 


The hrst step in the biosynthesis of carotenoids is 
the head-to-head condensation of two molecules of 
geranylgeranyl pyrophosphate to form phytoene, via 
the intermediate prephytoene pyrophosphate. 15-cis- 
Phytoene is the most predominant phytoene formed in 
eukaryotic plants and most bacteria; the all-trans 
isomer is found only in a few organisms.’ The for- 


‘On leave from the Technical University of L o d i ,  t o d i ,  Poland 
t Author for correspondence. 


0894-32301921 120783-04$07.00 
E 1992 by John Wiley & Sons, Ltd. 


mation of all-trans-lycopene in higher plants appears to 
involve five steps: one isomerization and four dehydro- 
genations. 15-cis-Phytoene is first dehydrogenated to 
cis-phytofluene, which is then isomerized to trans- 
phytofluene and converted by a series of three dehydro- 
genations into (-carotene, neurosporene and Iycopene‘ 
(Figure I ) .  Lycopene is then cyclized to form either cr- 
or @carotene. 


The pathway for the biosynthesis of poly-cis- 
carotenes (Fig. 1) in tissues where they occur is still less 
understood. Clough and Pattenden* established the 
stereochemistry of the poly-cis-carotenes of the 
tangerine tomato as C-l5-mono-cis-phytoene, C- 15, 
C-9’ -di-cis-phytofluene, C-9,C-9’ -di-cis-(-carotene, 
C-9,C-9’ ,C-7‘ -tri-cis-proneurosporene and C-7,C-9, 
C-9’ ,C-7 ’ -tetra-cis-prolycopene. The remaining double 
bonds in these carotenes have truns geometry. Clough 
and Pattenden’ also proposed that the branch point for 
the synthesis of cis-carotenes was phytoene, rather than 
cis-{-carotene. Studies done on cell-free extracts of 
tangerine tomato fruit plastids, however, indicated 
that the branch point in the conversion of poly-cis 
compounds is trans-r-carotene. lo Raymundo and 
Simpson I ’  suggested that proneurosporene and proly- 
copene could be formed from poly-cis-phytoene, poly- 
cis-phytofluene and poly-cis-l-carotene, which in turn 
can be formed from phytoene, phytofluene and (- 
carotene, respectively. 
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cis - Phytoene 


3 
trans -Phytoflucne 


di- cis -Phytofluene cis - Phytoflucne 
2a / 
/ 


trans - < - Carotene 


cis - ( - Carotene 


‘ W  Proncurosporcne 
I \ frms - Neurosporenc 


\ c T + - l - - w  4 
A, a - Zeacarotenc 


trans - Lycopenc 
v ^ r c  


/ 
f3 - Zcscsrotcnc li - Cyotene 


a - Carotene 


w- 
y - Carotcnc 


0 - Csrotcnc 


Figure 1. Pathway for the biosynthesis of carotenes in plants; 1, 2, and 2a (Refs. 8, 9 and 10, respectively) indicate the proposed 
branch points for the synthesis of poly-cis-carotenes 


It is obvious from earlier studies that there is still 
uncertainty regarding the branch point of the biosyn- 
thetic pathway leading to the formation of poly-cis- 
carotenes. The aim of this study was (a) to optimize 
structures of putative intermediates of the desaturation 
pathway of both cis- and trans-carotene biosynthesis at 
a semi-empirical self-consistent field molecular orbital 
(SCF-MO) level and (b) to find the most energetically 
favorable intermediates and the biosynthetic step at 
which the cis-trans isomerization could possibly occur 
and serve as the branch point for the formation of poly- 
cis-carotenes. Semi-empirical SCF-MO methods have 
been proved to be successful tools in finding energetic- 
ally favored pathways and their mechanistic details in 
other systems. 1 2 ~ 1 3  


the PM314 Hamiltonian as found in MOPAC 5.0 and 
6 - 0  (QCPE 831). *’ Geometries were optimized from 
the appropriate idealized starting geometries using the 
Broyden-Fletcher-Goldfarb-Shanno method. The 
optimization limits were set by using the keyword 
PRECISE, which is a routine procedure in optimizing 
geometry. Symmetry functions were not used in the cal- 
culations. The rotational barriers were followed by a 
systematic increase of the corresponding torsional angle 
along the C-15-C-15 ’ bond. All stable geometries 
were verified by the absence of negative eigenvalues of 
the force constant matrix (using analytical first 
derivatives). SCF calculations were optimized to 
< lo-’ kcalmol-’ (1 kcalz 4.184 kJ) and geometries 
were optimized to < A. 


PROCEDURE RESULTS AND DISCUSSION 
The semi-empirical quantum chemical calculations were 
performed on a IBM 3090 6005 computer with use of 


The heats of formation (AHf) of all carotenes included 
in the calculations are given in Table 1. Heats of for- 
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Table 1 .  Calculated heats of formation of carotenes 
~ ~~ 


Carotene AHf (kcal mol-') 


trans-Phytoene - 14.7 
cis-Phytoene - 17.2 
trans-Phytofluene 15.0 
Di-cis-Phytofluene 9.3 
cis-Phytofluene 8 . 1  
trans- r-Carotene 3 1 . 1  
cis-c-Carotene 30.6 
Unsym .- r-Carotene 29.6 
trans-Neurosporene 53,9 
a-Zeocarotene 49.3 
8-Zeocarotene 45,2 
trans-Lycopene 78.6 
A-Carotene 74.2 
y-Carotene 70.4 
c-Carotene 63.3 
a-Carotene 57.5 
p-Carotene 56.8 


E,,,, (kcal mol - I)' 


0 
-2 .5  


0 .7  
- 5.0 
- 6 . 2  
- 12.2 
- 12.7 
- 13.7 
- 18.4 
-23.0 
-27.1 
-22.7 
-27.1 
- 30.9 
- 38.0 
-43.8 
-44.5 


"E,,, = AHr - n x 29-0 (kcal mol-'), where n is the number 
of desaturation steps the carotene underwent compared with 
phytoene. 


mation resulting from the calculations can be directly 
compared for the molecule stability only for isomeric 
molecules. In order to compare the stabilities of mol- 
ecules which differ in saturation (and the number of 
hydrogen atoms) we have introduced a corrected energy 
(Ecorr). The correction is based on the energy difference 
between butane and butene (29-0 kcal mol- '), calcu- 
lated under same approximations as all other 
calculations: 


E,,,, = AHF - n x 29.0 (kcal mol-') (1) 


where n corresponds to the number of desaturation 
steps the molecule underwent compared with phytoene. 
trans-Phytoene was arbitrarily assigned the value of 
0 kcalmol-'. The carotenes listed in Table 1 are given 
in order of increasing stability within groups of 
isomers. Relative stabilities of different carotenes are 
presented qualitatively in Table 1 by vertical placement 
of the corresponding molecules. 


These calculations indicate that trans isomers of 
carotenes are always less stable than the corresponding 
cis isomers (Table 1). This is consistent with the fact 
that the phytoene found in eukaryotic plants and most 
bacteria is predominantly 1 5 4 s .  Desaturation steps in 
the carotene biosynthetic pathway lead to an increase in 
stability of these carotenes, due to conjugation of the 
systems. Comparison of energies between the acyclic 
lycopene and all other isomeric cyclic carotenes support 
the fact that with cyclization there is a further increase 
in stability of these carotenes (Table 1). The cyclic 
carotenes, especially P-carotene and to a lesser extent 
a-carotene, are known for their functional role in light 


t 1 


0 30 6 0  90 120 150 180 


TORSION ANGLE 


Figure 2. Cis-trans rotational pattern for (0) phytoene, ( m  ) 
phytofluene and (*) r-carotene 


and for the assembly of photosystems, of the photosyn- 
thetic apparatus of all algae and higher plants. 


We also attempted to evaluate the significance of 
cis-trans rotation of the early intermediates phytoene, 
phytofluene and {-carotene in the carotene biosynthetic 
pathway. The rotational patterns for all three carotenes 
are illustrated in Fig. 2. The torsioc angle, 0, is defined 
for the C-15-C-15'- bond. The 0 angle corresponds 
to cis isomers and 180' to trans isomers. We were 
unable to optimize transition states along these barriers. 
A striking observation from these results is that the 
result of cis-trans isomerization for phytofluene is 
different from those for both phytoene ,a"d c-carotene. 
The maximum poi$ corresponds to 90 in phytofluene 
compared with 60 in both phytoene and {-carotene. 
The barrier is more symmetrical on both sides of the 
maximum and it is much smaller than for the other two 
carotenes. These observations are summarized in Table 
2. In addition to the torsion angle, the height of the 
barrier ( A E )  and the difference between the corre- 
sponding cis and trans isomers (AEcis-truns) are listed in 
Table 2. 


Extensive information on carotene biosynthesis in 
several prokaryotes and eukaryotes exists at the 


Table 2. Parameters of cis-trans rotational barriers for 
early intermediates 


A E  AEcis-trans 
Molecule (kcal mol-') @(") (kcal mol-') 


Phytoene 54 60 2.5 
Phytofluene 28 90 6.9 
r-Carotene 61 60 0.5 
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biochemical level. However, very little information 
is available on the enzyme(s) that mediate(s) the 
isomerization and dehydrogenation reactions in both 
trans- and cis-carotene biosynthetic pathways, with the 
exception of the enzymes phytoene synthetaseI6 and 
phytoene desaturase.” There is still no clear under- 
standing on the branch point from which the biosyn- 
thesis of poly-cis-carotenes occurs. Phytoene’ and 
trans-{-carotene9 have been proposed as those points 
from which the poly-cis-carotenes were synthesized. 
Data obtained from our calculations indicate that cis- 
phytofluene may be a strong candidate for this position 
rather than both phytoene and trans-{-carotene. cis- 
Phytofluene is much more stable than trans-phytofluene 
(Tables 1 and 2). Porter and Spurgeon” also indicated 
the possibility of the occurrence of direct conversion of 
cis-phytofluene into &{-carotene in the poly-cis- 
carotene biosynthetic pathway of tangerine tomato fruit 
plastids. A comparatively lower conformational barrier 
of phytofluene, as indicated from our calculations, 
strongly suggests it to be an additional candidate for the 
cis-trans isomerization along with phytoene and 
{-carotene in the carotene biosynthetic pathway. It will 
be interesting to identify the enzyme(s) that catalyze this 
step in the carotene biosynthetic pathway to support 
our findings. 


CONCLUSIONS 


Our results argue for phytofluene rather than the earlier 
suggested phytoene or {-carotene as the energetically 
favored branch point for poly-cis-carotene biosynthesis 
in tissues where they occur. Results from our calcu- 
lations also suggest that (a) cis isomers of the early 
intermediates of the biosynthetic pathway are more 
stable than corresponding trans isomers and (b) satu- 
ration and cyclization steps in the carotene biosynthetic 
pathway confer increased stability on these carotenes. 
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SHORT COMMUNICATION 


CYCLOPROPYLMETHOXYCARBENE: A KINETIC LIMIT ON THE 
1,2-CARBON MIGRATION 


ROBERT A. MOSS,* EUN G. JANG, HONG FAN, MAREK WtOSTOWSKI AND 
KARSTEN KROGH-JESPERSEN 


Department of Chemistry, Rutgers, The State University of New Jersey, New Brunswick, New Jersey 08903, USA 


Cyclopropylmethoxycarbene undergoes ambiphilic-nucleophilic intermolecular reaction with alkenes and methanol, 
but its intramolecular chemistry (1,2-carbon migration) is suppressed (k  < 3 X lo's-')  by the a-methoxy substituent. 


INTRODUCTION 


The influence of a-heteroatomic substituents on the 
kinetics of carbene rearrangements should be profound. 
For example, high-level ab inito calculations on the 
reaction 


(1) 
predict activation energies of 0.6,  11-5, 19 and 
27.2 kcal mol-'  (1 kcal=4.184 kJ), where X = H ,  CI, 
F, or OMe, respectively,' so that the 1,2-hydride 
migration of methylmethoxycarbene' should be sup- 
pressed relative to alternative, intermolecular reactions. 
Nevertheless, supprysion may not be complete: ther- 
mally generated (25 C) Me-C-OMe appears to  give 
traces of methyl vinyl ether.2 


In order to examine more closely the dependence of 
1,2-carbenic rearrangements on a-heteroatomic substi- 
tuents, we turned to the cyclopropylcarbene ---t cyclo- 
butene 1,2-carbon migration: 


1.2-  H Me-C-X ---+ CH2=CHX 


2 


where, using laser flash photolytic (LFP) methodology, 
we have already measured rate constants and activation 
parameters for the rearrangements of carbenes 1-C1 and 
1-F. 3,4 We have now generated cyclopropylmethoxy- 
carbene, 1-OMe, and found that its intramolecular 
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rearrangement to 1-methoxycyclobutene, 2-OMe, is 
indeed suppressed. On the other hand, intermolecular 
reactions with methanol and alkenes occurred readily. 
LFP studies not only substantiated the nucleophilic 
character of 1-OMe, but also analysis of its reaction 
with methanol permitted us to assign an upper limit of 
k < 3 x lo3 s - '  to the 1,2-C migration of 1-OMe in 
solution. 


RESULTS 


Product studies 


Cyclopropylmethoxydiazirine, 3-OMe, was prepared 
from cyclopropylamidinium chloride. Graham 
oxidation (aqueous NaOBr, dimethyl sulfoxide) 
afforded bromodiazirine, 3-Br (X,,,, pentane, 348, 358, 
380nm),4 which was removed under vacuum at 
<O.  1 mmHg and trapped in dimethylformamide 
(DMF) at 77 K. Exchangezp7 with NaOMe (DMF, - 30 
to  - 20 OC, 2 h) then provided 3-OMe (A,,,, pentane, 
344, 350, 358 nm), which was extracted into pentane 
or chloroform after an ice-water quench of the 
reaction mixture. Dried (CaClz), freshly prepared 
pentane (or chloroform) solutions of 3-OMe were used 
in subsequent experiments. The NMR spectrum of 
3-OMe (6, CDC13) revealed cyclopropyl proton mul- 
tiplets at 0.2-0.3, 0.5-0.6 (2H each) and 0.65-0.75 
(1H) and a singlet for OMe at 3.25 (3H). 


Diazirine 3-OMe (A358 = 1 .O) was thermally 
unstable, decomposing in pentane at 25°C with 
k =  2.1 x w 3  s - ' ,  r1 /2  = 5 . 5  min. The products 
included azine 4, cyclopropanecarboxyaldehyde, 5, its 
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3 5 6 7 


dimethyl acetal, 6, and methyl cyclopropanecarbox- 
ylate, 7, in a distribution of 59 : 13 : 16 : 11. The overall 
yield of azine was 6.59'0, based on cyclopropyl- 
amidinium salt; assuming 50% yields for the Graham 
oxidation and diazirine exchange reactions, the 
decomposition of 3-OMe to products 4-7 must also 
have proceeded in ca 50% yield. Azine 4, m.p. 
93-95 OC, was characterized by NMR and mass spec- 
trometry and elemental analysis, whereas products 5-7 
were identical [NMR, gas chromatography (GC)] with 
commercial or independently prepared (6)8 samples. 


Aldehyde 5 most likely stems from the capture of 
carbene 1-OMe by adventitious water, followed by the 
loss of methanol from hemiacetal 8: 


-N  H20 3-OMe 2 1-OMe - 


MeO. 'OH 
8 


Methanol itself, however, is a powerful carbenaphile 
(see below), so that it traps 1-OMe affording acetal 6. 
Ester 7 probably represents the reaction of 1-OMe with 
oxygen; products analogous to 4-7 have been observed 
in the reaction of Ph-C-OMe. 


Significantly, no methoxycyclobutene, 2-OMe, was 
observed in thermal or photochemical decompositions 
of 3-OMe in either pentane or CDC13. Authentic 2-OMe 
was prepared from cyclobutanone by Gale's pro- 
cedure; '' its distinctive NMR spectrum, particularly the 
vinyl resonance at ~ C D C I ,  4.49, made it easy to demon- 
strate its absence to less than 3% in crude product mix- 
tures. There was also no evidence for the formation of 
methoxymethylenecyclopropane ( 6 ~ ~ 1 ~  ca 6.4 "), the 
1,2 - H product of 1-OMe. 


Cyclopropylmethoxycarbene displayed a lively inter- 
molecular chemistry. Thermal decomposition of 3-OMe 
in the presence of methanol afforded acetal6 in > 90% 
yield based on the diazirine. Thermolysis of the 
diazirine in the presence of excess of alkenes gave the 
appropriate cyclopropanes, 9 in ca 5% yields based on 
the amidinium salt; cf. equation (4). These yields corre- 
spond to ca 25% based on diazirine. Additions to the 
styrenes were accompanied by some azine formation, 
Cyclopropanes were not observed as significant pro- 


ducts in the reactions of I-OMe with either trimethyl- 
ethylene or 2-ethylbutene-1. 


25' C R 1 \  


-Nz R/ 
3-OMe - 1-OMe + C = C H ~  - 


9 
a ,  R, - R:! = Me: b, R1 = CN, Rz = H 


e. R1 = p-MeOPh, R2 = H; 1, R1 = p-CIPh, R2 = H 
C, R i  = CN, R2 = '21; d, R1 = Ph. R2 = H 


Except for 9a, the cyclopropanes were all syn-anti 
isomer mixtures. They were purified by Kugelrohr dis- 
tillation and/or preparative GC, and characterized by 
appropriate NMR spectra, elemental analyses and/or 
exact mass spectrometric measurements. 


Kinetic studies 


LFy9 of a freshly prepared pentane solution of 3-OMe 
(10 C, A358 = 1 .O) at 351 nm, 50-80 mJ, 14 ns, gave 
rise to a well defined, transient UV absorption (A,,, 
375 nm) that originated within the time period of the 
laser pulse. The transient, which we assign to carbene 
I-OMe, decayed with pseudo-first-order kinetics 
(k = 4 x lo4 s - ' )  that were dependent on [3-OMe], due 
to the reaction of the carbene with the diazirine 
(affording 4). The UV absorption of 1-OMe is very 
similar to that of trans-Me-C-OMe (Amax 375 nm);2 
both carbenes also have similar calculated HOMO and 
LUMO orbital energies (see below). 


The LFP UV absorption of I-OMe in pentane could 
be quenched by methanol or alkenes [cf. equation (4)] ; 
trimethylethylene, however, did not quench the carbene 
on the time scale of the laser experiment (k < lo4 s-'). 
Quenching by methanol was effective at very low 
concentrations; in the range 6 x < [MeOH] < 
9 X M, the decay of 1-OMe was linearly depen- 
dent on [MeOHl , affording k = 2.1 2 0.82 x 
lo8 1 mol-ls-' for the bimolecular rate constant of the 
1-OMe-MeOH reaction. In this concentration range, 
methanol is most likely reacting as a monomer. ' z , 1 3  


When diazirine 3-OMe (3.6 x lo-' M, relative to an 
internal cyclohexane standard) was decomposed at 
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Table 1. Absolute rate constants for reactions of 
I-OMe and aIkenesa 


Alkene 


CH2=CHCN 
CHI=CCICN 
p-MeOC,jH4CH=CHz 
p-MeC6H4CH = CHZ 
C,jH5CH=CH2 
p-C1C6H4CHrCH2 
m-CIC,jH4CH=CHz 


10-'k* (I mol-' s - ' ) ~  


28 ? 5 
59 ? 2 


3 . 8  ? 0.2 
1.7 2 0.1 
2 .4  t 0.1 
4.1 2 0.7' 
1 . 5  t 0.4 


"At 10 'C in pentane. 


except where indicated. 
Errors are average deviations of two determinations 


Average of three determinations. 


25 "C in a CDCl3 solution that was 7.4 x M in 
methanol, NMR analysis indicated a 97% conversion to 
acetal6, with no sign of cyclobutene 2-OMe. Assuming 
that the acetal formation ( k + )  is pseudo-first order, 
and recalling that k = 2 x lo8 1 mol-' s - '  for the 1- 
OMe-MeOH reaction, k+ should be cu 1 . 5  x lo4 s L 1  
under our reaction conditions. We estimate that we 
could easily detect 20% of cyclobutene 2-OMe vs 
acetal 6, so that the first-order rate constant for 
1-OMe+ 2-OMe cafnot exceed (1/5)k+ = 3 x lo3 s - '  
in chloroform at 25 C. 


Quenching of LFP-generated 1-OMe in pentane 
could also be accomplished with alkenes, with bimole- 
cular rate constants extracted in the usual manner. ' ,14 


These results are collected in Table 1. 


DISCUSSION 


In contrast to the behavior of carbenes 1-C1 and 1-F, 
1-OMe does not undergo the intramolecular 1,2-carbon 
migration reaction in solution; the expected rearrange- 
ment product, 2-OMe, cannot be detected. 
So uncompetitive is the ring expansion pathway that 
I-OMe preferentially undergoes intermolecular 
reactions with its diazirine precursor (affording azine 
4), and also with trace amounts of water, methanol or 
oxygen (yielding products 5-7). 


The near quantitative conversion of 1-OMe to acetal 
6 with methanol serves to fix an upper rate constant 
limit for the (unobserved) I-OMe -+ 2-OMe rearrange- 
ment of cu 3 x lo3  s - ' .  This can be compared with 
rate constants of 9 x lo5 and 1 . 4 ~  lo5 s- '  for the 
1-Cl -+ 2-C13a and 1-F + 2-F4 rearrangements, respect- 
ively. Clearly the a-methoxy substituent in carbene 1 
effectively suppresses the 1,2 - C rearrangement rela- 
tive to the a-C1 or a-F substituents. 


The observed activation energies for the l-C13b and 
1-F4 rearrangements are 3.0 and 4.2 kcal mol-', 
respectively. If the pre-exponential factor for the 


those observed for I-C1 and 1-F (log A = 8.2-8.3 s- ' ) ,  
then, from the maximum rate constant, we can estimate 
that E a  for 1-0Me-t 2-OMe must be at least 
6.5 kcal mol-'. 


The activation energies for 1,2 - C shifts in carbenes 
1-X are 4-5 times smaller than the corresponding calcu- 
lated values for 1,2 - H shifts in Me-C-X, but they 
do fall in the expected order as a function of X, viz., 
M e 0  > F > C1. We would expect Ea(1,2 - C) to be 
smaller than Ea(1,2 - H); indeed, the activation energy 
for l-C1+2-C1 has been calculated as cu 
8 - 8  kcal m 0 1 - ' , ~ ~  compared with 11-5 kcal mol-' for 
Me-C-Cl -+ vinyl chloride. Nevertheless, there 
remain sizable (and as yet unexplained) discrepancies 
between the calculated and (very low) observed acti- 
vation energies for 1,2 - C reactions. Conceivably, 
heavy atom tunneling might be involved. 


The absolute rate constants (Table 1) for the 
additions of 1-OMe to various alkenes reveal the 
ambiphilic-nucleophilic pattern l 5  of reactivity that 
would be expected for a monoalkoxycarbene, '19 


Geometry-optimized ab initio calculations afforded 
orbital energies (in eV) computed at the HF/4-31G//3G 
level for the trans-1-x carbenes (10): ELU(P) = 2-01 
(X=Cl) ,  2-88 ( X = F )  and 3.97 (X=OMe); 
E H O ( U )  = - 10.08 (X = CI), - 10-32 (X = F) and 
-9-43 (X = OMe) (all ub inifio calculations made use 
of the Gaussian 88 series of progams;I6 a detailed 
description of the methods used in this work can be 
found in Ref. 17). The pronounced increase in c L u  as X 


1 0  1 1  


1 2  


is changed from C1 to F to OMe is consistent with a 
change from the predominant electrophilicity of l-Cl'* 
to the observed ambiphilicity-nucleophilicity of 
1-OMe. 


Indeed, computations of the differential orbital ener- 


reactions of 1-OMe with the alkenes in Table 1 predict 
that the second or 'nucleophilic' term should be domi- 
nant in each carbene-alkene addition reaction. More- 
over, the orbital energies of truns,truns-l-OMe (11) and 
trans-Me-C-OMe (EL" = 4.04 eV, EHO = -9.41 eV)' 
are nearly identical, so that their philicities should be 
similar. It is unclear, however, why the nucleophilicity 
of Me-C-OMe toward a-chloroacrylonitrile is much 


HO LU gieS " (Ek:bene - Ealkene) and (Ealkene - E E b e n e )  for the 


putative 1,2 - C shift of I-OMe were as unfavorable as more strongly expressed' than that of-1-OMe, although 
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enhanced steric problems are conceivable in additions 
of 1-OMe (11). 


Finally, we note that the trans(cyclopropyl), 
trans(methy1) conformer of 1-OMe (11) is the calcu- 
lated global minimum; the truns(cyclopropyl), 
cis(methy1) conformer (12) is 2 - 0  kcal mol-' higher in 
energy; the remaining local minima, cis(cyclopropyl), 
trans(methy1)-1-OMe and cis(cyclopropyl), &(methyl)- 
1-OMe, are found 7 . 6  and 19.9 kcal mol-', respect- 
ively, above 11 (these calculations are at the MP2/6- 
31G*//6-31G* level: cf. Ref. 17). 


CONCLUSION 


Cyclopropylmethoxycarbene displays ambiphilic- 
nucleophilic selectively toward alkenes in solution. 
However, its intramolecular chemistry is effectively 
suppressed by the a-methoxy carbenic substituent. The 
absence of 1 -methoxycyclobutene, the putative product 
of a 1,2 - C shift, after trapping of the carbene with 
methanol, permits us to place an upper limit of ca 
3 x l o 3  s- '  on the rate constant of the 1,2-C 
rearrangement in solution. 
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IONIZATION CONSTANTS OF 
5-FURYLMETHYLENEHYDANTOINS AND 


5-THIENYLMETHYLENEHYDANTOINS IN 80% (w/w) 
DIMETHYL SULPHOXIDE-WATER AT 25 "C 


SAU-FUN TAN* AND PHEE-TEIK YEOH 
Department of Chemistry, National University of Singapore, Kent Ridge, Singapore 051 1 


The ionization constants of sixteen 5-furylmethylenehydantoins and 5-thienylmethylenehydantoins were measured in 
80% (w/w) dimethyl sulphoxide-water solvent at 25 'C. The effects of the 2-/3-furyl and 2-/3-thienyl rings and the 
effects of configuration and conformation on acidity are discussed. The very low acidity of Q-5-(2-furyl)methylene-3- 
methylhydantoin suggests the possibility of some weak intramolecular interaction between the proton at N-1 and the 
2-fury1 oxygen in the s-cis conformation. 


INTRODUCTION 


The acidic ionization constants of hydantoin and its 
1 -methyl, 3-methyl and 5,5-dimethyl derivatives and 
those of a series of 5-arylmethylenehydantoins and a 
series of 5-pyridylmethylenehydantoins in 80% (w/w) 
dimethyl sulphoxide-water at 25 "C have been 
reported. I,' Compounds in the pyridyl series are also 
basic by virtue of the pyridyl nitrogen. The nature of 
substituents in the phenyl ring, the position of the 
nitrogen atom in the pyridyl ring and the Z/E 
configuration about the exocyclic double bond and the 
con formational relationship between the hydantoin and 
aromatic rings have been found to influence 
significantly the acid-base behaviour. As an extension 
to this study, we have now determined the ionization 
constants of two related series of compounds, namely 
the 5-furylmethylenehydantoins and Sthienylmethylene- 
hydan t~ ins ,~  with the view of assessing the effects of 
the five-membered heteroaromatic furan or thiophene 
ring in the side-chain on acidity. 


RESULTS AND DISCUSSION 


Electronic spectra 


As spectrophotometric methods were used for the 
determinations of the ionization constants of com- 


* Author for correspondence. 


pounds 1-12, their UV absorption characteristics were 
first examined (Table 1). In 80% (w/w) dimethyl 
sulphoxide-water, all the compounds show one main 
intense band in the region of 310-360 nm, arising from 
conjugation of the heteroaromatic ring with both N-1 
and C-4=0 groups of the hydantoin ring via the inter- 
vening double bond. In the spectra of the 2-fury1 com- 
pounds (2)-1 and (Z)-5, this band consists of two 
closely spaced maxima of nearly equal intensity. The 
spectra of the 2-thienyl compounds (2)-3 and (2)-7, 
show one intense band with a shoulder on the longer 
wavelength side. In the spectra of the remaining com- 
pounds, the shoulders are not clearly distinguishable. 


It is noted that the 2-fury1 and 2-thienyl compounds 
absorb at longer wavelength than the corresponding 
3-fury1 and 3-thienyl compounds. Also, among the 
1 -methyl-substituted compounds, the E-isomers absorb at 
longer wavelengths than their 2-isomers. 


Virtually no change occurs in the spectra on changing 
from neutral to strongly acidic solutions. This shows 
that, unlike their pyridyl counterparts, these fury1 and 
thienyl compounds have negligible basicity. 


On the other hand, more pronounced changes occur 
in strongly alkaline solutions due to deprotonation. The 
spectral changes vary depending on whether the com- 
pounds are 1-methyl-substituted, 3-methyl-substituted 
or N-unsubstituted. The 1-methyl-substituted com- 
pounds (Z/E)-9-( Z/E)-12 deprotonate to form N-3 
anions. In each case, the alkaline spectrum shows only 
a small shift in wavelength with a lowering of the molar 
absorptivity of the main absorption band. Another 
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Table 1. UV absorptions in 80% (w/w) dimethyl 
sulphoxide-water 


Compound Neutral Acidic Alkaline 


338 (4.11) 
353 (4.08) 


312 (4.01) 


340 (4.11) 
355 sh 


320 (4.08) 


340 (3.98) 


313 (4.16) 


340 (4.11) 
355 sh 
322 (4.08) 


344 (4.10) 
360 sh 
358 (4.00) 


315 (3.85) 


330 (3.89) 


344 (3.87) 


357 (4.01) 


320 (4.08) 


340 (3.98) 


353 (3.95) 


338 
353 


312 


340 
355 sh 


320 


340 
353 
313 


340 
355 sh 


322 


344 
360 sh 


358 


315 


330 


344 


357 


320 


340 


338 
353 sh 
395 br 
313 
365 br 
342 
351 
395 br 
325 
375 br 
255 
380 
255 
352 
268 
386 
250 
366 
295 
346 
295 
356 
284 
319 
263 
332 
274 
345 
274 
356 
270 
325 
219 
345 


"sh = Shoulder; br = broad band of lower intensiry 


band at a shorter wavelength, which is very weak under 
neutral or acidic conditions, becomes a distinct band of 
moderate intensity. By contrast, the main absorption 
band of each of the 3-methyl-substituted compounds 
(2)-5-( 2)-8 undergoes a substantial bathochromic 
shift in alkaline solution on formation of the N-1 anion. 
Spectra recorded at different pH values pass through 
distinct isosbestic points, consistent with conversion to 
a single anionic species in each case. 


The spectral changes shown by the N-unsubstituted 
compounds (2)-1-(Z)-4 from neutral to alkaline sol- 
utions resemble more closely the changes noted above 
for their I-methyl derivatives rather than their 3-methyl 
derivatives. This confirms that, although each N-un- 
substituted compound possesses two ionizable protons, 
first deprotonation gives chiefly the N-3 anion. This is 
not surprising as it is known that in hydantoin, the N-3 


I 


0 


150 300 400 450 


h (nm) 
Figure 1. Electronic spectra of 9 .4x  M (Z)-1 in 80% 
(w/w) dimethyl sulphoxide-water: (a) neutral; (b) wjth 
1 x lo-' M HCl; (c) with 1 x lo-' M NaOH; (d) with acetic 
acid buffer of pH 8.07; (e) and ( f )  with p-cyanophenol buffers 


of pH 9.79 and 10.16, respectively 


A (nm) 


Figure 2. Electronic spectra of 1.2 x M (Z)-5 in 80% 
(w/w) dimethyl sulphoxide-water: (a) neutral; (b) with 
1 x lo-*  M HCI; (c) with 1 x lo-' M NaOH; (d) with acetic 
acid buffer of pH 8.07; (e), (f), (g) and (h) with p -  
cyanophenol buffers of pH 9.79, 10.16, 10.62 and 11.06, 


respectively 
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Figure 3. Electronic spectra of 1.4 X M (E)-12 in 80% 
(w/w) dimethyl sulphoxide-water: (a) neutral; (b) with 
1 x M HC1; (c) with 1 x lo-* M NaOH; (d) with acetic 
acid buffer of pH 8.07; (e) and (f)  with p-cyanophenol buffer 


of pH 9.79 and 10.16, respectively 


proton is more acidic than the N-1 p r ~ t o n . ~  However, 
closer examination of the alkaline spectrum reveals the 
appearance at  a longer wavelength of an additional 
band of much lower intensity, which may be attributed 


to the possible presence of a small concentration of the 
N-l anion. 


Representative spectra of the three groups of 
compounds are shown in Figures 1-3. 


Ionization constants 


The pK values of compounds 1-12 measured by spec- 
trophotometric methodsss6 are presented in Table 2. To 
facilitate discussion, some of the previously determined 
pK values of the aryl and pyridyl compounds are also 
included for comparison. 


Among the 5-arylmethylenehydantoins, such as 
AlLA12, the effects of substituents in the phenyl ring 
on the relative acidities of the two hydrogens at  N-1 and 
N-3 of the hydantoin ring have been estimated by using, 
as models, the 1-methyl and 3-methyl derivatives each 
with only one ionizable proton. While good Hammett 
correlations were found for each of the N-un- 
substituted, 1-methyl- and 3-methyl-substituted series 
of compounds, the difference between the ease of 
deprotonation at  N-1 and N-3 narrows as the phenyl 
substituent becomes more electron withdrawing so that 
the first ionization of the N-unsubstituted compounds 
gives rise to mixtures of tautomeric monoanions. ' The 
effect of replacing the benzene ring with the *-deficient 
pyridine ring is qualitatively similar to  that of 
introducing electron-withdrawing substituents in the 
5-arylmethylenehydantoins so that the 5-pyridyl- 
methylenehydantoins Bl-B9 are significantly stronger 
acids. The extent of this acid-strengthening effect is 
dependent on  the position of the pyridyl nitrogen atom. 


Thus, the pK values of the 4-pyridyl compounds B3, 
B6 and B9 are close to  those of the aryl compounds 
with a p-cyano group, A3, A1 and A l l ,  or a p-nitro 


Table 2. pK values in 80% (w/w) dimethyl sulphoxide-water at 25 'C 


Furyl/thienyl compounds PK Phenyl compounds PKa Pyridyl compounds PK 


9.91 
10.06 
9.71 


10.01 
10-95 
10.88 
9.94 


10.59 
9.48 
9.74 
9.73 


10.12 
9.35 


10.01 
9.59 


10.14 


(Z)-A1 
(Z)-A2 
(Z)-A3 
(Z)-A4 
(Z)-AS 
(Z)-A6 
(Z)-A7 


(Z)-A9 
(Z)-A8 


(E)-A9 
(Z)-A10 
(E)-A10 
(Z)-Al l  
@)-A 11 


(E)-A12 


9.97 
10.13 
9.22 
9-01 


10.49 
10.70 
9.28 
9.15 
9.62 


10.15 
9.72 


10.30 
9.17 
9.49 


9.44 


(Z)-B1 
(Z)-B2 
(Z)-B3 


(Z)-B4 
(Z)-B5 
(Z)-B6 


(Z)-B7 
(E)-B7 
(Z)-B8 
(E)-B8 
(Z)-B9 
(E)-B9 


9.55 
9.43 
9.15 


10.71 
9.55 
9.16 


9.34 
9.49 
9.30 
9.68 
9.09 
9.31 


a Values from Ref. I .  
bValues from Ref. 2. 
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group, A4, A8 and A12, respectively. The 3-pyridyl 
analogues B2, B5 and B8 are noticeably less acidic. 
Unexpectedly, the 2-pyridyl compound B4 is the 
weakest acid in the whole series and is even less acidic 
than the phenyl analogue A5 in spite of the expected 
acid-strengthening effect of the pyridyl group. Its high 
pK has been attributed to intramolecular hydrogen 
bonding between the only ionizable N-1 proton and the 
basic 2-pyridyl nitrogen atom which comes into close 
proximity when the molecule adopts the s-cis 
conformation. 


Unlike pyridine, furan and thiophene are a-rich 
heteroaromatics. Therefore, all the compounds in the 
furyl and thienyl series are less acidic than those in the 
pyridyl series. When compared with 5-phenyl- 
methylenehydantoin, the replacement of the benzene 
with the furan or thiophene ring may be expected to 
produce an acid-weakening effect. However, this expec- 
tation is only partially borne out by the present results. 
Analysis of the experimental data reveals the interplay 
of a number of interesting factors, some of which will 
be discussed below. 


Effect of Z / E  configuration and of methyl 
substitution 
The Z-isomers of each of the 1-methyl-substituted com- 
pounds 9-12 are more strongly acidic than the corre- 
sponding E-isomers and are also more acidic than the 
3-methyl-substituted compounds (Z)-5-( Z)-8, with the 
N-unsubstituted compounds (Z)-1-(Z)-4 having inter- 
mediate acidity. These observations again reflect the 
generally higher acidity of the N-3 than the N-1 proton 
of hydantoin. 


Effect of the position of O/S heteroatom 


There are significant differences in the pK values of the 
2-furyl/thienyl and the 3-furyl/thienyl compounds. 
With only one exception, the former group are more 
acidic than the latter group of compounds. Compared 
with the N-unsubstituted and the 3-methyl-substituted 
5-phenylmethylenehydantoins A1 and AS, the corre- 
sponding 3-furyl/thienyl compounds 2/4 and 6/8, 
respectively, are indeed weaker acids, as expected from 
the more electron-rich character of the furanlthiophene 
ring relative to benzene. Their pK values are closer to 
those of A2 and A6, which bear an electron-releasing p -  
methyl substituent in the benzene ring. By contrast, the 
2-fury1 compound 1 and the 2-thienyl compounds 3 and 
7 are more strongly acidic than their 3-fury1 and 3- 
thienyl analogues and the phenyl compounds A1 and 
AS. This dependence of acidity on the position of the 
O/S heteroatom may be rationalized by noting that two 
opposing electronic effects are operative in furan and 
thiophene. The involvement of an electron pair of the 
O/S heteroatom in aromatic delocalization implies elec- 


tron release which is more effective at the 0- than at the 
a-position. At the same time, the heteroatom also 
exerts a& electron-withdrawing inductive effect, more 
strongly at the a -  than at the &position.’ Thus, it is 
observed that the presence of the furyl or thienyl group 
produces an acid-strengthening or acid-weakening 
effect relative to the phenyl compound depending on 
whether the methylenehydantoin residue is attached to 
the heteroaromatic ring at the a- or P-position. 


Interestingly, the pK of 3-methyl-5-(2-furyl) 
methylenehydantoin (5) does not follow the trend men- 
tioned above. This 2-fury1 compound is a weaker acid 
than both its 3-fury1 analogue 6 and the phenyl com- 
pound AS. In fact, it is the weakest acid among the 
present two series of compounds. This exceptional 
behaviour is reminiscent of the strikingly low acidity of 
its 2-pyridyl analogue B4, which has been interpreted as 
evidence for the presence of intramolecular N-1-H-N 
hydrogen bond. This may suggest the possibility of 
similar intramolecular interaction between the N-1-H 
group and the 2-fury1 oxygen atom if the molecules of 
5 adopts the favourable s-cis conformation. However, 
it should be noted that the difference between the pK 
values of 5 and 6 is much smaller in magnitude than 
that between the pK values of the 2-pyridyl (B4) and its 
3- or 4-pyridyl analogue (B5 or B6), indicating that 
such N-1-H-0 interaction, if present, must be corre- 
spondingly weaker. This could be partly due to the 
greater distance between the N-1-H and 0 as a result of 
the smaller five-membered heteroaromatic ring. More- 
over, as a result of electron drift from the oxygen atom 
towards the ring, furan is much less basic than pyridine 
and is only a poor hydrogen bond acceptor, as shown 
by its lower solubility in water relative to 
tetrahydrofuran. Recent x-ray crystallographic 
analysis of 5 has revealed that, in the solid state, the 
furan ring is indeed orientated s-cis with respect to the 
hydantoin ring. lo  Although the distance betyeen the 
proton at N-1 and the furyl oxygen of 2.47 A is too 
large to indicate the existence of a strong hydrogen 
bond, the presence of some weak attractive interaction 
could be one of the reasons for the preference for the 
s-cis conformation. On the other hand, 3-methyl-5-(2- 
thieny1)methylenehydantoin (7) does not exhibit par- 
allel behaviour. It is more acidic than its phenyl and 
3-thienyl analogues, as expected from the electron- 
withdrawing effect of the 2-thienyl group. Sulphides are 
known to be less basic than ethers. The greater 
resonance effect and aromatic character of thiophene 
compared with furan”,” further lowers the inclination 
of the thiophene sulphur to interact with proton. 
Hence, intramolecular N-I-H--S interaction is likely to 
be absent. 


When the hydantoin ring is 1-methyl substituted, 
deprotonation occurs only at the N-3 position which is 
not directly conjugated with the furanlthiophene ring. 
Hence, the resonance effect will be minimal but the 
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inductive effect could still be present. It is observed that 
both Z- and E-isomers of the 2-furyl/thienyl com- 
pounds are more acidic than the corresponding phenyl 
compound of the same configuration. The inductive 
effect becomes further attenuated in the 3-furyl/thienyl 
compounds which are found to be of comparable 
acidity to their phenyl analogues. 


Comparison of furyl and thienyl compounds 


No clear trend is observed when the acidities of the two 
series of compounds are compared. Furan and 
thiophene differ in several respects. The higher elec- 
tronegativity of oxygen relative to sulphur may lead to 
the expectation of higher acidity for the furyl than the 
thienyl compounds. On the other hand, the higher 
polarizability of sulphur than oxygen and the higher 
aromaticity of thiophene relative to furan result in dif- 
ferent distributions of electron density at various pos- 
itions around the two ring systems. These could lead to 
effects on acidity different from those deduced from 
consideration of electronegativity alone. Thus, it is 
found that among the E-isomers of the l-methyl- 
substituted compounds, the furyl are more acidic than 
the thienyl analogues, but the reverse is true for the 
pairs of the Z-isomers of the N-unsubstituted and the 
3-methyl substituted compounds. These apparently 
contradictory trends suggest different factors influ- 
encing the acidity of the N-1 and the N-3 protons. The 
largest difference in pK between a pair of furyl and 
thienyl compounds is observed for 5 and 7 and is attri- 
butable, at least partly, to the acid-weakening effect of 
some weak intramolecular N-1-H-0 interaction in the 
case of the 2-fury1 compound but lack of similar 
N- I - H - 4  interaction in the 2-thienyl compound since 
N-1-H is the only acidic proton here. A smaller differ- 
ence is found for the pair of compounds 1 and 3 where 
deprotonation occurs mainly at the N-3 position. 


EXPERIMENTAL 


Materials. Compounds 1-12 were prepared 
according to methods reported earlier. The solvent 
mixture was prepared with Baker spectrophotometric- 


grade dimethyl sulphoxide and water which had been 
purified with a Milli-Q system (Millipore), freshly 
boiled and stored under soda-lime. Carbonate-free 
sodium hydroxide solutions were prepared as described 
by Bassett l 3  and standardized. All solutions for 
measurement were carefully adjusted so that the final 
solvent composition corresponded to 80% (w/w) 
dimethyl sulphoxide-water. AnalaR-grade cresol red 
and bromothymol blue, with suitable known pK values 
in this solvent system of 10.68 and 8*95,5 were further 
recrystallized and checked by elemental analysis before 
use as indicators. 


Measurements. Electronic spectral measurements 
were carried out using a Shimadzu UV-260 UV-visible 
spectrophotometer with the cell compartment ther- 
mostated at 25 +. 0.2 "C.  Indicator methods were used 
for pK determinations. 
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SOLVATION AND METAL ION EFFECTS ON STRUCTURE AND 
REACTIVITY OF PHOSPHORYL COMPOUNDS. 1 .  


0-SUBSTlTUTED ALKYLPHOSPHONIC ESTERS 


MARIE-P. BELCIUG, AGNES M. MODRO, TOM A. MODRO* AND PHILIPPUS L. WESSELS 
Department of Chemistry, University of Pretoria, Pretoria 0002, South Africa 


NMR spectroscopic and conformational analyses were performed for three &substituted 8-phenylethylphosphonic 
esters, PhCHXCH2P03Me2 (X = OH, OMe, CI) in five solvents and in acetone containing sodium and magnesium 
salts. Strong attractive interactions between the phosphoryl group and the oxygen-containing substituent X were 
demonstrated, and were shown to involve intramolecular hydrogen bonding, donor-acceptor 0 -+ P effect and the 
chelation of a metal ion. These effects led to marked selectivity in the population of individual conformations of the 
phosphonates. The analogous intramolecular effects were found to be much weaker in the corresponding carboxylic 
ester systems. 


INTRODUCTION 


Electronic effects of the dialkoxyphosphoryl, 
P(O)(OR)2, group are strong and comparable to those 
of the alkoxycarbonyl group (for the PO3Et2 group 
a1=0-06,’ 0.21;’ 0:=0.16,~ 0.17.’ For the COzEt 
group the corresponding constants are 0.30 and 0.18, 
respectively’). It is therefore expected that the 
PO3R2 group can interact strongly with its environment 
via dipole-dipole, dipole-ion or hydrogen-bonding 
mechanisms. The ability of phosphoryl compounds to 
form complexes with metal ions found wide appli- 
cations in catalytic polymerization processes and extrac- 
tions. Interactions of nucleotides with some metal ions 
have major roles in biochemical systems; for example, 
Mg2+ binds to the p- and ?-phosphate in ATP, but does 
not interact with the adenine ring. Recently, Buncel 
and co-workers reported that the nature of the cation 
has a profound effect on the rate of the nucleophilic dis- 
placement at the phosphoryl centre by the ethoxide6 
and the phenoxide’ ions, thus indicating important 
interactions between the metal ion and the phosphoryl 
substrate in the transition state. We have observed that 
alkali metal ions induce significant differential shielding 
of diastereotopic groups in the racemic dimethyl 2- 
chloropentylphosphonate, PrCHClCHzPO3Me2, the 
effect decreasing in the order Li+ > Na’ > Kc.* In this 
study we investigated solvent and metal ion effects 


* Author for correspondence. 


on the solution structure of dimethyl esters of 2- 
substituted 2-phenylethylphosphonic acids, PhCHX- 
CHzP03Met (l), in order to determine conformational 
preferences of these compounds, to provide an insight 
into the nature of their interactions with metal ions and 
to compare system 1 with the analogous carboxylic 
derivatives, PhCHXCHZCOzR (2). As before, * the 
study was mainly achieved by the analysis of the ‘H 
(supported by 31P) NMR parameters. 


RESULTS AND DISCUSSION 


Substrates 


Three phosphonic esters, la-c, and two carboxylic 
esters, 2a and b, were synthesized and used as models 
in the NMR spectroscopic studies. 


lo ,  X = OH 20, X = OH 


2b. X = OMe l b ,  X = OMe 


lc.  x = CI 
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(iii) 
PhC(O)CHzPO3Mez +la ME-PO3Mez ---+ 


(i). (ii) 


3 


(i) BuLi, Cul; (ii) PhC(0)Cl; (iii) NaBH4 


Scheme 1 


Alcohol l a  was prepared from dimethyl 
methylphosphonate and benzoyl chloride,' followed by 
the slightly modified method" for the reduction of the 
ketophosphonate 3 (Scheme 1). 


Substrate l b  was prepared from l a  by treatment with 
sodium hydride, followed by iodomethane, '' and l c  
was obtained in the reaction of l a  with CCl, in the pres- 
ence of triphenylphosphine. l2 Hydroxy ester 2a was 
prepared from ethyl acetate and benzoyl chloride in a 
manner analogous to that for the preparation of la ,  but 
different literature procedures were applied for the 
condensation l3 and reduction l4 steps. Finally, 2b was 
obtained by methylation of 2a with iodomethane in the 
presence of silver oxide. l5 


NMR spectra 
The assignment of the 'H and 31P NMR spectra of all 
substrates was straightforward. Extended ('H, 31P) 
couplings were observed in the 'H NMR spectra of 1. 
The protons HA, HB and Hc, together with the 
phosphorus atom of 1, give rise to ABMX spin systems. 
The 'H chemical shifts and the geminal(zJ) and vicinal 
('4 proton-proton coupling constants were obtained 
from a complete ABM sub-spectral analysis l6 of the 'H 
NMR spectra. Protons HA and Hg in these ABMX spin 
systems normally gave rise to sixteen line patterns, 
except in a few cases where deceptively simple ABMX 
spin systems were observed. The protons HA, He and 
HC in 2 gave rise to an ABM spin system and were 
analysed as such. 


Conformational analysis 


Three stable staggered conformations (XI, XZ, X3, or 
their enantiomeric forms) are obtained when the 
C(l)-C(2) bond in 1 or 2 is rotated. 


Z 
I 


The observed vicinal proton-proton coupling con- 
stants are related to the populations (XI, XZ, x3) and the 
vicinal coupling constants of the individual rotamers in 
the following way: 


where 3Jg and ' J t  refer to the vicinal coupling constants 
between gauche protons (dihedral angle = 60") and 
trans protons (dihedral angle = 180°), respectively. 
According to the Karplus equation, 3Jg should be 
'small' and 3Jt 'large'. Calculating the individual 
vicinal coupling constants according to the approach of 
Haasnoot et ~ 1 . ' ~  and using the reported group elec- 
tronegativities '' allowed the estimation of the popula- 
tion of the conformations of compounds 1 and 2 in 
different solvents and with different metal ions. 


Solvent effects 


Selected NMR data for substrates 1 and 2 obtained in 
five solvents covering wide range of polarity 
(Er = 32.5-45.0i9) are given in Tables 1 and 2. Con- 
sidering that environmental effects on "P chemical 
shifts are generally small, 2o the observed variations in 
bP values for la-c are relatively large, with the chemical 
shift difference Abp(Abp = 6 p  [(CD3)zSO] - b p  [CChI 1 
increasing from 2.1 to 4 -8  and 5 . 3  for la ,  l b  and l c ,  
respectively. The last value is comparable to 
Ahp = 6.3 ppm reported for triphenylphosphine oxide 
in the same solvents, and used to develop an empirical 
solvent polarity parameter." As the population of the 
different roamers in l c  (see below), which showed the 
biggest A b p ,  does not change much with solvents, the 
observed increase in Abp within the series la-c prob- 
ably arises from varying degree of intramolecular inter- 
actions between substituent X and the phosphoryl 
group, diminishing the involvement of the latter in the 
solute-solvent interactions. 'H NMR chemical shifts of 
hydrogens HA,HB and Hc (substrates 1 and 2), and 
also of the P(OMe)(OMe') groups (substrates l ) ,  are 
also subject to solvent effects, the average variation 
in 8~ being 0-21 ppm for the hydrogen of the 
ethylphosphonic skeleton and 0-33 ppm for the ester 
groups. 


Z Z 


- - - 
"C Ph . x  


x, x2 x3 


Z = PO~MEZ (1); COzEt (2) X = OH (la, 2a). OMe (Ib, 2b); CI (Ic) 
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Table 1. Solvent effects on chemical shifts of selected nuclei in compounds 1 and 2a 


l a  
l b  
l c  
l a  


l b  


l c  


28 


2b 


l a  
l b  
l c  
2a 
2b 
l a  


l b  


l c  


3'P 34.13 32.58 32.26 
31.88 30.57 31.07 
28.54 27.25 27.60 


HA,HB 2.03 2.03 2.19 
2.12 2-16 2.29 
1.96 2.03 2-12 
2.20 2.34 2.36 
2.55 2.44 2-65 
2.64 2.59 2-75 
2-55 2.46 2.68 
2.61 2.61 2.26 
2-41 2.49 2-58 
2.68 2.85 2.81 


Hc 5.01 5.26 5-13 
4.46 4.63 4.56 
5.17 5-32 5.25 
5 . 0 0  5 . 0 6  5.12 
4-53 4.70 4.64 


Me,Me' 3-61 3-28 3-72 
3.64 3.35 3.75 
3.50 3.29 3.62 
3-66 3.49 3.73 
3.59 3.30 3.51 
3.69 3.46 3.66 


32.58 
31.23 
28-05 
2.17 
2-24 
2.09 
2.32 
2.77 
2.77 
2-62 
2.69 
2.55 
2.72 
5.03 
4.51 
5.32 
5.11 
4.61 
3.62 
3.67 
3.55 
3-67 
3.63 
3.72 


~ 


32-03 
35-37 
32.52 
2.13 
2.22 
2.14 
2-35 
2.84 
2.84 
2.60 
2.60 
2.60 
2.72 
4.87 
4-45 
5-33 
4.95 
4.51 
3.51 
3.60 
3.49 
3.60 
3-58 
3-67 


'Substrate concentration = 0.20 M. Chemical shifts and coupling constants were unaffected by 
concentration changes in the range 0.05-0.50 M. 


Table 2. Solvent effects on selected values of proton-proton coupling constants 
(Hz) in compounds 1 and 2 


Coupling 
Substrate constant CCL C6D6 CDCI3 (CD3)zCO (CD3)zSO 


l a  
l b  
l c  
2a 
2b 
la  


l b  


l c  


2s 


2b 


*J(AB) 15.4 15.3 15.3 15.3 
15.3 15.6 15.4 15.3 
15.4 15.4 15.5 - 
16-2 16.0 16.2 15.2 
15.4 15.4 15.3 15.3 


'J(AC), 3.3 2.8 2.9 4.2 
'J(BC) 9.8 9.9 10.1 9.2 


4-6 4.7 4.6 5.0 
8.8 8.9 9.0 8-8 
6.8 7.0 7.1 7-6b 
9.1 7.8 7.6 
5.1 3.7 4.3 5 . 5  
7.8 9.1 8-3 8.1 
5.0 4.7 4.8 5.0 
8-8 9.0 9-1 8-9 


a 


15.3 
15.5 


a - 
a - 


15.2 
4.5 
8-6 
5.2 
8.6 
7.4b 


6*gb 


5.2 
8.8 


'Not measurable; AA = 6s. 
bAverage value for JAC, JBC. 
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The diastereotopic protons (or groups of protons), 
i.e. the geminal protons ( H A , H ~ ) ,  and the methyl 
groups Me, Me‘, are highly non-equivalent in all struc- 
tures and solvents studied. Only in exceptional cases ( l c  
in acetone and DMSO, and 2a in DMSO) did we find 
&(A) = BH(B), hence we were unable to measure the 
individual vicinal coupling constants. As far as the 
coupling constants are concerned (Table 2), the geminal 
(HA, HB) [2J(AB)] constants are, in agreement with the 
general observation on solvent effects on ’ J  
approximately unchanged. The vicinal (HA, Hc) 
[3J(AC)] and (HB, Hc) [3J(BC)] coupling constants, 
on the other hand, vary significantly, the change of J 
with solvent varying from substrate to substrate. This 
solvent-induced differential effect indicate restrictions 
of the conformational freedom of a solute’s molecules 
and offers a probe for the conformational analysis of 
systems 1 and 2. The variations in the J values within 
a given series of solvents are greatest for the hydroxy 
substrates (la and 2aj, suggesting that for these com- 
pounds the nature of the solvent has strongest effect on 
the distribution of the individual conformations. The 
populations of the individual rotamers in the different 
solvents calculated from the observed vicinal coupling 
constants as outlined above are given in Table 3 .  The 
data in Table 3 enabled us to draw the following 
conclusions. 


For all compounds, except l c  (X = Cl), conformation 
Xi represents the most favourable orientation of substi- 
tuents around the C( 1)-C(2) bond. This preference 
reflects two structural features present in XI: the release 
of the unfavourable steric Z-Ph interactions, and the 
attractive interactions between groups Z and X 
(X = OH, OMe). In lc ,  XI = X2, indicating the absence 
of any stabilizing Z-X(PO3Me2-CIj interactions, and 
the approximately equal magnitude of the repulsion 
between Z-X and Z-Ph groups. The Z-X attraction in 
alcohols la and 2a results, of course, from the intra- 
molecular hydrogen bonding involving the 2-OH group 
and the phosphoryl or carbonyl function (Figure 1). 
This specific interaction is strong enough to introduce 
some relative stability to the conformation X3 (ca 12% 


o 9JHA 


H 
\ 
0 


‘HA 


Figure 1. Intramolecular hydrogen bonding in conformation 
XI: (a) la; (b) 2a 


for la and 2a, vs I-6% for the remaining substrates), 
despite the unfavourable location of groups Z and Ph. 
The observed greatest stability of XI remains in excel- 
lent agreement with earlier reports on the intramolec- 
ular hydrogen bonding in 2-hydroxy-2,3- disubstituted 
carboxylic acids and estersz3 and substituted 
P-hydroxysulphoxides. 24 


It is interesting that for la, on moving from non- 
hydrogen-bonding solvents (cC14, e&, CDCI3) to 
hydrogen-bonding acceptors (acetone-d6, DMSO-da), 
the population of the rotamer XI does not decrease too 
much (from CQ 82% to 64-70%). The observed 
decrease in the population of XI results from the com- 
petitive involvement of the solvent in the intermolecular 
hydrogen bonding with the phosphoryl group. How- 
ever, earlier spectroscopic studies of hydrogen bonding 
carried out by Gramstad and Becker” and by Russian 
workers26 demonstrated stronger hydrogen-bonding 
acceptor properties of the phosphoryl group relative to 
the carbonyl or sulphoxide acceptors. As a consequence 
of this, intramolecular P=O ... H-0 bonding in la 
prevails also in the acetone or DMSO solutions. For the 
carboxylic hydroxy ester 2a, in agreement with the 
weaker donor ability of carbonyl substrates, the contri- 
bution of the rotamer XI is lower than that for la and 
in a strongly hydrogen-bonding solvent (DMSO) it is X2 


Table 3. Solvent effects on the conformational behaviour of phosphonates 1 and carboxylates 
2 (population of rotamers, 070) 


l a  Ib Ic 2a 2b 


Solventa XI XZ X3 XI XZ X3 XI XZ X3 XI Xz X3 XI Xz X3 


A 80 9 11 66 25 9 42 46 12 56 34 10 68 30 2 
B 82 3 15 67 26 7 51 47 2 75 13 12 71 26 3 
C 83 5 12 69 25 6 49 48 3 65 19 16 72 28 0 
D 70 20 10 65 30 5 49 51 0 58 34 8 68 30 2 
E 64 22 14 63 32 5 46 52 2 41 49 10 67 33 0 
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which represents the major conformation of the 
compound. 


When l a  was converted into its methyl ether lb ,  the 
population of XI decreased, but it still remained the 
highest, and was approximately constant (66 -+ 2%) 
over the whole range of solvents. Similar behaviour was 
observed for cyclic2' and a c y c l i ~ ~ ~ ~ , ~ '  2-hydroxy- and 2- 
alkoxysulphoxides in which a strong preference exists 
for the gauche orientation of the 2-oxy group with 
respect to the sulphinyl substituent. This behaviour was 
interpreted in terms of the stabilizing n(p) --t d donation 
of the oxygen non-bonding electrons to one of the 
vacant 3d orbitals of sulphur, the one which is not 
involved in the sulphinyl group bonding, and has a 
proper spatial orientation for such interactions. We 
propose to extend that model to phosphonic systems by 
postulating similar n(p) -+ d donor-acceptor inter- 
actions involving the 2-OR group and the phosphoryl 
centre [Figure 2(a)]. The four-membered PCCO 
oxaphosphetane ring represents a common four-centre 
cyclic intermediate in the Wittig and Wittig-related 
reactions, 28 the reaction's driving force being the for- 
mation of a strong phosphorus-oxygen bond. In spe- 
cific cases, such as in the addition of ylide 
Ph3P=C=PPh3 to hexafluor~acetone,~~ the 
oxaphosphetane product could be isolated and its 
crystal structure determined. The four-membered ring 
was found to be planar with the P-C, S-0 and P-0 
bond distances of 1.76, 1 a39 and 2.01 A ,  respectively. 


In a recent structural study of the 2-hydroxy- 
alkylphosphonates formed in the addition of allylic 
phosphonates to aldehydes,30 we found that both in 
solution and in the solid state the molecules adopt a 
conformation identical with that shown in Figure 2(a). 
In the solid state, although the P=O and the OH 
groups are involved in the intermolecular hydrogen 
bonding, the hydroxyl oxygen is clearly in a 'short con- 
tact' with phosphorus atom, the respective P-C, C-0  
and P ' . .O bondPistances being 1.82-1-84, 1.38-1.40 
and 2.95-3.00 A respectively. For the 2-chloro deriva- 
tive, l c ,  the situation is different; XI does not represent 
a major conformation, indicating that the donation of 


--. , 
M P  /O- 1 


( 0 )  ( b )  


Figure 2. Oxygen-phosphoryl and oxygen-carbonyl 
interactions in conformation XI: (a) lb;  (b) 2b 


the non-bonding electrons from chlorine to the 
phosphoryl centre is much weaker. Interestingly for the 
carboxylic system 2, the rotamer XI is more populated 
by the ether (2b) than by the free alcohol (2a). This 
change in the conformational preferences can be 
explained by weaker intramolecular hydrogen bonding 
in 2a relative to the donor-acceptor interactions 
between the 2-oxygen atom and the carbonyl carbon 
[Figure 2(b)]. 


Metal ion effects 


Table 4 shows the effects of NaI and Mg(C104)z on the 
selected NMR data of substrates 1 and 2 in acetone-d6 
solutions. The choice of a counterion resulted from 
solubility considerations; the nature of the anion had 
no measurable effect on the NMR spectra. The general 
effect of metal ions is a low-field shift of the signals of 
hydrogen atoms in the substrates (including those not 
shown in Table 4). This effect is not due to the change 
in the bulk properties of the medium; we have shown 
before for the pentylphosphonic derivative* that the 
change in the 'H chemical shifts on addition of metal 
ions decreases with increase in the distance between a 
given hydrogen and the phosphoryl group. It is there- 
fore the donor-acceptor interaction between the latter 
group and the metal ion that is responsible for the 
observed deshielding effects. These effects are, how- 
ever, substrate dependent; the deshielding is generally 
much greater for compounds 1 than for 2, indicating 
stronger complexation of Na' and Mg2+ by the 
phosphoryl group than by the carbonyl group. We were 
more interested in specific effects of metal ions on the 
diastereomeric methylene group CHAHB, as they should 
provide information on how these ions modify the dis- 
tribution of the conformers relative to the ion-free 
acetone medium. It can be seen from Table4 that 
whereas these effects on the CHAHB group in the 
hydroxy- and methoxyalkylphosphonates are fairly 
strong, they are negligible for substrates l c  and 2. The 
population of rotamers in acetone-d6, and in aCetOne-ds 
containing sodium and magnesium salts, are given in 
Table 5. It is obvious that for the hydroxyphosphonate 
l a  and, to a lesser extent, for its methoxy analogue lb ,  
metal ions increase the population of the rotamer XI,  
mostly at the expense of XZ, that is, favour even more 
the gauche orientation of the PO3Me2 and OH (OMe) 
groups. For l c ,  2a and 2b, the conformational pref- 
erences are virtually insensitive to the addition of salts. 
The observed effect can be taken as evidence for the 
chelation of a metal ion by the two oxygen atoms in the 
1,5-position of the (OPCCO) moiety of l a  and l b  
(Figure 3). 


In a recent study on the stereochemistry of 
phosphate-Lewis acid interactions, Alexander et al. 3 1  


demonstrated that the RzP02- ions form unidentate 
structures, with the preferred syn, but out-of-plane, 
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Table 4. Effects of metal ions on selected NMR data for 1 and 2 (acetone-&, 30 "C) 


Salt a 


Nucleus 
Substrate (parameter) None Nal (1) Nal (2) Nal (3) Mg(C104)Z 


la 
l b  
l c  
la 


Ib 


lc 


2a 


2b 


la  


l b  


l e  
2a 
2b 


l a  


l b  


Ic 


l a  


Ib 


Ic 


2a 


2b 


32.58 
31.23 
28.05 
2.17 
2.24 
2.09 
2.32 
2,77 
2.77 
2.62 
2.69 
2.55 
2.72 
5.03 


4.51 
3.17 
5.32 
5 . 1 1  
4.61 
3.15 
3.62 
3.67 
3.55 
3.67 
3.63 
3.72 
4.2 
9.2 
5.0 
8.8 
7.6 
7.6 
5.5 
8.1 
5.0 
8.9 


33.23 
32-03 
28.89 
2.27 
2.50 
2.19 
2.43 
2.84 
2.89 
2.67 
2.77 
2.57 
2,73 
5.20 


4.63 
3.20 
5.45 
5.15 
4-62 
3.17 
3.71 
3.76 
3.66 
3.73 
3.70 
3.79 
3.7 
9 .8  
4.5 
9.1 
7.4 
7.4 
5.1 
8.4 
5.0 
8.8 


33.47 
32.32 
29.14 
2-31 
2.60 
2-22 
2.49 
2.88 
2-93 
2.70 
2.83 


5.24 


4.68 
3.22 
5.50 
5.19 


3.73 
3.80 
3.70 
3.75 
3.72 
3.81 
3.6 
9.9 
4.4 
9.3 
7.3 
7.4 
5.2 
8.3 


33.63 32.43 
32.48 30.94 
29,27 28.12 
2.33 2.47 
2.66 2.65 
2.23 2.33 
2.53 2.55 
2.88 2.88 
2.97 2.95 
2.73 2-66 
2.87 2.73 
2-60 2.58 
2.75 2.74 
5-29 5.27 


4.71 4.62 
3.23 3.19 
5.33 5.41 
5.21 5.14 
4.65 4.62 
3.18 3.17 
3.74 3.86 
3-83 3.94 
3.73 3.79 
3.76 3.79 
3.74 3.63 
3.82 3.79 
3.5 3.2 
9.9 10.6 
4.3 4.1 
9.4 9.5 
7.1 7.3 
7.5 7.3 
5.1 5.3 
8.3 8 .2  
5.0  5.0 
8.7 8.9 


a Saltlsubstrate molar ratio is given in parentheses. 


Table 5. Effects of metal ions on the conformational behaviour of phosphonates 1 and 
carboxylates 2 (population of rotamers, '70) 


A 
BI  
Bz 
B3 
C 


70 20 10 65 30 5 49 51 0 58 34 8 68 30 2 
78 15 7 70 24 6 46 52 2 63 30 7 68 30 2 
19 14 7 71 24 5 47 50 3 62 31 7 68 30 2 
73 23 4 48 48 4 62 30 8 68 30 2 68 30 2 
88 10 2 74 19 7 46 50 4 61 32 7 68 30 2 


"A = acetone-d6; B I ,  B2, B, = acetone-& + Nal with [Nal]/[substrare] = 1,  2 and 3, respectively; 
C = acetone-& + Mg(CIO4)I with [Mg(C104)21/ [substrate] = 2. 
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1 


+M // R HC 
JAC 


JBC 


co 3 Hz 


co 1 1  Hz 


in acetone + MgC104 population % 


R = H  88 


R = Me 74 


Figure 3 .  Chelation of metal ions by la (R = H) and l b  
(R = Me) 


orientation of a metal ion with respect to the PO2 
group. This geometry is, in fact, present in the structure 
shown in Figure 3, with respect to the metal ion, and 
the P = O  and the P-OMe (axial) groups. Since the car- 
boxylate group typically prefers a syn, but in-plane, 
interaction with a metal ion, 32 this may be a reason for 
the much weaker chelating ability of the carboxylic 
derivatives 2, and hence the lack of increase in the 
population of XI on the addition of a salt. Energetically 
favourable chelation of a metal ion by a 1,s-system of 
two oxygen atoms (OPOCO) was proposed as an 
explanation for the catalytic effect of Mgz+ in the 
phosphoryl transfer from pyridine to the acetate ion. 33 


In conclusion, we have demonstrated that in the 
P-hydroxy- or P-methoxyphosphonic systems, the 
P(O)(OMe)2 and the OH (or OMe) groups attract each 
other, resulting in their gauche orientation in the most 
populated conformer, in both non-polar and polar 
aprotic solvents. The attraction is achieved via the 
intramolecular hydrogen bonding, or via the donor-ac- 
ceptor electronic interactions between the P-oxygen 
atom and the phosphoryl centre. In the presence of ions 
such as Na+ or MgZ+, the attraction is increased by the 
involvement of the phosphoryl group, and the P-OR 
group (R = H, Me) in chelation of the metal ion, thus 
limiting even more the conformational freedom of the 
molecule. It is perhaps relevant to note that the 
1,5-chelation of Na+ by two phosphoryl groups in 
bis(diphenylphosphiny1)methane is responsible for the 
formation of one of the few crystalline sodium 
complexes of phosphoryl compounds. 34 


EXPERIMENTAL 


General. Solvents and commercially available 
substrates were purified by conventional methods. 


Melting points were determined on a Gallenkamp 
apparatus and are uncorrected. The salts were dried in 
an oven at 120 "C and stored in a desiccator over P ~ O I O  
immediately before use. Preparation of the solutions 
containing the salts was carried out in a dry atmosphere 
in a glove-box. NMR spectra were recorded on a Bruker 
AC 300 MHz spectrometer at a probe temperature 
30 "C. Chemical shifts are given in 6 (ppm) relative to 
tetramethylsilane as an internal standard ('H) or 85% 
&Po4 as an external standard (31P). The following 
solvents were used for NMR spectra analysis: 
tetrachloromethane (BDH, AnalaR) containing 10% 
(v/v) cyclohexane-dl2 (Aldrich, 99.5 atomolo D), dried 
over molecular sieves; benzene-d6, (Uvasol, Merck); 
chloroform-dl (Uvasol, Merck), dried over molecular 
sieves; acetone-d6 (Aldrich, 99.5 atom% D), dried over 
molecular sieves; and dimethyl-& sulphoxide (Uvasol, 
Merck). The concentration of substrates was 0.20 M 


Dimethyl 2-hydroxy-2-phenylethylphosphonate (la). 
The P-ketophosphonate precursor 3 was synthesized 
according to the previously described procedure; no 
further purification was necessary (80%). 'H NMR, 6 
3.65 (d,2H,J=22*6Hz),  3.78 (d,6H,J= 1 1 . 2 H ~ ) ,  
7.30-7.70 (m, 5H); "P NMR, 6 23-40. Compound 3 
was reduced following a modified version of the litera- 
ture procedure." The reaction was carried out in 
ethanol (not methanol, as described) and for the extrac- 
tion of the product chloroform was used instead of 
diethyl ether. Compound l a  was obtained as a white 
solid which was recrystallized from THF-hezane (1 : 1) 
to give colourless crystals, m.p. 56-1-56.5 C (6lVo). 
'H NMR, 6 2.19 (ddd, lH,  J =  18*4,15*3,10.1 Hz), 
2.29 (ddd, lH,  J =  15.4,15-3,2*9 Hz), 3.72 (d,3H, 
J =  11.0 Hz), 3.75 (d,3H, J =  10.9 Hz), 3.74 (broad 


(m, 5H); 31P NMR, 6 32.26; MS, m/z  230 (M', 17%), 
124 (loo), 106 (39, 110 (34), 120 (35). 


S, lH), 5.13 (dd, lH,  J =  10-1,2.9 Hz), 7'25-7.41 


Dimethyl 2-methoxy-2-phenylethylphosphonate (Ib). 
Compound la was methylated by treatment with 
sodium hydride, followed by iodomethane; l 1  a virtually 
pure compound was obtained (450/0). 'H NMR, 
6 2.12 (ddd, lH, J =  18*1,15.4,4*6 Hz), 2.36 
(ddd, lH,  J =  16*8,15*4,9*0Hz), 3-23 (s,3H), 3.62 
(d, 3H. J =  10.8 Hz), 3.73 (d, 3H, J =  10.8 Hz), 4.56 
gddd, lH,  J =  9*0,8-9,4.6 Hz), 7.30-7-39 (m, 5H); 
'P NMR, 4 31-70; MS, m/z 244 (M+, <1%), 121 


(IOO), 167 (19), 109 (33, 91 (64), 77 (60), 65 (20). 


Dimethyl 2-chloro-2-phenylethy lphosphonate 
(Ic). Substrate l a  was treated with CCb in the presence 
of Ph3P as described." A prolonged reaction time 
(20 h vs 8 h recommended") was necessary to obtain 
complete conversion to the desired product which was 
further purified by column chromatography 
[benzene-ethyl acetate (1 :1)] (46%). 'H NMR, 6 2.65 
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(ddd, lH, J =  18.2,15*5,7.6 Hz), 2.75 (ddd, lH,  
J =  18*1,15.5,7.1 Hz), 3.51 ( d , 3 H , J =  ll.OHz), 
3.66 (d,3H, J =  11.1 Hz), 7.32-7.51 (m,5H), "P R. A. B. Bannard, Can. J.  Chem. 68, 1837 (1990). 
NMR; 6 27.60; MS, 248 (M+, < 121 (171, 77 
(24), 66 (100). 


6. E.  J. Dunn and E. Buncel, Can. J.  Chem. 67, 1440 (1989). 
7. E. J .  Dunn, R. Y. Moir, E. Buncel, J .  G. Purdon and 


8. A. M. Modro, P.  L. Wessels and T. A. Modro, J. Chem. 


9. F. Mathev and Ph. Savinnac, Tetrahedron 34. 649 (1978). 
Res. (S) 224 (1991). 


Ethyl 3-hydroxy-3-phenylpropionate (2a). The inter- 
mediate ethyl 3-0x0-3-phenylpropionate (3) was 
prepared as reported previously. l3  It was purified by 
column chromatography [benzene-ethyl acetate (9 : l)] 


(s,2H), 4.15 (q,2H, J =  7-1  Hz), 7,10-7-91 (m, 5H). 
Compound 3 was reduced according to the literature 
procedure, l4 but with the reaction time shortened from 
18 to 2 h. Purified by column chromatography 
[benzene-ethyl acetate (9 :1) containing 5% of 
ethylamine] or by bulb-to-bulb distillation (oven 
temperature 180 ClO.1 Torr) (70%). 'H NMR, 6 1.21 
( t ,3H,J=7*2Hz) ,  2.67 (m,2H), 4.13 (q,2H, 
J =  7.2 Hz), 5.08 (dd, lH,  J =  8*3,4-3  Hz), 
7.21-7.36 (m,5H); MS, m/z  194 (M+, l8%), 107 
(100). 


(73%). 'H NMR, 6 1.22 ( t , 3 H , J = 7 * 1  Hz), 3.96 


Ethyl 3-methoxy-3-phenylpropionate (2b). Substrate 
2a was methylated with iodomethane in the presence of 
dry silver oxide. The literature procedure, l5 applied to 
the ethylation of ethyl 2-hydroxy-2-phenylpropionate, 
recommended refluxing the reaction mixture for 4 h. 
We found by following the reaction progress by TLC 
that a minimum time of 35 h of reflux was necessary to 
achieve complete conversion and to obtain virtually 
pure product (85%). 'H NMR (acetone-&), 6 1-17 
(t, 3H, J =  7.1 Hz), (dd, lH, J =  15.3,S.O Hz), 
2.72 (dd, lH, J =  15*3,8*9Hz), 3-15 (s,3H), 4.06 
(q,2H, J =  7-1  Hz), 4.61 (dd, lH,  J =  8.9,5.0 Hz), 
7.27-7-39 (m, SH). 


2.55 
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MOLECULAR MODELLING OF ORGANOPHOSPHORUS 
PODANDS AND THEIR COMPLEXES WITH ALKALI METAL 


CATIONS 


A. A. VARNEK,* G .  MOROSI AND A. GAMBA 
Dipartimento di Chimica Fisica ed Eiettrochimica and Centro del CNR per lo Studio deile Reiazioni fra Struttura e Reattivita 


Chimica, Universita di Milano, Via Golgi 19, I-20133 Milan, Italy 


A molecular mechanics study on some organophosphorus podands, with both rigid and flexible terminal groups, and 
on their complexes with Li' and Na+ was camed out. Na+ causes smaller deformations of the ligands than Li', but 
its complexes are less stable, as the interaction energy with the podands is weaker. The ligands with rigid terminal 
groups are, in general, more pre-organized for complex formation. The cation-ligand interaction energies, including 
also the changes in steric energies, are always higher in complexes of flexible molecules than in those containing rigid 
ligands. The lower entropy losses which accompany the formation of complexes of rigid molecules with alkali metal 
cations probably account for the observed higher stabilities of the complexes 


INTRODUCTION 


Macrocyclic polyethers are unique agents which are 
able to bind alkali metal cations selectively. ' Recently, 
much attention has been devoted to open-chain ana- 
logues of macrocyclic compounds. 2*3 These molecules, 
on the one hand, are more readily available than crown 
ethers and, on the other, in a number of cases they 
possess complexation abilities similar to those of 
macrocycles. 


Numerous investigations of podands have shown that 
their complexation properties are highly dependent 
both on the length of the polyether chain and on the 
character of the terminal groups. Recently, some new 
monopodands containing phosphoryl terminal groups 
have been synthesized by Tsvetkov et al.4 They found 
that in the mixed solvent tetrahydrofuran-chloroform 
(4 : 1) some of these molecules possess a high complexa- 
tion ability with respect to Li+ and Na' cations and, as 
a rule, complexes of podands with rigid terminal groups 
have higher stabilities than those of more flexible mol- 
ecules. They suggested that the stability of these com- 
plexes could be accounted for by specific features of the 
cation coordination polyhedra, tetrahedra or octahedra 
corresponding to the most stable complexes. 


In order to test such a hypothesis, in this paper we 
consider modelling, by molecular mechanics, of some 
organophosphorus molecules both with rigid (Ia-c) 
and flexible (Ira-c) terminal groups. The complexation 


r -4 


r 1 


n = l( l la) ; 2(IIb) ; 3(IIc) 
Scheme 


properties of these molecules with regard to alkali 
cations have been thoroughly investigated by other 
~ o r k e r s . ~ - ~  


Few theoretical studies have been previously per- 
formed on polydentate organophosphorus molecules. 
Dashevsky et al. ' carried out conformational analyses 
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on a number of bidentate molecules in which two 
(Ph)2PO fragments are connected by methylene, eth- 
ylene or vinylene bridges. An attempt was made to  use 
the ‘fine’ functions method to  explain the complexation 
properties of the lariat ligand on the basis of a tetra- 
azomacrocycle containing four diphenylphosphorus 
fragments.* The influence of the cation on the ligand 
conformational state was either indirectly considered 
within the ‘fine’ functions method or neglected. For 
these reasons, detailed information concerning the 
structures and the energetics of the complexes was not 
obtained. 


METHOD 


Conformational calculations on the free molecules and 
on their complexes with Li+ and Na+ were performed 
using the MM2I program package, 9,10 which includes 
the Allinger force field” for the intramolecular interac- 
tions and a modified” force field for the ion-molecule 
or the intermolecular interactions. According to Caillet 
and Claverie, l2 the intermolecular interaction energy 
(E; )  can be written as a sum of electrostatic (Ees) ,  polar- 
ization (Epol) and van der Waak (Evdw)  terms: 


The electrostatic term is calculated in the point- 
charge approximation, the atomic charges Qi being 
determined in such a way as to reproduce the molecular 
electrostatic potential distribution outside the van der 
Waals spheres of atoms (PD charges”). The polariz- 
ation term is computed l 2  using experimental data on 
bond polarizabilities. l4 The van der Waals interaction 


0.00 


I 
0.1 1 


(a) 


energy is calculated by the equation 


Z ,  being the scaled interatomic distance, N, the number 
of valence electrons of the atom i and Bo and (Y being 
taken from Ref. 9. The k ,  parameters were fitted to  
reproduce the structural and energy characteristics of 
model compounds. 


The possibility of modelling complicated systems, 
including several interacting partners (ligand, cation, 
anion, some solvent molecules), is a specific feature of 
this approach, which takes into account non-additivity 
effects. Computations of the geometry and energy 
characteristics of crown ethers, of their complexes with 
alkali metal cations and of ion pairs” confirmed the 
reliability of the force field combination employed. 


P D  charges, obtained by the least-squares method, 
reproduce the molecular electrostatic potential on Con- 
nolly surfaces, l 6  computed by the MNDO method 
using the MOPAC-5 package. The charges were mul- 
tiplied by the factor 1.42, which scales MNDO P D  
charges to the ab initio (6-31G*) values. 


A direct calculation of the P D  charges of the mol- 
ecules studied is inappropriate, because of the close 
dependence of the Q, values on the molecular geometry, 
a result also noted by others.” According to  
Grootenhuis and Kollman, 2o we used by-fragment cal- 
culations with further averaging of Ql. P D  charges for 
the terminal groups of molecules I and I1 are shown in 
Figure 1. The averaged values for the atoms of 
polyether chains CZH~O-(C~H~-O-),-CZH~ 
(n = 1-3) were in - 0 - 6  (0), 0.3 (C) and 0.0 (H). 


0.00 


-0.04 H, / 


-0.,5;?,~0’g I ,  
-0.17; 


-0.07 0.16 
I 


0.15 


(b) 
Figure I .  Pd atomic charges of terminal groups of molecules (a) I and (b) 11 
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Table 1. Equilibrium distances (Ro, A ) and interaction 
energies (Ei, kcalmol-') in H,PO.. .M+ systems (M' = Li', 


Na') 


Ro - Ej 


Method Li + Na+ Li + Na' 


molecular 
mechanics 1.749 2.110 57.02 42.34 
(MM21) 
A b inirio 1.749 2.107 56.40 40.90 
(4-3 1G* ) 


The parameters for the van der Waals potentials, 
involving Li' and Na' interactions with C, H and 0, 
were taken from Ref. 12. To obtain such parameters 
for the interactions of Li+ and Na+ with compounds 
including P=O bonds, we performed ub initio calcu- 
lations on H3PO. * * M +  (M' = Li+, Na+) with the 
4-31G* basis set using the GAUSSIAN-88 program.21 
In the first series of calculations, we optimized all 
geometry parameters, whereas in the secovd we fixed 
the cation on the P=O bond line at 10 A from the 
oxygen atom. The cation-oxygen equilibrium distances 
and the cation-H3PO interaction energies, reported in 
Table 1, show that the fitted force field parameters 
reproduce reliably structural and energetic character- 
istics of the model compounds. 


Previously unknown parameters of the Allinger force 
field, corresponding to intramolecular interactions in 
molecules I and 11, were determined in such a way as to 
reproduce the geometry of the terminal groups of these 
molecules obtained from MNDO calculations with full 
optimization. 


STRUCTURAL CHARACTERISTICS OF 
PODANDS AND THEIR COMPLEXES 


The choice of the starting conformation in molecular- 
mechanical computations of molecules such as podands 
Ia-c and IIa-c presents considerable difficulties, 
because there is an exceedingly large number of possible 
conformers corresponding to various sequences of the 
torsion angles of the polyether chains. At the same 
time, one might assume that only a specific conforma- 
tion ('pseudo-cavity' conformation) for each molecule 
allows the most effective contacts of the cation with all 
donor atoms of the ligand. In simulating pseudo- 
cavities of molecules I and 11, we assumed that the 
starting conformation had to meet the requirements 
that oxygen lone pairs should be oriented inside the 
pseudocavity and that the torsion angles of the 
polyether chain should not differ too much from their 
'ideal' values (180" for C-0 and ? 60" for C-C 
bonds "). 


To describe the conformations of the free molecules 
I and I1 and of their metal complexes, it is convenient 
to use the Klyne and PrelogZ3 classification of the 
torsion angles: 


Torsion angle ( O f  Conformation - 0 ? 30 
60 ? 30 


120 ? 30 
180 f 30 


- 120 k 30 
-60 ? 30 


+ synperiplanar (i sp) 
+ synclinal (+ sc) 
+ anticlinal (+ ac) 
+ antiperiplanar (i up) 
- anticlinal (- ac) 
- synclinal ( -  sc) 


- 


According to this classification, the sequence of torsion 
angles ('conformational formula') provides a suffi- 
ciently good description of the conformational state of 
a molecule. 


The structural features of molecules I and I1 and of 
their complexes are discussed in more detail in the 
following sections. 


MOLECULES Ia-c AND THEIR COMPLEXES 


n = I  


The sequence of the torsion angles of the polyether 
chain (starting with CbO,CC*) is the same both in the 
free molecule Ia and in its complexes. The interaction 
with the cation increases considerably the planarity of 
the pseudo-cavity oxygens framework; thus, the torsion 
angke Oph10a10aZOph2 is 7.5" in the Li+ complex and 
8.6 in the Na' complex, whereas it is 36- 1" in the free 
molecule. The cation coordination polyhedron may be 
regarded as a distorted square (Figure 2). The pseudo- 
cavity size is 2-80 A both in the Li+ and Na+ $om- 
plexes. The sh!ft out of the oxygens plane is 0.4 A for 
Li' and 1 * 1 A for Na'. 


The macrocyclic ligand 12-crown-4 may be con- 
sidered as an analogue of this molecule. Its cavity 
size is 3.7-3.9 A and the cation shift out of t t e  
oxygens plane in the complex with LiNCS is 0.87 A 
and it is as large as 1.53 A in the complex 
(1 2-crown-4)~. NaC10P. 


Stacking of phenyl groups is not observed in either 
the free molecule or its complexes. The oxygen lone 
pairs are oriented inside the pseudo-cavity in both 
cases. 


n = 2  
The conformational formulae reported in Table 2 show 
that in the Li+ complex the ligand undergoes consider- 
able conformational changes (larger than in the Na' 


The following abbreviations are used: CI, = benzene carbon; 
Oph = phosphoryl oxygen; 0, = ether oxygen; 0, = aryl 
oxygen (for molecules I ) ;  Ot =terminal oxygen (for molecules 
11). 
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Figure 2. Structure of (a) of free molecule Ia and its complexes with (b) Li' and (c) Na+. Black spheres, oxygens; dotted spheres, 
cation 


Table 2. Sequence of torsion anglesa in polyether chains of the molecules la-c and IIa-c and 
their complexes with Li' and Na' 


Molecule Conformational formula 


Ia -ap  -sc -ac 
1a.Li' -ap -sc -ac 
Ia.Na' -ap  -sc -ac 
Ib -ac -sc -ap -ap  sc sc 
Ib. Li' -ap  -sc -ac ap sc ac 
Ib .Na+ -ap  -SC -ap  -ap  sc ac 
IC -ac -sc -ap ap sc ap - a p  
lc-Li+ -ap  -sc -ac -ap  sc ac -ap  
Ic. Na+ -ap -SC -ap -ap  sc ap -ap  
Ila sc -sc ac -ap  ac -sc sc 
Ila. Li' sc ap ap -sc ap ap sc 
IIa. Na' sc ap -ap  -sc -ap  ap sc 
IIb sc -ap  ac -sc ap ap sc 
IIb. Li' sc ap - LIC - x' -ap  ap sc 
IIb. Na+ sc up -ac -sc -ap  ap sc 
IIC sc -ap  ap -SC ap ap sc 
IIc.Li+ sc -ap  ap -sc ap ap sc 
IIc. Na' sc -ap  ap -sc ap ap sc 


-SC -ap  
-sc -ap  
-SC -ap  


sc ap sc 
-ap  ap - S C  


-ap  ap -SC 


ap ap -SC ap -ap  sc 
ap ap -sc ap -ap  sc 
ap ap -SC ap -ap  sc 


"Starting from the angles CbOaCC for molecules 1 and from the angles O,hPCO, for molecules I f .  
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complex) with respect to the free molecule Ib. The 
largest change [from -98' (for the Li+ complex) to 
- 157O (for the Na+ complex)] is observed for one of 
the CC0,C angles. 


The Li' coordination polyhedron may be considered 
as a distorted trigonal bipyramid, the cation lying in the 
plane of an ether and two phosphoryl oxygens, while 
the aryl oxygens are in axial positions [Figure (3b)l. 
The Na+ coordination polyhedroon is close to a planar 
pentagon with sides 2-52-2.70 A ,  the cation lying in 
this plane [Fig. (3c)l. In both the free molecule and in 


its complexes there is a :tacking of two phenyl groups 
with a distance of 4.3 A between them. 


n = 3  
As in the previous case, the sequence of the ligand 
torsion angles in the Li+ complex differs considerably 
from that in the free molecule Ic and in its Na+ 
complex (Table 2). The largest change, from 2 105" in 
the Li+ complex to 2165 in the Na+ complex, was 
observed for the CC0,C torsion angles. There is no 


Figure 3. Structure of (a) free molecule Ib and its complexes with (b) Li' and (c) Na'. Black spheres, oxygens; dotted spheres, 
cation 


Table 3. Cation-oxygen coordination bond lengths (A  ) in complexes of molecules Ia-c with 
Li+ and Na+ 


1a 1.71 2.03 2.03-2' 15 2.34-2.46 - - 
Ib 1'72-1.73 2.03 2.22-2- 33 2.38 1-92 2.27 
Ic 1.76 2.05 2.32 2.52 2.05 2.25 
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a) 


Figure 4. Structure of (a) free molecule ic  and its complexes with (b) Li' and (c) N a + .  Black spheres, oxygens; dotted spheres, 
cation 


stacking of phenyl groups in either the free molecule or 
its complexes (Figure 4). 


The Li' and Na+ coordination polyhedra in the com- 
plexes of the molecule Ic appear as distorted tetragonal 
bipyramids. Still some structural characteristics of these 
complexes differ significantly: Li+ is coordinated by 
two ether oxygens in the equatorial plane and the aryl 
oxygens lie in axial positions [Figure 4(b)] ; the equa- 
torial plane of the Na' polyhedron contains ether and 
aryl oxygens, whereas the phosphoryl group oxygens 
occupy axial positions [Figure 4(c)]. 


MOLECULES IIa-c AND THEIR COMPLEXES 


n = l  


The oxygens of the free molecule IIa d o  not lie inoa 
plane, the torsion angle O p h 1 0 f 1 0 f 2 O p h 2  being 45.5 . 
The lone pairs of one of the terminal oxygens are 
oriented outside the pseudo-cavity [Figure 5(a)l. 
Almost all the torsion angles have non-optimum values 
(Table 2); thus, the torsion angles along the C-0 
bonds could be referred to  as ac or - sc  types, and 


along the C-C bonds as ap type, whereas the optimum 
values correspond to 2 ap (for C-0) and 2 sc (for 
C-C) types. 24 


The interaction of the ligand with Li + and Na' leads 
to the same conformation with an optimum sequence of 
torsion angles, the ligand oxygens becoming more 
planar, with a decrease in the O p h l O ~ & O p h 2  torsion 
angle to  27". Under the influence of the cation field, the 
pseudo-cavity is compressed: the distance between the 
terminal oTygens decreases from 3.60 to 2.37 A (Li') 
and 2.62 A (Na+),  along with the pseudo-cavity size, 
which can be defined as the Oph& (Ol1Optp) distance, 
its vadues being 4.5 A (free molecule), 3 . 6  A ( L i + )  and 
3 - 8  A (Na'). The polyether chain twines around the 
cation forming a helix-like polyhedron, characteristic of 
podands [Figures 5(b) and (c)] . The distances between 
the cation and the phosphoryl oxygens are in a nar- 
rower range than those between the cation and the 
terminal oxygens (Table 4), owing to  the difference in 
charge-dipole interactions of the cation with the 
corresponding groups. 


There is no stacking of phenyl groups. These bulky 
substituents on the various P=O groups are oriented 
towards different sides of the pseudo-cavity. 
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Figure 5. Structure of (a) free molecule Ila and its complexes with (bf Li+ and (c) Na'. Black spheres, oxygens; dotted spheres, 
cation 


Table 4. Cation-oxygen coordination bond lengths ( A  ) in 
complexes of molecules IIa-c with Li' and Na' 


IIa 1.72 2.01 2.11 2.40 - - 
IIb 1.76 2.05 2.02 2.31 1.88 2.25 
IIC 1.73 2.05 2.11 2.31 1.95 2.22 


n = 2  


The interaction with a cation leads to  conformational 
changes of the free mole$ule IIb: the ophPco1 torsion 
angle changes from 60 to -34" (Li+)  a!d to 40" 
(Na'); the COtCC angles change from -68 , 105" to 
-98", - 162" (Li+) and to - 108", - 169" (Na+). The 
distance between t)e phosphoryl oxygen: changes from 
3.21 A to 2.85 A (Li+)  and to  3.8 A (Na+). The 
coordination polyhedra appear as trigonal bipyramids 
[Figures 6(b) and (c)], the cations lying nearly in the 
plane of the Otl, 0, and Or2 atoms, and the 
OT1O,0,2M+ torsion angles being equal to  9.6" (Li') 
and 12" (Na+).  The oxygens of the phosphoryl groups 
coordinate the cation -in axial position, tbe M+ * * ' O p h  


distances being 1-76 A (Li f )  and 2-05 A (N?+). The 
cationbether oxygen bond lengths [1*88 A (Li') 
2.25 A (Na+)] ?re slightly shorteathan the M + * * . O 1  
distances [2.02 A (Li') and 2.31 A (Na')]. 


I t  is worth mentioning that the stacking of the phenyl 
groups in the neutral molecule almost disappears in the 
complexes, owing to  their shifts in parallel planes. 


n = 3  


Although the conformational formulas in the free 
ligand IIc and in its Li+ and Na+ complexes are ident- 
ical, the values of some torsion angles change appre- 
ciably, the variations of the OphPCo torsion angles 
being in the range 32 to  55" and of the OtCCO, angles 
being in the range -60 to  28". The 0,1CC0,2 angle in 
the Li' complex (31 * 5 " )  is slightly larger than that in 
the free molecule (29.3"), whereas it increases consider- 
ably in the Na' complex (41.3"). A helix-like coordi- 
nation of the cation by the donor atoms occurs in the 
complexes [Figures 7(b) and (c)] . There is stacking of 
phenyl groups both in the free molecule and in the 
complexes. 


The structural characteristics both of molecules I and 
I1 and of their complexes are now summarized. A 
specific feature of the free molecules IIa and Ilb is the 
absence of conformations pre-organized for complexa- 
tion, as the lone pairs of one or two oxygens of the 
polyether chains are oriented outside the pseudo-cavity 
[Figures 5(a) and 6(a)l. Hence the interaction with a 
cation drastically changes the molecular conformation, 
and the torsion angle sequences in the chains become 
closer to the ideal one ( 2  up for angles along the C-0 
bond and +sc for angles along the C-C bond). The 
structures of the Li' and Na' complexes are similar 
and correspond to a helix-like cation coordination by 
the donor atoms of the molecule. 


Unlike molecules 11, the more rigid molecules I may 
occur in conformations with all the oxygens oriented 
inside the pseudo-cavity [Figures 2(a), 3(a) and 4(a)]. 
The coordination polyhedra of Li+ and Na+ are similar 
only in complexes with the molecule la, but they differ 







Figure 6 .  Structure of (a) free molecule IIb and its complexes with (b) Lit and (c) Na'. Black spheres, oxygens; dotted spheres, 
cation 


Figure 7 .  Structure of (a) free molecule IIc and its complexes with (b) Lit and (c) Nat .  Black spheres, oxygens; dotted spheres, 
cation 
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essentially in complexes with Ib and Ic, where the 
largest difference is found in the geometry of the 
polyether chain. Li+ complexes show a more distorted 
(helix-like) coordination, whereas Na+ complexes 
present an approximately planar arrangement of aryl 
and ether oxygens. 


Stacking of phenyl groups occurs in the free mol- 
ecules Ib, IIb and IIc. The complexes Ib and IIc are also 
characterized by a planar arrangement of phenyl 
groups, whereas in the complexes IIb the stacking dis- 
appears, owing to parallel shifts of the phenyl groups 
with respect to each other during the complexation. 
This result proves that the role of the stacking effect, as 
a factor providing the stability of a complex, is not 
significant. 


The analysis of the results reported in Tables 3 and 4 
indicates that the oxygens of the phosphoryl groups are 
the strongest coordination centres of the molecules con- 
sidered. In fact, the lengths of the M+ - * 'Oph coordi- 
nation bonds, much shorter than the other contacts 
in the cation polyhedra, are in narrow ranges 
1-71-1.76 A (Li') and 2.01-2.05 A (Na'). In the 
complexes of the molecules Ia-c, the ether oxygens 
make a bond with the cation stronger than the aryl 
oxygens, owing to their higher electron density (and, 
consequently, higher PD charges) compared with the Oa 
atoms; this explains the shortening of the M+. . -0, 
bonds [1-92-2-05 A (Li') and 2.25-2.27 A (Na+)l 
compared with the M+.* .Oa  bonds 
[2*03-2.33 A(Li+) and 2.33-2.52 A(Na+)].  


This result is in qualitative agreement with the x-ray 
structureZS of a RbI complex with a podand having a 
three-oxygen polyether chain and 8-quinoline fragments 
as terminal groups. The R b - . * O  distances of the aro- 
matic oxygens, larger than those of the ether oxygens, 
are interpreted in terms of a lowering of the basicity of 
the aromatic oxygens. 26 


The higher conformational flexibility of the mol- 
ecules I1 allows better contacts of the cation with the 
donor atoms of the polyether chain. Hence the 
cation-oxygen distances are shorter than in the com- 
plexes of molecules Ia-c. Their value: differ only 
slightly and lie in the ranges 2.02-2.11 A (Li' - * -Ot), 


2.31-2.40 A ( v a + . - - O t ) ,  1-88-1-95 A (Li+...O,) 
and 2-22-2.25 A (Na'. * .O,). 


It is interesting to compare the calculated cation- 
oxygen distances with the known experimental x-ray 
data. For Li+ compounds the structural data have 
recently been s ~ m m a r i z e d . ~ ~  The average Lie -0, di!- 
tances in Li-ether complexes lie iq the range 1.951 A 
(pyramidal coordination)-2 a265 A (octahedral coor- 
dination). On the whole, these values correspond to the 
calculated distances between Li' and ether oxygens. 
Several data for Na+ complexes with neutral organic 
molecules yere given in a review.28 The range 
2-16-2.45 A is found for Na . - -O ,  bond lengths, in 
agreement with our theqretical results. 


A distance of 1.77 A for the Li+...O,h coordi- 
nation bond in the crystal [Li (OP [N(CH3)213 I41 


- [Li(N=CPh&]- [O=P[N(CH3)2131 was 
obtained; 29 this is slightly lqnger than the distances 
obtained here (1-71-1.75 A) .  In the crystal of 
[NaL3] +Br- .3H20 [L = methylenebis(ph0sphine 
oxide)] ,30 where the cation coordination polyhedron is a 
trigonal prism and the coordination numbFr is six, tee 
average cation-oxygen distance is 2-45 A ,  ca 0.4 A 
longer than the calculated value. Presumably this differ- 
ence is not due to the force field used, but could be 
accounted for by packing effects and/or ligand-ligand 
interactions. Such effects were observed for Li. . 'Oph 
coordination bonds in Li compounds. Indeed, in the 
complex [LiL4] + *LI- (L = triphenylphosphine oxide), 
where the cation has tetragonal Soordination, the 
average Li...Oph distance is 1-97 A;3' in the crystal 
[Li (OP [N(CH3)3] 2 )  31 (HzO)~] C1, where the cation is 
also present, with tettagonal coordination, distances of 
1.984 A and 2.013 A were obtained.32 


ENERGETICS OF INTRAMOLECULAR AND 


The cation-ligand interaction energies (EML) and the 
extra-steric molecular energies (A&), differences in the 
ligand conformational energies in the complex and in 
the free molecule, are reported in Table 5 .  


AE,, increases from 5.4 to 22.6 kcal mol-' in Li+ 


ION-MOLECULE INTERACTIONS 


Table 5.  Cation-ligand interaction energies (EML, kcal mol- ' ) and extra-steric ligand energies 
(AErt ,  kcal mol-') in complexes of the molecules la-c and IIa-c with Li' and Na' 


Na' 


la 194-2 5.4 188-8 
Ib 215.9 8.6 207.3 
If 249.4 22.6 226.8 
Ila 212.9 12.1 200.8 
IIb 244.9 12.9 232.0 
IIC 278-1 19.7 258.4 


148.7 4.6 144,l 
161.7 5.7 156.0 
190.4 5.2 185.2 
168.7 9.1 159.6 
189.1 10.2 178.9 
213.2 8 .4  204.8 
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complexes of molecules la-c and from 12.1 to 
19.1 kcal mol-' in complexes of IIa-c 
(1 kcal = 4.184 kJ). The large excess steric energy of 
ligand Ic in its complexes is due to  the relevant confor- 
mational transformation of the free molecule. The 
same reason may also account for the high values of 
A& in the Li' complex of IIa and b.  


The formation of the Li+.IIc complex does not 
change the conformational formula of the free mol- 
ecule as for IIa and b. However, the reduction in the 
pseudo-cavity size under the influence of the cation field 
results in a high steric energy value. 


The increase in the ligand steric energies in Li' com- 
plexes is compensated for by the increase in cation -li- 
gand interaction energies; the - E M L  values and the 
sums - (EML + A&) gradually increase in the series Ia, 
Ib and Ic and IIa, IIb and IIc (Table 5) .  


The interaction with Na+ leads to  essentially lower 
deformations of the ligands, the extra-steric energies 
being lower in Na+ than in Li' complexes. The Na+-li- 
gand interaction energy, as in Li+ complexes, increases 
gradually with increasing number of donor atoms. 


The data in Table 5 prove that the cation-ligand 
interaction energy, taking into account the steric energy 
changes, is always higher in complexes of molecules I1 
than in those of molecules I. This is not surprising, 
because the higher conformational flexibility of IIa-c 
allows more effective contacts with the cation in the 
complexes. 


The question arises of how the stability of Li' and 
Na+ complexes, higher for molecules Ia-c than for 
IIa-e, can be accounted for. The present results 
indicate that the entropy losses during complexation are 
lower for the rigid molecules I than for the flexible mol- 
ecules 11. Probably this is the reason why the complexes 
have different stabilities. This suggestion is strength- 
ened by the experimental results on the complexation of 
some glymes and glycols with alkali metal cations in 
methanol.33 In some cases the complex stability 
decreases in spite of the reduction in the enthalpy term. 
Our results further emphasize the major role of entropy 
changes in reactions involving open-chain polydentate 
ligands. 
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PHOTOCHEMICAL REACTIONS OF 2,2' -FURIL. SOLVENT 
DEPENDENT PHOTOREDUCTION VIA THE LOWEST EXCITED 


SINGLET AND TRIPLET STATES 
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2,2 ' -Furil (di-2-fury1 diketone) undergoes photoreduction to give furoin on irradiation at 366 nm in triethylamine- 
containing benzene and ethers. On the other hand, in ethanol the photoirradiation leads to the formation of an enediol 
type of compound, 1,2-di(2-furan)ethene-1,2-diol. The results of quenching and sensitization both for the 
photoreactions and the phosphorescence demonstrate that furoin and the enediol are formed via the lowest excited 
singlet and the triplet states of 2,2 ' -furil, respectively. 


INTRODUCTION 


Although the photochemical behaviour of various alkyl 
and aromatic a-diketones has been investigated, - 3  


little is known about the photoreaction of 2,2'-furil (di- 
2-fury1 diketone). In view of the reported photoreac- 
tions of b e n ~ i I , ~ - ~  it can be expected that aromatic 
a-diketones will undergo a variety of photoreactions 
such as the dissociation of the central carbonyl- 
carbonyl bond affording an aldehyde (or carboxylic 
acid), the acryloin or enediol formation depending on 
the solvents used. Moreover, similarly to benzi1,'- '' 
furil adopts a skewed conformation in the ground state 
in which the central carbonyl-carbonyl bond is 
substantially twisted, l2 and electronic excitation causes 
photorotamerism, giving nearly planar structures (s-cis 
or s-trans). 


Recently, we reported that 2,2'-pyridil, a pyridine 
analogue of benzil, was reduced to afford an enediol 
type of compound, 1,2-di(2-pyridyl)ethene-1,2-diol, 
on irradiation in several solvents, and the triplet 
mechanism was proposed.13 In this case, it is note- 


* Author for correspondence. 


worthy that the enediol produced is stabilized by intra- 
molecular hydrogen bonding, and the corresponding 
acyloin type of compound is not known, although 
benzoin and furoin are available. 


HO 0 
4 -C t-J 


As for 2,2'-furil, ESR and CIDNP studies have been 
performed on the furil radical shown, produced in the 
initial photochemical reduction process. 14-18 However, 
the final product has not been ascertained. So far the 
organic photochemistry of 2,2' -furil hardly been 
reported. Therefore, it seemed of interest to investigate 
the photochemical reactions of 2,2'-furil from an 
organic photochemical point of view. 


In this paper, we describe the photochemical 
reactions of 2,2 ' -furil in ethanol, amine-containing 
benzene and ethers. These solvents were employed 
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because it has been found that 2,2‘-furil affords two 
different photoproducts, depending on the solvent 
used. The reaction paths of such distinct photoreactions 
are discussed on the basis of the results of quenching 
and sensitization for both photoreaction and the 
phosphorescence. 


EXPERIMENTAL 


Materials. 2,2’ -Furil, Irans-stilbene, furoin and 
fluoren-9-one (Wako Pure Chemical) were recrystal- 
lized from ethanol. Cyclohexa-l,3-diene and 
triethylamine (TEA) were distilled. Tripropylamine 
(TPA) and tributylamine(TBA) (Kanto Chemical) were 
used as received. 1 ,4-Dioxane and tetrahydrofuran 
(Wako Pure Chemical) were of spectroscopic grade and 
used without further purification. 


Measurements. Absorption spectra were measured 
with a Shimadzu UV-210 A spectrophotometer. 
Phosphorescence spectra were recorded on a Shimadzu 
RF-500 spectrofluorimeter equipped with a cylindrical 
rotating sector at 77 K. IR spectra were taken with a 
Hitachi 270-30 infrared spectrometer in a KBr disk. 
Proton NMR spectra were obtained with a JEOL 
JNMFX-200 FT NMR spectrometer in deuterated 
chloroform. 


Light sources and irradiation. Three light sources 
were employed: (I) for preparative purposes a 400 W 
high-pressure mercury lamp (Rikagaku Sangyo 
UVL-400 HA) was used without filters in an immersion- 
type Pyrex vessel; (11) for quantitative studies 366 nm 
light was obtained by use of a 450 W high-pressure 
mercury lamp (Ushio UM-452) and a set of glass filters 
(Corning CS-7-54 and CS-0-52); (111) in sensitization 
experiments, a 500 W xenon-lamp (Ushio XS-SOlA) 
and a grating monochromator (Shimadzu Grating 2700) 
were used for irradiation at 460 nm. 


All irradiations for the quantitative experiments were 
carried out in a 5 x dm3 quartz cylindrical cell at 
room temperature under nitrogen. 


Actinornetry. The light intensities were determined 
by use of a potassium trioxalatoferrate(II1) solution as 
an actinometer for determination of quantum yields for 
the photoreactions. The amounts of 2,2’-furil and the 
photoproducts were determined spectrophotometrically. 


mol 
dm-3 solution (500ml) of 2,2’-furil in ethanol was 
irradiated by use of light source I until a secondary 
photoreaction started. The initial photoproduct formed 
in ethanol was not stable enough to be isolated and it 
easily decomposed during the procedures. Therefore, 
acetylation of the photoproduct was attempted. Acetic 
anhydride and sodium acetate were added to the 


Analysis ofphotoproduct in ethanol. A 5 x 


irradiated solution and the mixture was allowed to 
stand in the dark for 24 h. After evaporation of the sol- 
ution to dryness, the acetylating agents were removed 
by washing with water. The product was extracted with 
chloroform and purified by column chromatography 
with Kieselgel 60 (Merck) as stationary phase and 
chloroform as eluent and thin-layer chromatography 
using Kieselgel GF 254 plates (Merck) with chloroform 
as eluent. The compound thus obtained showed the 
following properties: UV, A,,, (ethanol) 326 nm; IR 
(KBr), 3110, 2960, 2900 (st CH3), 1780(C=O), 
1657(C=C), and 1470cm-’ (6 CH3); ‘H NMR 
(CDCh), 6 2.32(s, 6H) and 6.14-7-54 (m, 6H, furan 
ring). 


Analysis of photoproduct in benzene- 
triethylamine. A 1 . 1  x mol d n r 3  solution 
(500 ml) of 2,2’ -furin in benzene containing TEA 
( 1  mol dm-3) was irradiated by use of light source I 
until the intensities of the 280 nm band of the product 
reached a maximum. After the irradiation the solution 
was evaporated to dryness under reduced pressure. The 
crude material thus obtained was subjected to column 
chromatography with Kieselgel 60 as stationary phase 
and benzene-chloroform as eluent and then recrystal- 
lized. The photoproduct obtained showed the UV, IR 
and NMR spectra identical with those of an authentic 
sample of furoin. 


RESULTS AND DISCUSSION 


Photoreaction in ethanol 


The 366 nm irradiation of an ethanol solution of 2,2‘- 
furil (1 x m o l ~ m - ~ )  led to the absorption spectral 
changes shown in Figure 1. The photoproduct with a 


250 300 350 400 450 
0. 0 


W a v e l e n g t h / n m  


Figure 1. Absorption spectral changes caused by irradiation at 
366 nm of an ethanol solution of 2,2’-furil 
( 1  x moldm-’) Irradiation time: I, 0; 11, 15; 111, 35 min 
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357 nm band is formed in the initial stage of photoreac- 
tion within an appropriate irradiation time. Further 
irradiation, however, causes a secondary photoreac- 
tion, leading to a decrease in intensity of the 357 nm 
band of the primary photoproduct and a deviation of 
the absorption spectrum from the isosbestic point at 
336 nm. The present study in ethanol was confined to 
the initial photoreaction producing a compound 
showing the 357 nm band. 


The photoproduct in ethanol cannot be considered as 
any possible decomposition products or furoin, because 
the relatively long wavelength absorption band at 
357 nm cannot be assigned to these compounds. As 
mentioned above, the product was subjected to acety- 
lation by treatment with acetic anhydide and sodium 
acetate. From the IR and NMR spectral data presented 
in the Experimental section, the compound thus ob- 
tained can be identified as the diacetylated compound 
shown, whose conformation (cis or trans), however, is 


H,COCO OCOCH, 
c=c / \ 


not clear at present. Consequently, the primary photo- 
product from 2,2'-furil in ethanol is identified as 1,2- 
di(2-furan)ethene-1 ,Zdiol (hereafter called enediol), 
with the alternative formulae shown. However, at 
present it is not clear which isomer is favoured, cis or 
trans. In this connection, as reported previously, l 3  


@ 
\ 


5. 0 


4. 0 


3. 0 


2. 0 


1. 0 


2,2' -pyridil is photochemically reduced in alcohols, 
etc., to the enediol, 1,2-di(2-pyridyl)ethene-l,2-diol, 
which takes the trans conformation and has an absorp- 
tion band at 377 nm. This trans-enediol is known to be 


e t a - E n e d  l o 1  t r a n s -  Ened i o  I 


stabilized through the formation of six-membered intra- 
molecular hydrogen bonds between the enolic hydroxyl 


BY 
analogy with this trans-enediol, it is plausible that the 
present enediol takes the trans form, being stabilized 
through the formation of six-membered intramolecular 
hydrogen bonds as illustrated in the formula. The trans 
isomer may be more stable than the cis isomer, i.e. the 
stabilization energy due to coplanarity of the P- 
electronic system of the cis isomer is considered to be 
smafIer than that of the trans isomer, even if five- 
membered hydrogen bonds are formed. 


In order to establish the reactive excited state of 2,2'- 
furil participating in the enediol formation, quenching 
and sensitization experiments were performed. 
Cyclohexa-l,3-diene and trans-stilbene were found to 
act as quenchers for the photoreduction of 2,2'-furil in 
ethanol. The Stern-Volmer quenching plots are pre- 
sented in Figure 2. From the consideration of the ener- 
gies of the lowest excited singlet ( E s )  and the lowest 
triplet states (&) [Es = 71 kcal mol-' and 


groups and the heterocyclic nitrogen atom. 


[trans-Stl Ibene l /104rno l  dm-' 
0 2 4 0 8 10 
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[ 1, 3-CY c I o h e x &  d 1 B n e l  / 16' no I d d '  


Figure 2. Stern-Volmer plots for the quenching of enediol formation by cyclohexa-1,3-diene and trans-stilbene. [ 2 , 2 ' -  
Furil] = 1.0 x m ~ l d m - ~ .  Excitation wavelength = 366 nrn 
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51 


ET = 55.0 kcal mol-’ for 2,2‘-furil (the E, value was ethanol may be attributed to the triplet-triplet energy 
esti-mated from the absorption band at 400 nm”), transfer from 2,2’-furil to the quenchers. In addition, 
Es = 90 kcalmol-’ and ET = 52.0 kcalmol-‘ for the phosphorescence of 2,2’-furil observed at 77 K was 
cyclohexa-1,3-diene and ES = 94.2 kcal mol-’ and ET = also quenched by cyclohexa- 1,3-diene and trans- 
50 kcalmol-’ for fruns-stilbene26 (1 kcal= 4.184 kJ)] , stilbene, as seen in Figure 3, in which the values of Zo/I  
the observed quenching for the photoreduction in are plotted against the concentration of the quenchers, 
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6 


2 4 6 a 10 12 


(Fur i 1 ]-‘/lo3 dm3 mo I-’ 


Figure 4. Sensitization plots for the formation of enediol in ethanol. [Fluorenone] = 5 x mol dm-’. Excitation 
wavelength = 460 nm 
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where lo and Z are phosphorescence intensities of 2,2'- 
furil at 518 nm without and with quenchers, respect- 
ively. This phosphorescence quenching gives evidence 
for the occurrence of the triplet-triplet energy transfer 
in the present quenching systems. Accordingly, it can be 
said that the enediol formation from 2,2 ' -furil in 
ethanol takes place through the lowest excited triplet 
state of 2,2'-furil. 


Further supporting evidence for the triplet 
mechanism of the enediol formation was obtained from 
the sensitization of the photoreaction by fluore-9-none. 
This compound has a smaller ES value 
(63.2 kcal mol-')26 and a Comparable ET value 
(53.3 kcal rnol-')27 compared with the corresponding 
values for 2,2'-furil, so it is expected to act as a sen- 
sitizer of the photoreduction in ethanol through 
triplet-triplet energy transfer from fluoren-9-one to the 
substrate. Light of 460 nm was used for excitation of 
fluoren-9-one. With this light, 2,2'-furil undergoes no 
photoreaction without the sensitizer. The results of the 
photosensitization are shown in Figure 4, in which the 
reciprocals of the quantum yields are plotted against 
the reciprocals of the concentrations of 2,2'-furil at a 
fixed concentration of fluoren-9-one sensitizer. As 
expected, fluoren-9-one sensitizes the enediol for- 
mation, indicating that triplet 2,2 ' -furil is produced by 
triplet-triplet energy transfer from excited fluoren-9- 
one and undergoes hydrogen abstraction from ethanol 
to afford the enediol. A similar photochemical 
reduction of 2,2'-furil was observed when other 
alcohols such as 2-propanol, ethylene glycol and gly- 
cerol were used as solvents. 


Photoreaction in benzene-triethylamine and ethers 


It has been found that 2,2'-furil undergoes a different 
photoreaction in benzene containing TEA from that in 
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Figure 5 .  Absorption spectral change caused by irradiation at 
366 nm of a benzene-TEA (1 moIdm-3) solution of 2,2'-furil 
( 1 . 0 ~  mol dm-3). Irradiation time: 1, 0; XI, 20; 111, 40; 


IV, 60; V, 100min 


ethanol described above. The absorption spectral 
change caused by irradiation at 366 nm of a benzene 
solution of 2,2'-furil containing TEA (1 m ~ l d m - ~ )  is 
shown in Figure 5. In contrast to the results for the 
ethanol solution (Figure l), the photoproduct in 
benzene-TEA shows an absorption band at 280 nm. 
This photoproduct was identified as furoin from the 
physical properties given in the Experimental section. 
In this photoreaction, TEA acts as a hydrogen donor. 


Quenching experiments were performed in a similar 
manner to that for the ethanol solution to elucidate the 
reactive excited state in the furoin formation. 
Cyclohexa-l,3-diene and trans-stilbene, which act as 
quenchers in the enediol formation in ethanol, have no 
quenching effect on furoin formation in the 
benzene-TEA solution. Similarly to the case with the 
ethanol solution, these compounds show a quenching 
effect on the phosphorescence of 2,2'-furil in this 
solvent system. This clearly indicates that, in contrast to 
the enediol formation in ethanol, the lowest excited 
triplet state of 2,2'-furil does not participate in the 
furoin formation. In addition, the photosensitization 
by fluoren-9-one was not observed in benzene-TEA, 
indicating that the triplet mechanism is not operating. 
It should be noted that 2,2'-furil is known to be non- 
fluorescent, so one cannot conduct fluorescence 
quenching experiments. Nevertheless, the present 
results can be interpreted by furoin formation pro- 
ceeding through the lowest excited singlet state of 2,2' - 
furil. Therefore, the differences between the 
photoreactivities in ethanol and TEA-benzene can be 
attributed to the differences in the reactive excited 
states, i.e., triplet or singlet. 


In the photoreduction of some ketones by amines, 
electron transfer processes from amines to excited 
ketones possibly participates in the initial photo- 
chemical step. The ionization potentials of amines and 
the polarity of the solvent should affect the reactivity of 
2,2' -furil if electron transfer is operating in the initial 
photochemical step in the furoin formation. The effects 
of alkylamines on the quantum yield of the furoin for- 
mation were examined, since the ionization potentials 
(Ip) of alkylamines are dependent on the alkyl group. 
In TPA (1 m ~ l d m - ~ ,  Zp = 7.23 eV)-benzene and TBA 
(1 mol dm-')-benzene systems, the quantum yields 
were determined as 0-55 and 0.63,  respectively. 
Although the ionization potential of TBA is not 
available, it seems to be smaller than that of TEA, 
because TBA has a longer alkyl group. The quantum 
yields in TPA (+=0.55) and TBA ( + = 0 . 6 3 )  are 
higher than that in the TEA (Ip = 7.50 eV)-benzene 
system (+ = 0-22), reflecting the lower ionization poten- 
tials of higher alkylamines. 


The polarity of the solvent is also expected to influ- 
ence the efficiency of an electron transfer-initiated 
photoreaction. In fact, the quantum yields for the 
furoin formation in TEA-methanol and TEA-acetoni- 
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trile systems were determined as 0-31 and 0-30, respect- 
ively, which are higher than that in TEA-benzene 
system (0.22). These results indicate that the furoin for- 
mation in amine-containing solvent systems is initiated 
by electron transfer from amines to  the lowest singlet 
excited state of 2,2’-furil. This contrasts with the case 
of the enediol formation in ethanol, in which hydrogen 
or proton abstraction is operating in the initial step. 


In order to examine the dependence of the reaction 
mechanism on the solvent, the photoreactivity of 2,2‘- 
furil in ethers such as 1,4-dioxane and tetrahydrofuran 
was studied. In these ethereal solutions, 2,2’-furil 
undergoes the furoin formation, but no enediol for- 
mation. It is noteworthy that the ionization potentials 
of I ,4-dioxane ( I p  = 9-43 eV) and tetrahydrofuran 
( I p  = 9.74 eV) are lower than that of ethanol 
( I p  = 10.64 eV).28 This may be supporting evidence for 
the proposed reaction mechanism. 
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2- E ISOMERISM OF 5-CYCLOHEXYLMETHYLENEHYDANTOINS 


SAU-FUN TAN,* PO-LUNG AU-YONG AND LAY-TING LEE 
Department of Chemistry, National University of Singapore, Kent Ridge, 05lI.  Singapore 


5-Cyclohexylmethylenehydantoin and its 1- and 3-methyl derivatives were studied as the aliphatic analogues of the 5- 
benzylidenehydantoins to examine the effects of replacing a benzene by a cyclohexane ring on Z-E isomerism. The 
relative stabilities of the Z- and E-isomers were compared by estimating the free energy differences from thermal 
equilibration experiments and the heats of formation by AM1 calculation. In  the Z-isomers, the possible existence of 
weakly attractive interaction between the C(4) = 0 and C(6b-H groups, which form parts of a stereochemically 
favourable, conjugated a,B-unsaturated system, is suggested as a contributory factor to the observed configurational 
preference. Assignment of configurations was based mainly on NMR and is supported by IR and UV spectra. NMR 
spectra also revealed the conformation of the cyclohexane ring and the cyclohexyl proton signals were assigned by 
double resonance and by high-field NMR in two solvents where solubility allows. 


INTRODUCTION 


Previous studies of the 2-E  isomerism of more than 
40 compounds in four series of 5-(aryl/heteroaryl)- 
methylenehydantoins - 3  have revealed consistent 
trends of configurational preferences. In the prepar- 
ation of each of the N(1)-unsubstituted compounds by 
condensation of hydantoin or 3-methylhydantoin with 
an aromatict aldehyde, only the 2-isomer is isolated. 
In contrast, a similar condensation of l-methyl- 
hydantoin yields both Z-  and E-isomers of the 
N (  1)-methyl-substituted analogue, usually with the 
E-isomer as the major product. These trends parallel 
the relative stabilities of the geometric isometric pairs as 
shown by thermal equilibration  experiment^.^ In 
addition to  steric strain, other factors attributable to  
attractive or repulsive interactions of the aromatic ring 
with different parts of the hydantoin moiety have also 
been considered. Hence, it is pertinent to  investigate 
how the Z / E  preferences are affected by replacing the 
aryl with an alkyl group. We report here a study of 
5-cyclohexylmethylenehydantoins as the aliphatic 
analogues of the 5-benzylidenehydantoins. 


RESULTS AND DISCUSSION 


5-Cyclohexylmethylenehydantoin (1) and its 3- and 
1-methyl derivatives (2 and 3 respectively) were 


* Author for correspondence. 
t For the sake of brevity, the term aromatic is used to include 
heteroaromatic and aryl to include heteroaryl in the following 
discussion. 
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Compd R' R2 


1 H H 


2 H Me 


3 Me H 


synthesised by condensations of hydantoin, 3- 
methylhydantoin and 1-methylhydantoin, respectively, 
with cyclohexanecarboxaldehyde. Only one isomer of 1 
or 2 but two isomers of 3 were isolated directly from the 
reaction mixtures (Table 1). The product 1 or 2 could 
be partially converted into its stereoisomer and the two 
stereoisomers of 3 could also be interconverted, either 
by thermal isomerism or photoisomerization, resulting 
in equilibrium mixtures. 


'H NMR spectra 


Assignments of conjgurutions 


The 'H NMR data of compounds 1-3 are summarized 
in Table 2. The relative chemical shifts of the vinyl 
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Table 1. Melting points and analytical data 


Found (To) 


Compound M.p. ("(2)" C H N 


(Z)-1 262.5-264 61.6 7.3 14-5 
(2 )-2 208.5-209 63.5 7.8 13.5 
(~51-3 122- 123 63.6 7.7 13.6 
(2 )-3 140-141 63.0 7.5 13.3 


~ ~ ~~~~ 


Calculated (%) 


C H N 


61-8 1.3 14.4 
63.4 7 - 7  13.5 
63.4 7 . 1  13.5 
63.4 7.7 13.5 


a Melting points are uncorrected. 


proton H(6) are most diagnostic of configuration since 
this proton is expected to be deshielded by the aniso- 
tropic C(4) carbonyl group in the 2-isomer but not in 
the E-isomer. Thus, the major product from the prep- 
aration of 3 is assigned the E- and the minor product 
the 2-configuration. Thermal isomerization of the only 
isolated isomer of 1 or 2 results in the emergence of a 


new H(6) signal at higher field, indicating that the 
product from direct synthesis is the 2-isomer. These 
H(6) signals appear as doublets, with J =  10-11 Hz, 
being coupled with H(7) of the cyclohexane ring. They 
occur at higher field than the corresponding signals for 
the 5-arylmethylenehydantoins, owing to the absence of 
the effects of an aromatic group. 


Table 2. Chemical shifts (ppm from Me&, J in Hz) 


'H shifts 


H(8,IZ)e H(9,10,1 I)e H(9,ll)a H(l0)a H(8,IZ)a Compound N(1)H N(3)H H-6 N-CH3 H(7) 


u 
10.12 10.91 


10.12 10.91 


9.86 10.45' 


10.37 


7.86 


10.10 


11.17 


11.12 


8.61 


5.36 
(d. J 10.0) 


5.36 
(d, J 10.0) 


5.24 
(d, J 10. I )  


5.48 
(d, J 10.0) 


5.81 
(d, J 9.8) 


5.33 
(d, J 10.1) 


5.42 
(d, J 10.7) 


5.32 
(d, J 9.9) 


5.22 
(d, J 10. I )  


2.88 


3.08 


2.81 


3.19 


2.91 


3.03 


2.36 1.67 1.62 


2.36 1.67 1.62 
(9, J 10.3) (m) (m) 


(9. J 10.6, 3.6) (d, J 12.8) (d, J 12.9) 


2.40 1.69 1.64 


2.21 1.74 
(q, J 10-1, 3.5) 


1.25 1.13 
(m) (m) 


I .27 1.20 1.12 
( q , J  12.2) (q, J 11.9) (9. J 12.1) 


I3C shifts 


Compound C(2) C(4) C(5) C(6) N-CH, C(7) - C(12) 


( Z ) - 1  154.7 164.6 128.9 116.6 - 34.9, 31.6, 25.2, 24.9 
( Z ) - 2  154.4 163.3 127.6 117.7 23.9 34.9, 31.6, 25.2, 24.9 


25.1' 33.7, 32.7, 25.3, 25.2 ( E 1-3 153.2 163.5 129.0 122.1 


"300 MHz spectrum in (CDI)ISO. 
b500 MHz spectrum in ( C D ~ h s 0 .  
'Deduced from 300 MHz spectrum of mixture obtained by thermal isomerization of  the 2-isomer. The cyclohexyl proton signals of the two isomers are not distinguishable. 
" 5 0 0  mHz in CDCII. 


'Splitting pattern partly obscured by the overlapping water signal. 
'Assignment of the N-CH, signal is uncertain as it occurs within the range of the signals of cyclohexyl protons. 


Location uncertain owing to decomposition accompanying thermal isomerization. 
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The configurations of (2 ) -2  and (E)-3 were 
confirmed by x-ray crystallographic studies. ' 


Although the N-methyl signals are found within a 
range similar to that for the methyl derivatives of the 5- 
arylmethylenehydantoins, one important difference is 
that the N(1)-methyl protons of (Z)-3 are now observed 
at lower field than those of (E)-3. In (2)-3, steric 
crowding by the cyclohexyl group probably causes dis- 
tortion of the electron cloud around the N(1)-methyl 
protons, resulting in deshielding. This contrasts with 
the previously observed shielding of the corresponding 
protons in 2-isomers of 1-methyl-5-arylmethylene- 
hydantoins by the aromatic ring current effect. 


The NH protons give the most downfield signals at 6 
10.12-11-91 in (CD3)zSO or 6 7.86-8.61 in the less 
basic solvent CDCI3, the N(3) proton being more 
deshielded than the N(l) proton. Following the trend 
shown by the N(1)-methyl protons, the proton at N(1) 
in the Z-isomer of compounds 1 or 2 resonates at lower 
field than that in the E-isomer but there is only small 
difference between the N(3)-H signals of the two 
isomers for each of compounds 1 and 3. 


Study of con formation 


The proton signals of cyclohexane derivatives are often 
complex owing to coupling among the cyclohexyl 
protons themselves and possible conformational 
changes. Extensive studies by previous workers6-" 
have shown that equatorial protons generally resonate 
at lower field than axial protons and that geminal 
axial-equatorial and vicinal axial-axial couplings of a 
cyclohexane ring are much stronger than vicinal 
equatorial-equatorial and vicinal axial-equatorial 
couplings. 


The study of the cyclohexyl protons of compounds 
1-3 is simplified because these compounds are confor- 
mationally rigid as far as the cyclohexane ring itself is 
concerned. The bulky methylenehydantoin group, as an 
equatorial substituent, effectively prevents chair inver- 
sion so that the axial and equatorial protons are distin- 
guishable at room temperature. However, rotation of 
the cyclohexane ring around the C(6) - C(7) single bond 
remains possible, with two limiting orientations with 
respect to the hydantoin ring. Conformations Z-A 
and E-A are probably preferred to Z-B and E-B, 
respectively, for steric reasons. 


For each compound, the axial H(7) signal is well sep- 
arated from the those of the remaining cyclohexyl pro- 
tons, being most deshielded by proximity to the 
C(5)=C(6) double bond. In the E-isomers, H(7) is 
further deshielded relative to the corresponding proton 
in the Z-isomers, as shown by the strikingly large A6 of 
0-6  ppm for (E)-3 and ( Z ) - 3  in (CD3)zSO. This is con- 
sistent with conformation E-A where H(7) approaches 
closely the anisotropic C(4) carbonyl group. Inciden- 
tally, this provides additional support for the configura- 


tional assignments deduced from consideration of the 
H(6) signal as discussed above. 


The equatorial and the remaining axial protons form 
two groups of multiplets in the regions 6 1 *55-1-75 and 
6 1.05-1 *35, respectively. More detailed analysis has 
been achieved by application of the spin-decoupling 
technique. 


Figure 1 illustrates the assignment, by spin 
decoupling, of the cyclohexyl protons of (E)-3. Because 
of solubility, spectra of all the compounds were 
obtained in (CD3)zSO. However, the significant 
downfield shift of the H-7 signal for (E)-3 results in its 
merging with the water signal from this hydroscopic 
solvent. This problem is avoided by using CDCl3 in 
which this compound is sufficiently soluble. Resolution 
is further enhanced in the spectrum obtained at 500 
MHz. Not only is the H(7) signal now clearly seen as a 
quartet of triplets but also the axial-proton signal which 
appears as a complicated multiplet in (CD3)zSO in the 
300 MHz spectrum is separated into three quartets with 
finer splitting due to coupling with vicinal equatorial 
protons, representing two, one and two protons at 6 
1 39, 1.19 and 1 * 12, respectively. Irradiation at H(6) 
reduces the H(7) signal to a triplet of triplets with 
J =  11-3 and 3.4 Hz from spin couplings with the 
adjacent axial and equatorial protons, respectively. 
Irradiation at H(7) changes not only the H(6) signal 
from a doublet to a singlet but also the axial quartet at 
6 1 - 12 to a triplet with J =  11 - 5  Hz. This highest field 
signal is therefore assigned to H(8a) and H(12a), which 
experience additional anisotropic shielding by the 
C(6)-C(7) single bond. The appearance of the equa- 
torial multiplet remains largely unaffected. On irradia- 
tion at the signal of equatorial protons, which resonate 
within a narrow range, H(7) becomes a well defined 
quartet with J =  10.6 Hz as the weaker vicinal axial- 
equatorial coupling is removed, leaving only the strong 
coupling with H(6), H(8a) and H(12a). The lowest field 
quartet of axial protons at 6 1-39 also changes to a 
triplet which is assigned to H(9a) and H(lla), leaving 
the signal at 6 1 * 19 to be assigned to the single proton 
H(l0a). This conclusion is supported by the observed 
change of the latter signal, on irradiation at H(9a) and 
H(lla), to a broad doublet as H(l0a) is now coupled 
strongly only to its geminal equatorial proton. Irradia- 
tion at H(8a) and H( 12a) causes the H(7) quartet to col- 
lapse to a broad doublet. Applying similar technique to 
the spectra of other compounds, the spin-spin coupling 
of the cyclohexyl protons can be resolved and J values 
calculated to fall within the following ranges: 
gem-J,,= 10.6-11.8 Hz, vic-J,,=3.1-3-6 Hz and 
vic-J,, = 11.9-12.8 Hz. 


13c NMR spectra 


The two lowest field signals are assigned to the carbonyl 
carbons C(2) and C(4) followed by the olefin carbons 
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I". 


Figure 1. 500  MHz spectra of ( E ) - 3  in CDCls, (a) before irradiation, and after irradiation (b) at H(6), (c) at H(7), (d) at He, 
(e) at H(9,lO)a and (f) at H(8,12,10)a 
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C(5) and C(6). The presence of a methyl substituent at 
either N(l) or N(3) causes small additional shielding of 
the adjacent carbonyl carbons in 2 and 3 when com- 
pared with the N-unsubstituted compound 1. The Z- 
and E-isomers are distinguishable by their C(6) signals, 
which occur at higher field in the Z-  than in the 
E-isomer, similar to the trend observed in the I3C 
spectra of the 5-arylmethylenehydantoins. The cyclo- 
hexyl carbons and the N-methyl carbon resonate within 
the range 6 23.9-34.9. 


IR spectra 
Among the many 5-arylmethylenehydantoins studied, it 
was observed that the C = C  stretching frequency is a 
useful criterion of configurational discrimination. The 
lower stretching frequency of this bond has been attrib- 
uted to more effective conjugation of this bond with the 
aromatic ring in the E-configuration. Interestingly, 
this same trend is observed for the present 5- 
cyclohexylmethylenehydantoins although the aromatic 
ring is absent (Table 3). Therefore, the difference in 
C = C stretching frequencies shown by the two isomers 
are more likely to be the result of differences in spatial 
relationship between the C(5) = C(6) and C(4) = 0 
bonds as the bond angles change with configuration. In 
the E-configuration, these move further apart owing to 
steric crowding of the aryl or alkyl group cis to the 
C(4)=0 group than in the 2-configuration in which 
they are pushed closer together by the same aryl or alkyl 
group now trans to C(4)=0. 


The C = O  and N-H stretching bands occur at 
similar frequencies to those observed in the spectra of 
the 5-arylmethylenehydantoins. The expected C-H 
stretching and deformation vibrations are also 
observed. 


Electronic spectra 


5-Cyclohexylmethylenehydantoins differ from their aryl 
analogues significantly in the electronic spectra. 


Although introduction of the unsaturated side-chain at 
C(5) of the hydantoin ring gives rise to additional 
intense absorption band in all cases, this band is 
observed at shorter wavelength (272-284 nm) for the 
cyclohexyl compounds (Table 3) than the corresponding 
band for the aryl compounds, which is red shifted to 
above 300 nm owing to extended conjugation with the 
aromatic ring. 


It is also noted that the difference in the absorption 
maxima of the 2- and E-isomers in a cyclohexyl com- 
pound is small compared with the large difference of 
25-30 nm observed between the geometric isometric 
pair of an aryl compound. A consequence of this is that 
photoisomerization becomes a less practical means of 
obtaining the minor isomer unless highly selective filters 
are available for irradiation at narrow wavelength 
ranges. 


Mass spectra 
The mass spectra of 1-3 are similar. The major frag- 
mentation pathway involves breaking the C(6)-C(7) 
bond, giving rise, in each case, to a base peak corre- 
sponding to the loss of C6H9 radical from the molecular 
ion. The C6H10 radical ion is also found in all the 
spectra (Table 3). 


Unlike the other spectroscopic methods discussed 
above, mass spectrometry does not provide useful 
criteria for configuration assignment. 


Relative stabilities of Z- and E-isomers 


The relative stabilities of each isometric pair of 1-3 
were estimated by thermal equilibration. Experiments 
were conducted in (CD3)zSO at 160°C. Starting with 
either isomer, changes were monitored by 'H NMR 
until thermal equilibrium was reached. The ratio of 
isomers present at different time intervals was deduced 
from the relative intensities of the readily identifiable 
H(6) signals and, for the methyl-substituted compounds 
2 and 3, also of the N-CH3 signals of the two isomers. 


Table 3. IRa, UVb and mass spectrometric data 


u (cm- ' ) 
mlz 


Compound C = 0 C = C Xmax (nm) (log e )  (M + significant ions) 


(Z)-1 1763 1677 220 (3.90) 194 113' 82 67 


(2 )-Z 1784 1673 230 (4.00) 208 127' 82 67 


(El -3  1756 1644 222 (3-78) 208 127' 82 67 


1725 270 (4.12) 


1715 274 (4.08) 


1716 284 (3.89) 


a KBr discs. 
In methanol. 
Most abundant. 
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For 1 or 2, the 2-isomer was found to  be more stable 
than the E-isomer but the reverse was observed for 3. 
However, the standard free energy differences calcu- 
lated for these 5-cyclohexylmethylenehydantoins (Table 
4) are smaller than the corresponding values previously 
obtained for the 5-ben~ylidenehydantoins.~ 


For comparison, the heats of formation of 1-3 were 
calculated using the AM1 method. ’’ Calculations 
carried out separately for the different conformations A 
and B clearly show that Z-A and E-A conformations 
are consistently more stable than Z-B and E-B, suppor- 
ting the conformational preferences deduced from 
simple examination of molecular models and from 
study of ‘H NMR data. In addition to steric factors, 
interactions of the aromatic ring with either the 
N(1)-H/Me or C ( 4 ) = 0  group of the hydantoin ring 
have been considered to rationalize the observed differ- 
ences in stabilities of the 2- and E-isomers of various 
5-arylmethylenehydantoins. These latter effects obvi- 
ously do not apply in the case of the 5-  
cyclohexylmethylenehydantoins studied here. However 
it is found that the Z-configuration is still overwhelm- 
ingly preferred in the synthesis of the N(1)- 
unsubstituted compounds 1 and 2. Molecular models 
show little or no steric congestion in the conformation 
Z-A and that the small steric strain caused by close 
approach of H(7) to  C ( 4 ) = 0  in the conformation 
E-A can be alleviated by slight rotation around the 
C(6)-C(7) bond. This leads us to query what this 
common factor among all these N( I)-unsubstituted aryl 
and cyclohexyl compounds is that contributes to  the 
consistently superior stability of the Z-configuration. 
Could there be some intramolecular attraction between 
C(4) = 0 and H(6)? This was not considered previously 
because the C H  group is a poor hydrogen-bond donor. 
However, the possible existence of C--H ... X hydrogen 
bonds, where X is an acceptor atom 0, N, C1 or S, in 
many systems has been extensively discussed and 
reviewed. “-15 Evidence for both inter- and intramole- 
cular C-H ... 0 hydrogen bonds has been provided by 
spectroscopic studies and accurate x-ray and neutron 


Z - A  


E-A E-8 


diffraction analyses. 16-20 Although these are only weak 
interactions of electrostatic nature, they may become 
important in favourable structural and stereochemical 
situations. Such a situation may exist in the 2- 
configuration of the 5-methylenehydantoins, whether 
aryl or cyclohexyl substituted. Here, the C(6)-H and 
C(4)=0 groups not only enjoy a suitable 
stereochemical relationship but also form parts of a 
conjugated a,P-unsaturated carbonyl system, where 
polarisation enhances simultaneously their proton- 
donor and -acceptor capabilities. The electron density 
around O(4) is further enriched as C(4) = 0 is also con- 
jugated with the electron-releasing N(3)-R group. The 
C(5)-C(6) bond, being part of the hydantoin, is not 
free to rotate and resonance ensures coplanarity of the 
system which brings H(6) close to  O(4). X-ray diffrac- 
tion s t ~ d i e s ’ . ~ ’ - ~ ~  of the Z-isomers of some of the 5-  
arylmethylenehydantoins and of compound 2, which 
form sufficiently good single crystals, give the 
H(6)-0(4) distance in the range 2.54-2.67 A, which is 


Table 4. Thermal equilibration in (CD3)zSO at 433 K and AMl-calculated heats of formation 


A H o  (kJ mol-I) 


Conformation Conformation 
Compound 2 (Vo) E (To) K” AGO (kJ mol-’)b Compound A €3 


1 89 11 8.1 -7 .5  (Z)-1 - 285.0 - 217.8 
(Ekl -281.2 -277.8 


2 91 9 10.1 -8 .3  (21-2 - 264.3 -257.5 
( E ) - 2  -260.3 -248.0 


3 23 17 0.3 +4 .3  (Z )-3 - 260.6 - 240.1 
(El -3  -261.5 -248.0 


“ K =  I Z I / [ E ]  at equilibrium. 
hStandard free energy difference AGO = - R T  In K .  
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less than the sum of van der Waals radii of H and 
0,24q25 although the use of this sum of van der Waals 
radii of the hydrogen and acceptor atoms as a criterion 
for the presence of a hydrogen bond remains controver- 
sial and the values of the van der Waals radii are often 
ill-defined. 


The relationship between C(6)-H and C(4) = 0, 
which is the only common structural feature among the 
2-isomers of all the 5-arylmethylenehydantoins and 5 -  
cyclohexylmethylenehydantoins, suggests that an 
attractive C(6)-H .A. O= C(4) interaction could 
possibly make a significant contribution to their 
stability. 


It should be pointed out that in the E-isomers of 
compounds 1-3, H(7) probably approaches O(4) even 
more closely. However, interaction between these two 
atoms is not likely to be attractive because C(7) is sp3 
hybridized, unlike C(6), which is sp2 hybridized. More- 
over, C(7)-H is not conjugated to C(4) = 0 so that the 
type of polarization enhancement discussed above for 
the C(6)-H ... 0 = C(4) attraction does not apply. 
Instead, the interaction between H(7) and O(4) may 
even be repulsive. X-ray crystallographic examination 
of ( E ) - 3  reveals that the cyclohexane ring is unsymme- 
trically disposed with respect to the plane of the hydan- 
toin ring, as a result of rotation about the C(6)-C(7) 
bond to alleviate the steric crowding between H(7) and 
O(4). 


The reversal of configurational preference for the 
N(1)-methyl substituted compound 3 can be viewed as 
the result of relative destabilization of the 2-isomer due 
to steric congestion between the 1-methyl and the cyclo- 
hexyl groups, which now offsets the stabilization by the 
attractive interaction between C(6)-H and C(4) = 0, 
rather than increased stabilization of the E-isomer. 
There is probably little difference in stability among the 
E-isomers of 1-3 as far as the interaction between 
C(4) = 0 and the cyclohexane ring is concerned. 


EXPERIMENTAL 


Cyclohexylmethylenehydantoins 1-3 were prepared by 
condensation of hydantoin, 3-methylhydantoin or 1- 
methylhydantoin (10 mmol) with cyclohexanecarbox- 
aldehyde (10 mmol) in an aqueous solution (10 ml) of 
glycine (10 mmol) and sodium carbonate ( 5  m m ~ l ) . ~ ~ , ~ '  
The mixture was refluxed for 4-5 h. Crude products 
were formed on cooling and a further amount on 
acidification. HPLC examination revealed that the 
crude products of 3 obtained before and after 
acidification consisted mainly of the E- and 2-isomers, 
respectively. All compounds were recrystallized from 
methanol, except the more soluble (2)-3, which was 
obtained only with addition of a small amount of 
cyclohexane. 


Thermal equilibration was carried out in a WTC 
Binder F115 oven at 160°C. The solution of a pure 


isomer in (CD3)zS0 in a 5 mm NMR tube was heated 
in the oven. At appropriate time intervals, it was 
removed, cooled quickly to room temperature and its 
'H NMR spectrum was determined. Integration of the 
signals of the vinyl protons and/or the N(1)methyl 
protons of the two isomers provided a measure of their 
relative concentrations. 


Photoisomerization was carried out using a Hanovia 
200 W high-pressure lamp (Model 654-0360) placed in 
a quartz tube which, in turn, was housed in a brass tube 
with a window. The lamp was cooled continuously with 
a stream of chilled nitrogen during operation. Approxi- 
mately 5 x M solutions of the compounds in 
methanol were irradiated and the changes were moni- 
tored by HPLC analysis of samples at various time 
intervals. Isomerization was found to be accompanied 
by decomposition. The low percentage of isomerization 
observed before extensive decomposition set in ren- 
dered separation impractical. Instead, the mixture 
obtained after 10-20 min of irradiation was used for 
'H NMR determination to characterize the minor 
isomer, complementing the results from thermal 
isomerization. 


The heats of formation of the 2- and E-isomers of 
1-3 were calculated by the AM1 method. Data 
obtained from X-ray studies of (2)-2, (E)-3, some 5-  
arylmethylenehydantoins 5,21  -23 and related com- 
pounds2' were used as input and the optimized 
geometries were then used in the calculations. 
'H  and I3C NMR spectra were recorded in (CD3)zSO 
and, where solubility allowed, also in CDCI3 solution 
with tetramethylsilane as internal reference using a 
Brucker ACF 300 MHz or Brucker AMX 500 MHz 
spectrometer. 


Infrared spectra of all compounds in KBr discs 
were recorded on a Shimadzu IR-170 infrared 
spectrophotometer. 


UV spectra were obtained in methanol solutions 
with a Hewlett-Packard 8452A diode-array 
spectrophotometer. 


Mass spectra were obtained with a VG Micromass 
7035E spectrometer. 


HPLC was performed using a Shimadzu SPDdAV 
instrument with a UV detector and a Whatman 
Partisphere CIS column with methanol- water(55 : 45) 
as the solvent system. 
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QUANTUM MECHANICAL AND MOLECULAR MECHANICAL 
STUDIES OF THE HYDROLYSIS OF METHYL NITRATE AND 


THE SOLVENT EFFECT 
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AND 


SHUSEN LI 
Shanghai Institute of Organic Chemistry, Academia Sinica, Shanghai 200032, China 


The alkaline hydrolysis reaction of methyl nitrate was simulated by quantum mechanical and molecular mechanical 
methods. The gas-phase reaction was calculated to proceed with no barrier when ab initio calculations at the STO-3G 
level were utilized, and with a very small barrier (5.70 kJ mol-') when the MIND0/3 method was applied. In 
solution, the solvation energy was estimated to be 70.33 kJ mol-' by molecular mechanical calculations. Thus the 
activation energy (76.03 kJmol-') of alkaline hydrolysis of methyl nitrate was found to be in good agreement with 
the available experimental value (82.42 kJ mol- I). The results indicated that the substantial activation barrier in 
alkaline hydrolysis was essentially solvent-induced. 


INTRODUCTION 


Under the conditions for the alkaline hydrolysis of 
organic nitrates, RCHzON02, three simultaneous 
reactions may occur: (i) nucleophilic substitution (SN~) ,  
(ii) a-hydrogen elimination ( E )  and (iii) &hydrogen 
elimination (Ez). Experiments clearly confirm that 
the alkaline hydrolysis of methyl nitrate is essentially a 
bimolecular substitution (&2) reaction (Scheme 1). 
Kinetic analyses indicate that the value of the second- 
order rate constant mainly depends on environmental 
factors, such as the solvent effect. 


In the simulation calculation of the reaction in 
aqueous solution, three terms of interaction energies 
should be taken into account: ( i f  solute-solute 


0 


N-0 
\ 


/ 
H 


HO- + H-k-0 -HO-CI-13 -+NOJ- 
/ 


H 
Scheme 1 
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(EsO~u-sO1u)~ (ii) solute-solvent (Esoiu-soiv) and (iii) sol- 
vent-solvent (Eso~v-so~v)) interactions. 


Theoretical calculations have been widely applied to 
interpret the results and to resolve chemical ambi- 
guities. Unfortunately, there is currently no single 
method that is adequate to solve all the problems in 
terms of both the calculated accuracy and the required 
computer time. Especially for the solvation effect, there 
are many solvent molecules involved in the calculations. 
Therefore, it is very important to find a method capable 
of reasonably evaluating solvation energies and calcu- 
lating hydrated complex parameters without enormous 
amounts of computer time. 


In recent years, a method combining quantum 
mechanics (QM) and molecular mechanics (MM) has 
been developed and applied very successfully. 4 - 7  


Weiner et al.' used this method to study the gas- and 
solution-phase energy profiles of the hydroxide-for- 
mamide nucleophilic reaction, which proceeded with no 
potential barrier to the tetrahedral adduct when ab 
initio quantum chemical calculations were applied. 
Using a molecular mechanical method to analyse 
water-solute interactions, Weiner et a/. ' found a 
barrier of 92.05 kJ mol-' to forming the tetrahedral 
adduct in solution. The gas- and solution-phase ener- 
getics for the reaction of hydroxide with formaldehyde 
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were investigated by Madura and Jorgensen6 using ab 
initio and Monte Carlo methods. Their results are 
qualitatively similar to  those found by Weiner et al. for 
the hydroxide-formamide system. 


Anbar et al. ' and Baker and E a ~ t y * . ~  made extensive 
experimental studies of the alkaline hydrolysis of alkyl 
nitrates and discussed the mechanism of this reaction. 
Gaffney el aL9 measured the rate of the gas-phase 
reaction of the hydroxyl radical with methyl nitrate 
using flow discharge resonance fluorescence tech- 
niques. Reactivities for OH- to abstract specific 
hydrogen atoms in normal alkyl nitrates were presented 
and discussed. ' O S 1 '  However, theoretical calculations 
for hydrolysis reactions have not been reported. In this 
study, we calculated the activation energy of the alka- 
line hydrolysis of methyl nitrate in the gas and solution 
phases by combining QM and MM methods. The 
solvent effects were also explored and discussed. 


CALCULATION PRINCIPLE AND METHODS 


The calculations of the gas-phase reaction (Scheme 1) 
were performed by using the Gaussian-82 program 
(STO-3G) l 2  with eight single-point structures along the 


reaction coordinate which are presented in Figure l(a), 
and by MIND013 l 3  with sixteen single-point structures, 
only thirteen of which are plotted in Figure l(b). All of 
the geometries were optimized with an energy gradient 
method. The distance (Ro-c) from the hydroxide 
oxygen to  the carbon of methyl nitrate was taken as the 
reaction coordinate. A nucleophilic substitution 
reaction (SN2) was accomplished through decreasing 
Ro-c gradually along the reaction pathway. 


The calculations for hydrolysis in aqueous solution 
were done with the MM2 program (85 version) using 
the same procedure as that for the gas-phase reaction. 
In principle, the solvent effect in aqueous solution 
should include the multilayers of water around the 
substrates. However, results presented by Chandra- 
sekhar et al.I4 showed that the solvent effect in ionic 
solution is dominated by the first coordination shell. 
We focused on those water molecules in the first solva- 
tion shell. The gas-phase structures were placed in the 
solvation 'bath.' These modelled solute-solvent single- 
point structures, a type of supermolecular complex con- 
taining eleven water molecules (Scheme Z), were 
optimized by the MM method. The solvation energy 
(Esolva) of the system was then determined from these 
calculation results. 


Figure 1. Potential curves for alkaline hydrolysis of methyl nitrate. (a) Ab initzo total energy; (b) MIND0/3 heat of formation; 
(c) MM2 solvation energy 
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H(34f 
Scheme 2 


In all of the calculations we ensured that the acti- 
vation energy (Eact) can be represented as a sum of two 
terms: 


Eact = ESOIU-solu + Esolva (1) 


(2) Esolu-solu = Esolu - Esolu 


where Esolu and Esolu represent the intrinsic energy of 
the transition state and adduct (OH- and MeONOz), respect- 
ively and are taken directly from the gas-phase quantum 
mechanical calculations. Esolva is the solvation energy: 


Esolva = ESOIU-SOIV - Esolv-soh (3) 


where Esoiu-so~v is the solute-solvent (water) interaction 
energy and Eso~v-so~v represents the interaction energy 
between water molecules in the first shell. Esoiu-soi~ and 
Em~v-wlv come from the molecular mechanics calculations. 


In our calculations, the MM calculation parameters were 
taken from Ref. 15. As the C-0 bond lengths (Lco) were 
changed along the reaction pathway, the force constants 
(Koc) were adjusted according to Badger’s rule: l6 


(4) 


TS BS 


TS BS 


Koc = 1-86/(LCo - 0.68) 


Because the hydroxide ion bears a unit negative charge, the 
dipole interaction was replaced by a charge interaction. The 
charge distribution was calculated by the MIND0/3 method. 
AU of the calculations were performed on the VAX-I1/780 


computer in the Laboratory of Computer Chemistry, Chinese 
Academy of Science, Shanghai Institute of Organic 
Chemistry. 


RESULTS AND DISCUSSION 


Reaction in gas phase 
The adduct of methyl nitrate with OH- was optimized 
by Gaussian-82 program at the STO-3G level. No equi- 
librium and transition state of the adduct were found. 
The potential curve along the reaction path is like a 
‘downhill’ process with no barrier [Figure l(a)]=as the 
distance Ro-c is reduced from infinity to 1 a 9  A .  The 
result is similar to that of Weiner ef al.’s calculations 
for the hydroxide-formamide nucleophilic addition. * 
When the MIND0/3 method was used, an equi!ibrium 
geometry of the adduct at R o - c =  3 . 1  A was 
obtained. The energy prople subsequently slightly 
increases after 60-c = 3 . 1  A and reaches a maximum 
at Ro-c = 2 . 3  A .  This single-point structure becomes 
a transition state [TS, Figure 2(a)]. A gradual decrease 
in energy occurs from R o - c = 2 - 2  to 1 -5  A .  The 
potential curve is shown in Figure l(b). 


From Ro-c = 3.1 to 1 -50 A ,  the principal changes 
involve Warlton turnover of the methyl group and 
lengthening of the C-0 bond. The C-0 bond is 
3.86 A given by ~ auto-optimization when Ro-c is 
reduced to 1.70 A .  oThe 0-H bond length hardly 
changes from 0.97 A throughout the reaction. The 
charges calculated from Mulliken population analysis 
are transferred during the reaction. Both the hydroxyl 
oxygen and the nitroxy group (NO3) show a smooth 
change of their charge along the reaction path. The 
hydroxyl oxygen starts with a charge of - 1 -809e and 
ends with -0.263e, whereas NO3 goes from 0.247e to 
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Table 1. Non-bonding distances ( A  ) for solute-solvent in 
HO-CH~ONOZ (H20)14 a 


\ 
\ 
\ 


I 


(b) 


Figure 2. Transition state for gas reaction. (a) Geometry; 
(b) vibration model 


- 1 .OOe. The hydroxyl hydrogen starts with 0-089e and 
ends with 0.29e. 


Vibration analysis [Figure 2(b)] shows that the tran- 
sition state is verified as having only one imaginary fre- 
quency, at 209.9 cm- I .  Frequency calculations provide 
further characterization of the transition state. The 
apparent minimum turns out to be a saddle point along 
the reaction path. However, the calculated activation 
energy is only 5.70 kJ mol-' according to equation (2), 
which is inconsistent with experimental value of 
82.42 kJ mol- This shows that the simulation calcu- 
lation does not reflect the reality of the reaction owing 
to neglect of solvent perturbation. For this reason, it is 
necessary to consider the solvent effect so that the 
hydrolysis in basic media can be reasonably described. 


Reaction in aqueous solution 


In order to determine the number of water molecules 
around the reaction substrates (OH- and MeONOz), 
we put as many as possible water molecules around the 
substrates and it was found that there may be fourteen 
water molecules present in the first shell of the 
substrates. 


This hydration complex model was optimized by MM 
calculations in which the hydrogen bonds between 


O(i)--Hwi 1.828 O(z)-Hwg 1.984 


O(l)-Hw3 1.905 0(3)-Hwlo 2.058 
0(1)-Hw4 1.686 OUrHW1 1 2.072 
O(l)-Hws 3.280 OWIZ - HMI 2.956 
0(1)-Hw6 4.200 o w l 3  - HMZ 2.851 
0(1)-HW7 1.742 ow14 - H M ~  3.621 


O(l)--Hwz 1.772 o(z)-Hw9 3.773 


"Hw. is the hydrogen of water molecle n, Own is the oxygen of water 
molecule n and H M ~  is the hydrogen of the methyl group. 


water molecules and the substrate were taken into 
account. After the molecular mechanics minimization, 
the complex was found to have a stronger hydrogen- 
bonding network. The calculated non-bonding dis- 
tances between the solute and water molecules are given 
in Table 1. 


As can be seen from Table 1, there are eight water 
molecules which form stronger hydrogen bonds wibh 
the solute at a distance ranging from 1.69 to 2.07 A .  
Three wateromolecules are separated from the solute by 
3.62-4-20A. This shows that in the first hydration 
shell of the substrates only eleven water molecules may 
be accommodated. As an approximation, we neglect 
interactions of the furthest three water molecules and 
consider only those interactions of the water molecules 
closer to solutes. Hence, the above reaction model 
(Scheme 2) involves eleven water molecules. Gas-phase 
structures were placed in the solvent 'bath' and 
optimized by a molecular mechanical method. We 
found that the distances between the water hydrogens 
and the substrate oxygens increase as hydroxite 
approaches. In the structure with Ro-c = 10.5 A ,  
Esolva is increased and there are seven water molecules 
forming hydrogen bonds with distances ranging from 
1.73 to 2.07 A .  Theotwo water molecules are separated 
by S0*57 and 5 -80A from the solutes. At Ro-c= 
8.5 A ,  Esolva is decreased and the distances between the 
two water molecules and the solute are 5 5 - 8  and 
64.9 A ,  respectively (see Tables 2 and 3). It is suggested 
that the two water molecules are squeezed from the first 
solvent shell. We neglected these two water molecules 
and the nine-water complex was used for the sub- 
sequent calculations along the reaction coordinate. 
Esolva decreases and reaches a minimum at 3-50-3.0 A .  
Esolva increases gradually after reaching 3.0 A and is 
maximum at 2.2 A .  This single-point structure corre- 
sponds to the transition state (Figure 3) of the hydrated 
complex. A gradual decrease in energy occurs after 
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Table 2. Non-bonding distances a t  various Ro-c 


A-E (A)" 
~ ~~~ ~~ 


10.5 8.5 4.5 3.0 2.2 1.7 


o(l)-H(3) 4.05 1.84 1.97 1.97 2.14 1-99 
0(1)-H(6) 1.78 1.89 1.98 1.74 2.10 2.25 
O(l)-H(9) I .81 1.72 1.73 1.72 2.11 2.39 
O(I)-H(IZ) 1.73 1.77 1.87 1.84 2.13 3.50 
O(l)-H(ls) 2.07 3.65 
O(I)-H(IB) 8.57 64.9 
OU-HOI)  1.79 1.87 1.71 1.80 1.99 1.91 
0(25)-H(32) 3.87 4.00 3.10 3.40 2.40 1.87 
0(25)-H(35) 5.80 55.8 4.37 2-47 1.99 1.73 


- - - - 
- - - - 


0(27)-H(38) 2.06 2.09 2.10 2.08 2.03 2.00 
O(ZB)-H(~I)  2.05 2.08 2.09 2.08 2.03 2.01 


a See Scheme 1 for labelling of atoms. 


Table  3. Reaction pathway energies (kJ mol-I) calculated using MM2 in aqueous 
solutiona 


Ro-c ( A )  


W 


10.5 
8.5 
4.5  
3.5 
3.0 
2.7 
2 .5  
2.3 
2.2 
2.1 
1 .9  


E m ~ u - s o ~ v  


-318.86 
-286.86 
- 293.16 
-312.67 
-314.97 
- 324.97 
-312.87 
-305.17 
-283.97 
-273.57 
-278.07 
- 299.77 


H20 


53.98 
58.79 
55.77 
39.16 
44.14 
34.52 
32.47 
32.40 
25.02 
26.74 
27.15 
25.19 


-372.84 
-345.65 
- 348.93 
- 351.83 
- 359.11 
- 359.49 
- 335-34 
-331.57 
-308.99 
-300.31 
- 305.22 
-324.96 


1 1  
11 
1 1  
9 
9 
9 
9 
9 
9 
9 
9 
9 


0.00 
27.18 
23-90 
18.81 
11.53 
1 1 . 1 5  
25.30 
33.07 
61.65 
70.33 
65.42 
45.68 


a Eqo~u-so~v is the solute-solvent interaction energy, Ero~v~so~v  is the solvent-solvent interaction 
energy, Esoiva = ES,iu-,i, - EIo~y--Eo~v and E h o l v a  is the same as E,,I,, but relative to the reactant 
(OH- + CH3ON02) and eleven water molecules. 
bThe number of water molecules considered. 


Ro-c = 2.1 A. During the course of the reaction, as 
NO3 takes on more negative ion character, the strength 
of hydrogen bonding between nitroxyl oxygens and 
water molecules increases, whereas the number and 
strength of hydrogen bonds around the hydroxyl 
oxygen decrease. 


Table 3 summarizes the energies calculated by the 
molecular mechanical method. It is clear that the 
solvent dramatically changes the gas-phase potential 
curve. The perturbations of the solvent in the first shell 
are found to be greatest for the reaction. The energy 
profile [Figure l(c)] was drawn from these molecular 
mechanical calculations. 


The transition state is located at Ro-c = 2 . 2  A. The 
location of the transition state shows a shift from the 
gas phase (Ro-c = 2 * 3 .  A )  to the aqueous solution 
which is similar to Weiner et al.'s results for the base- 
catalysed hydrolysis of formamide. s Based on the 
energy profile of the hydrolysis reaction of the hydrated 
complex, the contribution of the solvation energy to the 
activation energy of hydrolysis is estimated from 
equation (3) to be 70-33 kJmol-' .  Therefore, an 
activation energy [the sum of solvation energy 
(70-33 kJ mol-') and gas-phase activation energy 
(5.7 kJmol-')I of 76.03 kJmol-'  is obtained, which is 
in good agreement with the available experimental 
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Figure 3. Transition-state geometry of 
[OH + (CH3ON02) + (Hz0)9] - for solution reaction. 
0 -H atom; 0-0 atom; @--C atom; @-N atom 


value (82.42 kJ mol-'). This indicates that the acti- 
vation energy on alkaline hydrolysis of methyl nitrate is 
essentially solvent-induced. 


CONCLUSIONS 


Applying ab initio calculations, we have found that the 
&2 reaction of methyl nitrate proceeds with no barrier 
in the gas phase, whereas a small activation energy of 
5 . 7 0  kJmol-' was given by the MINDO/3 method. The 
large difference between the calculated and observed 
activation energies can be accounted for by considering 
the contribution of the solvent effect. The solvation 
energy in aqueous solution calculated by the MM 
method is 70.33  kJmol-I. The calculated activation 
energy (76.03 kJmol-') obtained with a method com- 
bining quantum mechanics and molecular mechanics, is 
in agreement with the available experimental value 
(82.42 kJ mol-'). The results indicate that the substan- 


tial activation barrier to hydrolysis of methyl nitrate in 
alkaline media is essentially solvent-induced. 
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HAMMETT REACTION CONSTANTS FOR IRREVERSIBLE 


SOLVENTS 
ELECTROREDUCTION OF IODOBENZENES IN NON-AQUEOUS 


JAN s. JAWORSKI,* ANNA KACPERCZYK AND MAREK K. KALINOWSKI* 
Department of Chemistry, University of Warsaw, I Pasteur St., 02-093 Warsaw, Poland 


Polarographic half-wave potentials for the electrochemical reduction of a series of para-substituted iodobenzenes in 
acetonitrile, acetone, benzonitrile, dimethylformamide, dimethyl sulphoxide and methanol obey Hammett equations 
and the reaction constant found, p = 0.36 2 0.02, is independent of the solvent used. The results obtained are 
discussed on the basis of a mechanism of the electrode process. 


INTRODUCTION 


Whereas the original Hammett equation and its several 
extensions have found a number of applications in 
physical organic chemistry, solvent effects on the 
reaction constant, p ,  have been studied relatively rarely. 
In some cases the p values are linearly dependent on the 
reciprocal of the solvent electric permittivity, as sug- 
gested by Hammett. I In particular, such dependences 
have been observed in mixed solvents, e.g., recently for 
pK, values of substituted salicylic acids and pyridinium 
and anilinium ions in dioxan-water mixtures. 


In organic electrochemistry, the above problem has 
only been discussed for a reversible, one-electron 
reduction, as recently reviewed. For the reversible 
process of radical anion formation: 


R +  e R - '  (1) 


the measured half-wave potential has a thermodynamic 
meaning, i.e it corresponds to  the reaction free-energy 
change. The difference between half-wave potential 
values for unsubstituted, E%2, and substituted com- 
pounds, E1/2, follows the electrochemical Hammett 
equation: 


El/z - E$2 = p a  (2) 
Moreover, the half-wave potential can be related to the 
difference in solvation free energies for a product and 
a reactant. In dipolar, non-hydrogen-bonded donor 
solvents with electric permittivities higher than 20 
(which are normally used in polarography), the Lewis 
acid-base interactions contribute decisively to  solvation 
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phenomena. The solvation of an ionic product of 
reaction (1) is stronger than that of a parent neutral 
molecule. Hence it is not surprising that both the El/2 
and p values depend on the solvent acidity, e.g. for the 
polarographic reduction of a series of p-quinones a 
linear dependence of the reaction constant from the 
Hammett-Streitwieser equation on solvent acceptor 
number has been found. 


On the other hand, if radical anions form 'contact' 
ion pairs with small, inorganic cations of supporting 
electrolytes: 


( R -  ')<olv + (M + )sol" (R'  ... M + ) ~ I V  (3) 


the desolvation of cations mainly contributes to 
changes in solvation energies, and relationships between 
p values and solvent basicity, expressed in terms of  
Gutmann's donor number, have been established. ' 


For irreversible electroreduction, the Hammett treat- 
ment is also valid but the interpretation of equation (2) 
is more complex. Namely, the irreversible half-wave 
potential depends on the rate constant of the hetero- 
geneous electron transfer, kfi,  and, a t  298 K,  can be 
expressed by8 


Et/2 = Eo + (0.059/an)log(l.349kfit "'/D:,") (4) 
where Eo is the standard potential, 01 the cathodic 
transfer coefficient, n the number of electrons 
exchanged in a rate-determining step, f the drop time 
and Do, the diffusion coefficient of the oxidized form of 
the reactant. It is evident from equation (4) that the 
polarographic Hammett equation is fulfilled if irrevers- 
ible El/2 potentials are chiefly determined by only one 
parameter, the kfi constant. 
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On the other hand, a change of the solvent can affect 
not only the height of the activation barrier but also the 
frequency factor in the rate constant, the diffusion 
coefficient, which is proportional to the reciprocal of 
solvent viscosity, and the position of the reaction plane 
at the electrode, which can be related to a. ',' It should 
be added that contemporary theories of electron- 
transfer kinetics (see the discussion and references in 
Refs 5 and 9) consider only reactions not accompanied 
by the cleavage of chemical bonds. The Marcus treat- 
ment predicts the dependence of the solvent reorganiz- 
ation energy on (1/cOp - l/cs), where cop and es are 
solvent optical and static electric permittivity, respect- 
ively. On the other hand, the frequency of approaching 
the energy-barrier top has recently been described in 
terms of the reciprocal of the longitudinal (i.e. 'con- 
stant charge') solvent relaxation time T L  (see references 
in Refs 5 and 9). 


The aim of this paper is the analysis of the reaction 
constant from the polarographic Hammett equation for 
the irreversible electroreduction of para-substituted 
iodobenzenes in different solvents. This reaction was 
chosen because its mechanism in N,N'-dimethyl- 
formamide (DMF) has been investigated and a 
Hammett relationship found. 


EXPERIMENTAL 


Polarographic measurements. Polarograms were 
recorded with a Radelkis OH-105 apparatus using a 
three-electrode system: a dropping mercury electrode 
( t  = 3.15s, m = 2-83 mgs-' in 0.1 M tetraethylam- 
monium perchlorate (TEAP)-DMF, at open circuit), a 
mercury pool as the auxiliary electrode and an aqueous 
saturated calomel electrode (SCE) as the reference elec- 
trode, which was separated from the measuring sol- 
ution by a salt bridge. A.c. sinusoidal polarography was 
performed at a frequency of 60 Hz. The concentrations 
of the reactants were 0.5 mM; 0.1 M TEAP was used 
as the supporting electrolyte in all solvents with the 
exception of methanol, where 0 -  1 M tetraethylam- 
monium bromide (TEABr) was employed. All solutions 
were deaerated with pure argon, which was 
presaturated by bubbling it througho the solvent. All 
measurements were performed at 22 C. 


Materials. Iodobenzene from POCh was used as 
received. para-Substituted iodobenzenes were syn- 
thesized by Dr A. Krowczynski: only p-acetyl- and 
p-dimethylamino-iodobenzene had to be additionally 
purified by vacuum sublimation and recrystallization 
from n-hexane, respectively. 


Acetonitrile (ACN), dimethyl sulphoxide (DMSO) 
and DMF were purified and dried as described 
previously. l 3  Benzonitrile (BCN) (from Fluka) was dis- 
tilled twice under reduced argon pressure after drying 


over type 4A molecular sieves, acetone (AC) (from 
POCh) was dried over 4A molecular sieves and 
methanol (POCh) was used as received. TEAP and 
TEABr were recrystallized from tripyl distilled water 
and vacuum dried. 


RESULTS 


The polarographic behaviour of the series of para- 
substituted derivatives of iodobenzene (Table 1) was 
examined in six solvents, carefully selected in order to 
obtain large variations in their dielectric and Lewis 
acid-base properties. In all cases one irreversible, two- 
electron wave corresponding to the reduction of the 
C-I bond was observed (with the exception of p -  
diiodobenzene, which exhibits two, ill-separated waves, 
indicating the cleavage of both C-I bonds). The results 
obtained are in full agreement with previous investi- 
gations in DMF and ACN.'o-'2 In BCN solutions only 
six compounds with electron-withdrawing substituents 
could be reduced within an accessible potential range. 


The E1/2 values obtained are given in Table 1. They 
were correlated with the original Hammett substituent 
constants, up, and with the Taft 'normal' u t  values 
based on ionization of phenylacetic acids. Much better 
relationships were obtained with ut  constants. Such a 
result is reasonable taking into account that ut  con- 
stants are free from the effects of cross-conjugation 
which are present in the case of substituted benzoic 
acids. It may be noted that Sease et a/. l2  found much 
better correlations for the electroreduction of substi- 
tuted chloro- and bromobenzenes with u - values, 
based on aniline systems, than with conventional u 
values. 


Acceptable Hammett plots are obtained for each 
solvent, indicating that the same mechanism can be 


Table 1. Half-wave potentials for the electroreduction of 
para-substituted iodobenzenes in different solvents 


-Ei/z(V 


Substituent aia  ACN BCN DMSO DMF MeOH AC 


COCHj 0.50 1.513 1'570 1.524 1.520 1.420 1.530 
Br 0.30 1.611 1.613 1.557 1.579 1.512 1.561 
CI 0.28 1.574 1.623 1.574 1.569 1.514 1.559 
I 0.27 1.530 1.599 1.536 1.548 1.484 1.515 
NMeCOMe 0 ~ 2 6 ~  1.626 1-658 1.611 1.611 1-545 1.609 
NHCOMe 0.03 1.698 1.723 1.673 1.708 1.603 1.730 
H 0 1.733 - 1.699 1.696 1'639 1.687 
OMe -0.10 1.739 - 1'725 1'737 1.678 1.742 
Me -0.12 1.732 - 1'713 1.720 1.666 1.732 
NHz -0.36 1.854 - 1.850 1.853 1.733 1.806 
N(Me)2 -0.48 1.834 - 1.813 1.826 1.780 1.810 


"Substituent constants n: from Ref. 14. 
bSubstituent constant up from Ref. 15. 
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Table 2. Correlation analysis of the Hammett equations for 
the electroreduction of p-iodobenzenes in different solvents 


~~ 


Correlation 
NO. of -E?n  P coefficient 


Solvent points (V" (V/u unit)a ( r )  


ACN 1 1  1-70 2 0.02 0.37 2 0.08 0.962 
BCN 6 1.72 2 0.02 0.33 2 0.15 0-926 
DMSO 1 1  1.68 2 0 . 0 2  0.36 2 0 . 0 7  0.970 
DMF 1 1  1.70 2 0.02 0.36 2 0.06 0.975 
AC 1 1  1.68 2 0.03 0.35 2 0.09 0.947 
MeOH 1 1  1.62 2 0.01 0.37 2 0.05 0.986 


a 95% confidence intervals are indicated. 


assumed for all reactants of interest. In order to exclude 
the possibility of adsorption of some reactants, the a.c. 
polarograms in DMF were recorded. However, no indi- 
cation of strong adsorption-desorption processes was 
found. 


The statistical analysis of the Hammett equations for 
the investigated reactions is given in Table 2. Errors are 
calculated on the basis of a Student's distribution with 
a confidence level of 0.95. The correlation coefficients 
obtained indicate that 90-97% (in AC and MeOH) of 
the variation in experimental half-wave potentials is 
explained by the Hammett equation (2). The lowest 
value of r = 0.926 found in BCN is caused by a smaller 
accessible potential range in this solvent: E1/2 values are 
less accurate because corresponding waves are close to 
the potential limit. High values of the correlation coeffi- 
cients obtained indicate that E I / Z  potentials are prob- 
ably mainly determined by the heterogeneous rate 
constant, as has been stated previously [equation (4)]. 


The reaction constant, p,  has a positive value in each 
solvent, in agreement with the Hammett behaviour 
found previously in DMF and ACN." Such a result 
indicates that the electroreduction process is facilitated 
by reducing the electron density at the reaction 
and thus a negative charge at a reaction centre in a 
transition state for a rate-determining step was sug- 
gested." The result obtained is also in accordance with 
the established mechanism of the electroreduction of 
aromatic halides, lo as will be discussed later. Moreover, 
the data in Table 2 indicate that p values are evidently 
independent of the solvent used. This result will also be 
discussed on the basis of the reaction mechanism. 


DISCUSSION 
The general mechanism proposed for the electroreduc- 
tion of aromatic halides in non-aqueous solvents lo*'l 
involves the formation of an anion radical [equation 
( 5 ) ]  followed by the cleavage of the carbon-halogen 
bond [equation (6)] and a further reduction of the 
resulting neutral aryl radical at the electrode [equation 
(7)] or in the solution [equation (8)], ultimately 


yielding the hydrocarbon ArH [equation (9)l. 


ArX + e ArX -. ( 5 )  


ArX-' -+ Ar' + X - (6) 


Ar' + e -+ Ar - (7) 


Ar' + ArX-' + Ar - + ArX (8) 


A r -  + H +  +ArH (9) 
A two-electron irreversible wave is obtained if the 


lifetime of the anion radical ArX-' is short with 
respect to the time scale of the electrochemical method 
used and the neutral radical, Ar', has a higher electron 
affinity than ArX- . . 


For the reduction of unsubstituted chlorobenzene 
and bromobenzene in DMF, it has been established '' 
that the kinetics of the overall process are determined 
by the slow initial electron transfer [equation ( S ) ] .  
However, for the reduction of iodobenzene, the electro- 
chemical process is probably kinetically controlled lo by 
the both steps: charge-transfer [equation ( 5 ) ]  and 
chemical reaction [equation (6)] . For electroreduction 
of three halobenzenes in DMF the apparent forward 
rate constant (which is a function of standard rate con- 
stant and standard potential) was determined '' from 
the measured change of the peak potential against 
sweep rates. The values obtained '' increase in the order 
chlorobenzene < bromobenzene < iodobenzene. It fol- 
lows from the above mechanism that for the reaction 
with the slowest electron-transfer step [equation ( 5 ) ]  
the carbon-halogen bond is becoming more negative as 
the system moves into the transition state. The p values 
found in DMF" support this interpretation; they are 
p = 0.35, 0.57 and 0.81 V/o unit for para- and meta- 
substituted iodobenzenes, bromobenzenes and chloro- 
benzenes, respectively. The observed dependence 
between p values and rate constants related to a change 
in transition state can also be discussed in terms of the 
reactivity-selectivity principle (see, e.g., review in 
Ref. 3). 


The solvent-independent p value found for the elec- 
troreduction of para-substituted iodobenzenes (Table 
2) indicates, in our opinion, that the initial elec- 
tron-transfer [equation (5)] and also the cleavage 
reaction [equation (6)] are concomitantly rate- 
determined steps in all the solvents investigated. In 
other words, both processes ( 5 )  and (6) occur simul- 
taneously, as was proposed by E1ving.l6 Hence two 
different possibilities can be considered to explain why 
the values of rate constants, half-wave potentials and 
reaction constants are almost independent of the sol- 
vent. The first suggestion is that the charge at a carbon 
atom in a transition state is small (and thus independent 
of the solvent) and/or there is a compensation of 
solvent effects in both steps ( 5 )  and (6). It follows from 
this interpretation that in the electroreduction of substi- 
tuted chlorobenzenes and bromobenzenes, when the 
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initial electron-transfer step [equation ( 5 ) ]  controls the 
overall kinetics, the values of p should be dependent on 
the solvent used. 


On the other hand, the remarkable slowness of the 
initial electron transfer for the reduction of unsubsti- 
tuted chlorobenzene and bromobenzene in DMF in 
comparison with processes not accompanied by bond 
breaking indicates lo the significant contribution to the 
energy barrier of the initial step [equation ( 5 ) ]  of the 
internal reactant reorganization due to the stretching of 
the carbon-halogen bond. If this contribution is also 
responsible for the solvent independence of rate con- 
stants and the observed reaction constant, then the p 
values for a series of substituted chloro- and bromo- 
benzenes should also be independent of the solvent. 


An experimental verification of the two proposed 
alternatives is in progress. 
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METAL ION-PROMOTED HYDROLYSIS OF URIDINE 2' ,3 ' -  
CYCLIC MONOPHOSPHATE: EFFECT OF METAL CHELATES 


AND UNCOMPLEXED AQUO IONS 


SATU KUUSELA AND HARRI L ~ N N B E R G *  
Department of Chemistry, University of Turku, SF-20500 Turku, Finland 


The effect of a wide variety of metal ions and metal ion complexes on the hydrolysis of uridine 2',3'-cyclic 
monophosphate was studied over the pH range 4.5-8.0. The greatest rate accelerations observed were 107-108-fold. 
The kinetic data obtained are interpreted in terms of a mechanism involving a'rapid monodentate binding of the metal 
ion to the monoanionic phosphodiester and a subsequent intracomplex participation of the metal-bound hydroxo 
ligand, either as a nucleophile attacking the tetracoordinated phosphorus or as a base facilitating an intermolecular 
attack of a water molecule. No effect on the product distribution between uridine 2'- and 3'-monophosphates was 
observed. 


INTRODUCTION 


The effect of metal ions on the hydrolysis and 
transesterification of phosphodiester bonds of nucleic 
acids has recently received increasing interest for the 
reason that enzymes catalysing hydrolysis of 
phosphoesters frequently require metal ions as 
cofactors. Extensive kinetic measurements on metal 
ion-promoted hydrolysis of simple diary1 mono- 
phosphates (1) have been carried out in order to eluci- 
date the role of metal ions in enzyme catalysis, and to 
develop artificial catalysts for hydrolysis of phospho- 
diester bonds. In particular, the results obtained with 
substitution-inert C O ( I I I ) ~ - ~  and Ir(II1) c ~ m p l e x e s ~ . ~  
have provided valuable information on the mechanism 
of metal ion action. It has been shown that cis- 
diaquotetraazacobalt(II1) complexes are highly reactive 
in promoting the hydrolysis of bis(4- 
nitropheny1)phosphate (la), the hydrolysis rate passing 
through a maximum at pH7,  i.e. under conditions 
where the aquohydroxo form prevails. ' The rate 
enhancement, but not the phosphoester binding, 
appears to be sensitive to the geometry of the tetraaza 
ligand. For example, l a  when bound to (trpn)Co 
(oH)(oH~)~+ [trpn = tris(3-aminopropyI)amine)l is 
hydrolysed 300 times more rapidly than when bound to 
(tren)Co(OH)(OHz) [tren = tris(2-aminoethyl)amine] , 
in spite of comparable stabilities of the phosphodiester 


* Author for corresondence. 


complexes. Compared with an unbound ester, the rate 
enhancement has been estimated9 to be as high as 10". 
Most likely the anionic phosphodiester undergoes a 
rapid initial monodentate binding to the metal ion, and 
subsequently a cis-hydroxo ligand performs a rate- 
limiting nucleophilic attack on the phosphorus atom, 
resulting in a trigonal bipyramid intermediate that 
rapidly decomposes to products. With more reactive 
diesters, such as bis(2,4-dinitrophenyI)phosphate (lb), 
the binding step may become partly rate limiting.4 It 
has been questioned, however, whether this type of 
mechanism, involving the formation of a four- 
membered cyclic transition state, operates in biological 


I 


OH 
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systems. Hydrolysis of ethyl 4-nitrophenyl phosphate 
( lc)  and bis(4-nitropheny1)phosphate ( la)  coordinated 
to ~is-(en)2Ir(OH)(OHz)~+ (en = ethylenediamine) also 
proceeds by intracomplex attack of the hydroxo ligand 
on phosphorus, but the reaction rate is three orders of 
magnitude smaller than that of the corresponding 
Co(II1) complex. This reactivity difference has been 
ascribed to  the larger size of  Ir(II1) ion. ' Similarly, the 
(NH3)5Ir(III) complex of l c  liberates 4-nitrophenol by 
intracomplex attack of the amido ligand much more 
slowly than the corresponding Co(II1) complex. 'J 
Since the biologically important metal ions are even 
larger than Ir(II1) ion, their intracomplex reactions may 
be considerably slower than those of Co(II1) ion. ' 


In addition to  Co(II1) and Ir(II1) ions, several 3d 
transition metal ions (and Z n Z + )  and their aza com- 
plexes have been shown to catalyse the hydrolysis 
of simple phosphodiesters derived from 4- 
nitrophenol. 'O-"  The monohydroxo form of the 
complex has been identified as the catalytically active 
species, and an intracomplex hydroxide attack on a 
metal-bound phosphodiester has been regarded as the 
most plausible mechanism. "-I2 The hydrolysis rate of 
the metal-coordinated ester is under slightly alkaline 
conditions at least 103-fold that of the unbound 
compound. ''-I2 As with Co(II1) complexes, the rate 
enhancement is sensitive to  the ligand structure. l2  


Although the studies with la-c have furthered con- 
siderably the understanding of metal ion-promoted 
hydrolysis of phosphodiesters, it is worth noting that 
these compounds contain an exceptionally good leaving 
group, which is not the case with naturally occurring 
phosphodiesters. Comparative investigations with real 
biomolecules would help to  assess the general applic- 
ability of the mechanistic conclusions based on hydro- 
lysis of aryl phosphates, but such data are scarce. Chin 
and Zou l3 reported on (trien)Co(OH) (0Hz)-promoted 
hydrolysis of adenosine 3 ' ,5 ' -cyclic monophosphate. 
Moreover, several studies on hydrolysis of diribo- 
nucleoside monophosphates have been published. 14-" 
The latter reaction, however, proceeds by an intramole- 
cular participation of the neighbouring hydroxyl group, 
and is hence a transesterification reaction rather than a 
simple phosphodiester hydrolysis. We now report on 
metal ion-promoted hydrolysis of uridine 2 '  ,3 ' -cyclic 
monophosphate (2' ,3'-cUMP, 2) .  


This cyclic phosphodiester was selected as a model 
compound for the following reasons. First, it is a bio- 
logically relevant compound; ribonuclease-catalysed 
hydrolysis of RNA proceeds by intermediate formation 
of a 2' ,3'-cylic monophosphate structure at the 3 '-end 
of the polynucleotide chain. 22 Second, hydrolysis of 
nucleoside 2' ,3 '-cyclic monophosphates is fairly 


in spite of the fact that these compounds do 
not contain a good leaving group. Hence extensive data 
on metal ion effects may be collected. Third, hydrolysis 
of a five-membered cyclic phosphodiester may be 


O"r'OH 
2 3a: R' = H , ~ 2 =  P O ( O H ) ~  


3b: R 1 =  P O ( O H 1 2 ,  R * = H  


expected to  be sensitive to  the structure of the metal ion 
catalyst. Most likely the driving force of the reaction is 
the relief of ring strain accompanying the formation of 
a pentacoordinated intermediate that the nucleophilic 
attack of water (or hydroxide ion) on the tetracoor- 
dinated phosphorus results in. '' Binding of a metal ion 
to  the negatively charged phosphate group and sub- 
sequent intracomplex attack of aquo or hydroxo ligand 
on phosphorus would result in a pentacoordinated tran- 
sition state having two oxygen ligands coordinated to 
the metal ion. This kind of bidentate coordination 
undoubtedly affects the geometry and ring strain of the 
pentacoordinated transition state. Finally, the effect 
of metal ions on product distribution between 2'- and 
3 ' -monophosphates (3a and b)  elucidates the role that 
metal ions play in the breakdown of the pentacoor- 
dinated intermediate. The previous data on metal 
ion-promoted hydrolysis of nucleoside 2 ' ,3 ' - 
monophosphates are limited to the observations 
that Eu(II1) ion promotes the hydrolysis much more 
effectively than Zn(I1) ion,20 or its macrocyclic triaza 
complex, Zn2+ (1,4~-triazacyclononane). l9 


RESULTS AND DISCUSSION 


Table 1 gives the first-order rate constants observed for 
the hydrolysis of 2',3'-cUMP (2) in the presence of 
various metal ions ( [MZ+] = 0.005 mol dm-3) in 
acetate (pH 4.7)  and HEPES (pH 5 - 6 )  buffers. Neither 
of these buffers binds metal ions strongly. The low 
complexing tendency of HEPES has been well 
established. " Acetate ion forms relatively stable com- 
plexes with di- and trivalent metal ions," but at the low 
buffer concentrations employed (0.005 mol dm-3)  the 
proportion of the complexed metal ion never exceeds 
30%. Accordingly, the rate enhancements in Table 1 
mainly refer to  metal aquo ions. The fact that these 
enhancements are invariably larger in HEPES than in 
acetate buffer, and virtually independent of buffer con- 
centration at the low concentration range employed, 
suggests that the efficiency of metal ions in promoting 
the hydrolysis of 2'  ,3'-cUMP is increased with 
increasing pH.  
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Table 1 .  Effect of metal ions on the hydrolysis of 2',3'-cUMP 
at 363.2 K 


k(10-6s- [)a x(3 ' -UMP)b 


MZ+ pH 4.7' pH 5.6d pH 4.7' pH 5 ~ 6 ~  


MgZfe 
Mn2+' 
coz+ 
Ni2+ 
cuz+e  
Zn2+ 
CdZ+ 
Eu 3 + e  


Pb2+' 


0.86 k 0.03 
1.06 f 0.02 
2 .70k  0.06 
2.55 f 0.03' 
1.86 f 0.03' 


13 .3  f 0.2' 
4.53 f 0.09' 
1070 f 9 
434 k 5 


902 f 9 


1.02 k 0-02 
1 -88  f 0.03 
16.4 f 0.1 
10.6 2 0.2' 
6.23 t 0.07' 


33.9 f 0.5' 
23.8 f 0.6' 


- B  


26,200 f 100 
- g  


0.73 0.70 
0.71 0-67 
0.66 0.68 
0.67 0.67 
0.70 0.66 
0 .57  
0.63 0.65 
0.66 0.65 
0.64 0.65 
0.64 


'The first-order rate constants refer to a metal ion concentration of 
0.005 mol dm-'. 
bMole fraction of 3'-UMP in the mixture of 2'-  and 3'-UMP. 
'Adjusted with acetic acid-sodium acetate buffer 
( IHAl/ [A-]  = 0 ~ 0 0 5 / 0 ~ 0 0 5  mol dm-'). Ionic strength adjusted to 
0.10 mol dm-' with sodium perchlorate. 
dAdjusted with HEPES buffer ([HA]/ LA-] = O.lO/O.OlO mol  IT-^). 
Ionic strength adjusted to 0.10 mol dm-' with sodium perchlorate. The 
pK, value of HEPES extrapolated to 363.2 K is 6 .6 .27 
'Added as nitrate. 
'Added as perchlorate. 
Precipitated. 


The results of more extensive studies with Zn2+ and 
Eu3+ ions are depicted in Figure 1. The rate of metal 
ion-promoted hydrolysis continuously increases as a 
function of pH. With Zn2+ the reaction is first order in 
hydroxide ion concentration, whereas with Eu3+ the 
reaction order continuously increases with increasing 
pH. In particular, on approaching the conditions where 
precipitation of europium hydroxide takes place 
(pH > 7), the plot of the logarithmic rate constant vs 
pH shows a marked upward curvature. 


The rate-accelerating effects of various metal ions 
differ considerably. Among divalent cations, the effect 
of Mgz+ is hardly noticeable, whereas Cu2+ ion results 
in a 103-fold acceleration. Pb2+ and trivalent lan- 
thanide ions are approximately as effective promoters 
as Cu". ZnZ+ and CdZ+ ions appreciably enhance the 
hydrolysis of 2',3'-cUMP, but much less than Cu2+. 
Accordingly, those metal ions which are known to 
cleave RNA'4s29-32 also promote the hydrolysis of 
2'  ,3  ' -cUMP most efficiently. 


Figure 2 shows as an illustrative example the 
dependence of the hydrolysis rate on the concentration 
of Zn2+-, Eu3+- and Zn2+ (1,5,9-triazacyclododecane) 
(4) ions. The rate acceleration is almost linearly related 
to the metal ion concentration at [M"] < 
0.01 rnol dm-3. In other words, only one metal ion is 
involved in the pre-equilibrium and/or rate-limiting 
stage of the hydrolysis reaction. Bearing this in mind, 
four alternative mechanisms may be formulated for the 


4 5 6 I 
P H  


Figure 1 .  Ef€ect of hydronium ion concentration on Zn2+- 
and Eu'+-promoted hydrolysis of 2',3'-cUMP (2). The 
hydronium ion concentration was adjusted with acetate and 
HEPES buffers (I= 0.1 mol dm-' with NaC104). The first- 
order rate constants were obtained at 
[Eu"] = 3.0 x lo-' mol dm-' (T= 303.2 K) (0) and at 


[Zn"] = 2 .0  x mol dm-3 (T= 363.2 K)  ( 0 )  


I I  I I 
- 3.0 - 2.5 - 2.0 


I g ( [ M Z + l / m o l  d n ~ - ~ )  


Figure 2. First-order rate constants for the metal ion- 
promoted hydrolysis of 2 ' ,3 '-cUMP (2) at different metal ion 
concentrations (I= 0.1 mol dm-' with NaC104). ( 0 )  


Zn2'(1,5,9-triazacyclododecane) at pH 6.1,  T =  363.2 K;  (*) 
Eu" at pH6-7, T=303.2K; ( n )  Zn2+ at pH5.3, 


T =  363.2 K 
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metal ion-promoted reaction. In the absence of metal 
ions, the reaction is independent of p H  in the range 
4.5-6-0, and most likely proceeds by an intermolecular 
nucleophilic attack of a water molecule on the 
phosphorus atom of the monoanionic phosphodiester, 
giving a pentacoordinated phosphorane intermediate 
that is subsequently decomposed to  a 1 : 2 mixture of 
the 2 ' -  and 3 ' - m o n o p h o s p h a t e ~ . ~ ~ - ~ ~  


Metal ions may accelerate this process by one of the 
following mechanisms: (i) a metal ion binds to the 
phosphodiester monoanion, and hence electrostatically 
facilitates the intermolecular attack of a water molecule 
on  phosphorus (route A in Scheme 1); (ii) a metal ion 
acts in its monohydroxo form as a source of inter- 
molecular nucleophile, hydroxide ion (route B); (iii) a 
metal ion binds to  the phosphodiester monoanion, and 
its hydroxo ligand performs an intracomplex 
nucleophilic attack on phosphorus (route C); or (iv) a 
metal ion binds to  the phosphodiester monoanion, and 
its hydroxo ligand abstracts a proton from a water mol- 
ecule attacking the phosphorus (route D). Of these four 
alternatives, route A appears unlikely. The efficiency of 
various metal ions in promoting the hydrolysis of 2 '  ,3 ' -  
cUMP differs more than could be expected on  the basis 
of their binding affinities to the starting material. For 
example, the Cu2+ and P b 2 +  complexes of dihydrogen- 
phosphate ion, mimicking the phosphodiester mono- 
anion, are only one order of magnitude more stable 
than the Mg2+ complex. 33  It therefore appears improb- 
able that the more than 103-fold rate-accelerating effect 


of Cu2+ and Pb2+ compared with Mg2+ could result 
entirely from a stronger complexing of these ions with 
2',3'-cUMP. For the following reasons it seems likely 
that the acidity of the metal aquo ion plays a more 
decisive role: (i) the rate enhancing-effect is increased 
with increasing pH; (ii) among divalent metal ions, the 
most acidic ones34 (Cu", P b 2 + )  exhibit the greatest 
rate accelerations; and (iii) with lanthanide ions (and 
Y 3 + )  the rate enhancement correlates with the pK, 
value of the aquo ion (Figure 3). To distinguish between 
the inter- and intramolecular participation of metal 
hydroxoaquo ions (route B vs routes C and D) the effect 
of ligand structure on  the rate-accelerating ability of 
metal ions is considered in the following. 


Figure 4 shows the first-order rate constants for the 
hydrolysis of .  2 '  ,3'-cUMP in the presence of various 
tri- and tetraaza complexes of Zn2+ (4-9). Complexing 
with these ligands markedly affects the acidity of 
Zn2+ aquo ion. The pKa values increase in order of 
decreasing acidity: Znz+ [12]aneN3 (4) 7.51 
( T = 2 9 8 * 2 K ,  I = O . 1  m ~ l d m - ~ ) , ~ ~  Zn2+[12]aneN4 
(5) 8.02 ( T =  298.2 K, I = O . l  mol dm-3),36 Zn2+ 
8.96 ( T =  298.2 K, I =  0),37 Zn2+(trien) (9) 9-07 
( T =  293.2 K, I =  0.4 mol ~ I I - ~ ) , ~ '  Zn2+ [14]aneN4 
(6) 9.77 ( T =  298-2 K, I =  0.1 mol dm-3),36 and 
Zn*+(tren) (8) 10-59 ( T =  293-2 K,  I =  0.4 mol 
dm-3) .38 The pKa value of Zn2+[15]aneN4 (7) is 
unknown, but in all likelihood it is of the same order of 
magnitude as the one reported for Zn2+ [14]aneN4. As 
seen from Figure 4, with each 


P 


complex the rate- 


@ 


Scheme 1 
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Figure 3. Logarithmic first-order rate constants for the lan- 
thanide ion- (and Y ’+)-promoted hydrolysis of 2‘ ,3’-cUMP 
(2) plotted against the pKa value of the metal aquo ion 
([M”] = 0.005 mol dm-’, p;H = 6.7  with HEPI 
T =  303.2 K,  I =  0.1 mol dm- with NaC104). For 


pK,values, see Ref. 34 
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Figure 4. First-order rate constants at different pH values (ad- 
justed with HEPES buffer) for the hydrolysis of 2’ ,3 ‘-cUMP 
(2) in the presence of various tri- and tetraaza complexes of 
Zn2+ T =  363.2 K,  
I = 0.10 mol dm-’ with NaC104). For 4-9 see structural for- 


mulae 


( [Zn2+] = [L] = 0.010 mol dm-’, 


7 8 9 


accelerating effect becomes prominent on approaching 
the P K a  value of the complex, i.e. under conditions 
where the mole fraction of the hydroxo form becomes 
appreciable. In other words, the complexes become 
catalytically active only on deprotonation. Consistent 
with this conclusion, the rate enhancements observed 
under neutral conditions correlate fairly well with the 
pKa value of the complex (Figure 5). Accordingly, as 
suggested above, the metal ion-promoted hydrolysis 
proceeds by either inter- or intramolecular participation 
of the metal hydroxo aquo ion (routes B-D), and hence 
the acidity of the metal aquo ion plays an important 
role. 


The results obtained with the NiZ+ complexes, 4-9, 
are analogous to those described above for the ZnZ+ 
complexes: a marked rate acceleration takes place 
under conditions where the complex may be expected to 
undergo deprotonation (Figure 6). Since the Ni2+ com- 
plexes are less acidic than the corresponding ZnZ+ 
species, the rate accelerations take place at higher pH. 
The following pKa values have been reported for the 
Ni ’+ complexes: Ni2+ [ 141aneN4 ( 6 )  13.0 
(T=298*2K,  Z=O*1 m ~ l d m - ~ ) , ~ ~  Ni2+[15]aneN4 
(7) 11.7 ( T  not indicated, I =  1.0mol dm-3),40 
Ni2+(tren) (8) 11.8 (T=298*2K,  Z = O * 1  m ~ l d m - ’ ) ~ ~  
and Niz+(trien) (9) 11.8 ( T =  298-2 K, 
I =  0.1 mol dm-3).41 The effect of some Cu” com- 
plexes on the hydrolysis of 2‘,3‘-cUMP was deter- 
mined at pH 4.7 (Table 2). All the complexes studied 
were catalytically considerably less efficient than the 
uncompleted aquo ion. On going to higher pH, the rate- 
enhancing influence was drastically diminished, poss- 
ibly owing to the tendency of Cu2+ t o  form dimers.35 


Comparison of the rate-enhancing effects of the Ni2+ 
and Zn2+ complexes (Figures 4 and 6) suggests that the 
acidity of the equated complex is not the only factor 
affecting the catalytic efficiency. As seen from Figure 5 ,  
the points referring to Ni2+ complexes fall above the 
straight correlation line, log[k(s-’)] vs pKa that the 
Zn2+ complexes yield. In particular, Ni2+(tren) is con- 
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siderably less acidic than Zn2+ (tren) (pKa values 11 .841 
and 10.6,'* respectively), but still it is a more effective 
catalyst, the deviation from the correlation line of Zn2+ 
complexes being larger than 1.5 log units. A similar 
observation has previously been made for the hydro- 
lysis of bis(4-nitropheny1)phosphate. '' Accordingly, 
the nature of the central ion and/or the coordination 
geometry of the complex also appear to have a pro- 
found effect on the catalytic efficiency. This strongly 
suggests that the metal aquo complex is not a mere 
intermolecular source of hydroxide ions (route B), but 
it interacts with the phosphodiester. The geometry of 
Niz+(tren), for example, differs from that of 
Zn2+ (tren), and this may explain its unexpectedly high 
catalytic activity. The tren ligand is known to adopt a 
cis structure around an octahedral Ni2+ ion,42 whereas 
a trigonal bipyramidal structure (four azaligands and 
one water molecule) has been suggested for 
Zn'+(tre~l).'~ Replacement of the aquo ligand of 
Ni2+ (tren) with the negatively charged oxygen atom of 
the cyclic phosphodiester would give a metal-substrate 
complex having the hydroxo in a cis position to the 
substrate molecule. Accordingly, an intracomplex par- 
ticipation of the hydroxo ligand might occur without 
any change in the coordination geometry. With 
Zn2+ (tren) utilization of a similar mechanism would 
require a change of coordination number from 5 to 6, 
which may be expected to lower the catalytic efficiency. 
Comparison of the rate-accelerating effects of the Ni2+ 
and Zn2+ complexes of [14]aneN4 (6) lends some 
additional support to this reasoning. Both of these com- 


plexes most likely have trans-octahedral configurations 
with the four N atoms in-plane,44945 the deprotonated 
forms probably having a five-cordinated structure. 46 


Therefore, both complexes have to undergo a similar 
structural change before an intracomplex participation 
of the hydroxo ligand is possible. In contrast to tren 
complexes, the less acidic Ni2+ [14]aneN4 is now also a 
less efficient catalyst, although it still exhibits a positive 
deviation from the correlation line of the ZnZ+ com- 
plexes. In conclusion, mechanisms C and D, involving 
a pre-equilibrium binding of metal ion to substrate and 
intracomplex participation of the hydroxo ligand, either 
as a nucleophile or Brensted base, seem more attractive 
than mechanism B. 


Mechanisms C and D cannot be rigorously distin- 
guished on the basis of the data available. It is 
interesting, however, that the rate-accelerating effects 
of various metal aquo ions on the hydrolysis of 2 ' ,3 ' -  
cUMP closely resemble those reported recently4' for 
the hydrolysis of 4-nitrophenyl 1-(2- 
hydroxypropy1)phosphate (Id; Figure 7). The latter 
reaction (Scheme 2) cannot proceed by an intracomplex 
nucleophilic attack of the metal-bound hydroxide ion, 
but the attacking nucleophile must be the 2-hydroxyl 
group. The hydroxo ligand of a phosphate- 
coordinated metal ion may only act as a base, depro- 
tonating the 2-hydroxyl group concerted with its 
nucleophilic attack. Accordingly, one may speculate 
that the observed similarity of the effects of metal ions 
on hydrolysis of 2',3'-cUMP and Id lends support to 
analogous mechanisms. In other words, the hydrolysis 







HYDROLYSIS OF URIDINE 2‘ ,3 ’-CYCLIC MONOPHOSPHATE 809 


c 
I 
ul 


m 
0 . c 


-k= 


J 


5 6 7 
PH 


Figure 6. First-order rate constants at different pH values for 
the hydrolysis of 2’,3’-cUMP (2) in the presence of various 
tri- and tetraaza complexes of NiZf 
([Ni”] = [L] = 0.010 mol T =  363-2 K, 
I = 0.10 mol dm-’ with NaC104). For 4-9 see structural for- 


mulae 


Table 2. First-order rate constants for the 
hydrolysis of 2’,3’-cUMP in the presence of tri- 
and tetraaza complexes of Cu2+ ion (4-9) at 
pH 4.7 (T= 363.2 K I= 0-1 mol dm-3 with 


NaC104)“ 


Ligand k(10-5 s - I )  x ( ~ ’ - U M P ) ~  


1141aneN4 (6) 1.90 f 0-03 0-67 
[15]aneN4 (7) ,. 4.90 2 0.04 0-63 
tren (8) 1.53 k 0.06 0.63 


apH adjusted with acetic acid-sodium acetate buffer 
([HA]/ [A-]  = 0~005/0~005 mol drn-’). 
[Cu2+] = [L] = 0.010 rnol drn-’. 
bMole fraction of 3’-UMP in the mixture of 2’- and 
3’-UMP. 


2 r, 6 


Figure 7. Comparison of the rates of metal ion-promoted 
hydrolysis of 2‘ ,3’-cUMP (2 )  and 4-nitrophenyl 1-(2- 
hydroxypropy1)phosphate (Id). kt = k ~ / k o ,  where k~ is the 
second-order rate constant for the metal ion-promoted hydro- 
lysis of 2‘,3’-cUMP (pH 4.7, T =  363.2 K) and ko is the first- 
order rate constant obtained in the absence of metal ions; kz 
is the corresponding value for the hydrolysis of l d  (pH 6.85, 
T =  310 K). The latter values are taken from Ref. 47 


_j 0 rd + ArOH 
‘P’ 


0 r - f  OH 
o=p-0- 


OAr 0” ‘0- 


Scheme 2. 


of 2’,3‘-cUMP would proceed by route D. However, 
mechanism C can by no means be strictly excluded. 


It is also worth noting that the uncomplexed lan- 
thanide ions exhibit in their hydroxo form by far the 
largest rate-accelerating effects of all the metal ions and 
metal ion complexes studied. As seen from Figure 1, the 
rate-accelerating effect of Eu3+ ion, for example, is 
dramatically increased on approaching the conditions 
where precipitation takes place. Under such conditions 
the reaction order with respect to hydroxide ion is 
almost 3, and the rate acceleration reaches a value of 
lo8 at [Eu3+] = 0.01 moIdm--’. Binding of lanthanide 
ions to organic ligands, however, markedly reduces 
their catalytic efficiency (Table 3), the effect of 
polyanonic ligands, citrate and EDTA4- being much 
larger than that of acetylacetone. Most likely the cata- 
lytically active species formed on approaching the pH 
of precipitation is no longer an aquohydroxo ion, but 
a more complex gel-like structure. In fact, according to 
the early finding of Butcher and W e ~ t h e i m e r , ~ ~  lan- 
thanum hydroxide gel very effectively promotes the 
hydrolysis of phosphate esters. 







810 S .  KUUSELA AND H.  LONNBERG 


Table 3 .  Effect of ligands on the lanthanide ion-promoted hydrolysis of 2’,3’-cUMP 


M3+ Ligand [M3-]: [LIB T(K) pH k ( w 3  SKI )  x(3 ‘-UMP)b 


- - Eu ’+ 
- - 


Citrate 1 : l  
1 : l  
1 : l  
1 : 2  
1 :3  
1 : l  
1 : l  
1:1 
1:2 
1 : 4  
1 : l  
1 : l  
1 :2  
1 : l  


EDTA 
AAC 


Tb 3 +  Citrate 


363,2 5.2 
303.2 6.4 
363.2 5.2 
363.2 6 .2  
363.2 7.2 
363.2 7 -2  
363.2 7-2 
363.2 8 .1  
363-2 6-1 
303.2 6 .4  
303-2 6 -4  
303.2 6.4 
363-2 6.1 
363.2 7.2 
363.2 7.2 
363.2 8 . 1  


20-0 _+o-1 
0.420 0.001 
0-054 0.001 
0.130 0.001 
0.357 0-002 
0.070 0.001 
0.041 0.001 
0.641 0.015 
0.012 0.001 
0.108 0.002 
0.052 0-001 
0.012 0.001 
0.279 0.001 
1.02 0.01 
0.546 0-001 
2.37 0.04 


0-65 
0.67 
0.67 
0.67 
0-67 
0.65 
0-65 
0.66 
0-71 
0.67 
0-69 
0.70 
0.66 
0.65 
0.64 
0.63 


a [Eu’+] = 7 . 6  x lo-’ mol dm-’; [Tb”] = 0.010 mol dm-’. 
bMole fraction of 3’-UMP in the mixture of 2’ -  and 3’-UMP. 
‘ Acetylacetone. 


Finally, attention should be drawn to the fact that 
although several of the metal ions and metal ion com- 
plexes studied markedly promote the hydrolysis of 
2’,3‘-cUMP, none of them has any effect on the con- 
centration ratio of the 2‘- and 3‘-monophosphates pro- 
duced (Table 1). Since 2’- and 3’-UMP are formed by 
the rupture of the apical P-0-3’ and P-0-2’ bond of 
the phosphorane intermediate, r e~pec t ive ly ,*~-~~  this 
means that the presence of metal ions does not affect 
the relative stability of the intermediates having either 
the 0-2‘  or 0 -3 ‘  in an apical position. Whether the 
metal ions equally accelerate the breakdown of both 
species by stabilizing the developing phospho- 
monoesters via a bidentate coordination cannot be 
deduced on the basis of the data available. In summary, 
metal ions and metal ion complexes accelerate in their 
hydroxo form the hydrolysis of 2’ ,3 ’-cUMP by several 
orders of magnitude without affecting the product dis- 
tribution. Most likely the reaction involves a rapid 
initial binding of the metal ion to the negatively charged 
oxygen atom of the phosphodiester monoanion and 
subsequent intracomplex participation of the metal- 
bound hydroxo ligand, either as a base abstracting a 
proton from the attacking water molecule or as a 
nucleophile attacking the tetracoordinated phosphorus. 


EXPERIMENTAL 


Materials. 2’,3‘-cUMP ( 2 )  and also 2’-UMP (3a), 
3 ‘ -UMP (3b) and uridine used as reference materials, 
were obtained from Sigma. They were used as received, 
after checking of purity by HPLC. The ligands 4-9 
were products of Aldrich. The metal salts, buffer con- 


stituents, EDTA, citric acid and acetylacetone were of 
reagent grade. 


Kinetic measurements. Kinetic measurements were 
carried out by the HPLC technique described 
p r e v i ~ u s l y . ~ ~  The pH of the reaction solutions were 
measured at 298.2 K and extrapolated to the tempera- 
ture of kinetic measurements with the aid of the known 
temperature dependence of the pK, values of the buffer 
acids.27s49 During the course of kinetic runs the pH 
remained constant within k0.1 unit. The initial 
substrate concentration was 5 x rnol dm-3. The 
progress of the reaction was stopped by cooling the ali- 
quots rapidly in an ice-bath and adjusting their pH to 
4. Chromatographic separations were carried out on a 
Hypersil RP-18 column ( 2 5 0 ~ 4 m m  i.d., 5pm film 
thickness) using a mixture of acetate buffer 
(0.025 mol dm-3, pH 4.3, containing 0.1 rnol dm-3 
ammonium chloride) and acetonitrile (3%, v/v) as 
eluent. Before analysis the metal ions were removed by 
shaking the aliquots with Chelex. 


1 .  


2. 


3 .  


4. 


5 .  
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THEORETICAL STUDIES ON THE GAS-PHASE 
REARRANGEMENT OF DEPROTONATED ALLYL PHENYL 


ETHER* 


CHANG KON KIM, BON-SU LEE AND IKCHOON LEEt 
Department of Chemistry, inha University, Inchon 402-751, Korea 


The Wittig and anoinic Claisen rearrangements of deprotonated allyl phenyl ether, PhOCHCH = CHI, were 
investigated by MO theory employing the AM1 method. The most favoured reaction pathway for the Wittig 
rearrangement is the intramolecular SvAr process proceeding by the addition - elimination mechanism involving a 
Meisenheimer complex-type, three-membered-ring intermediate. For the anionic Claisen rearrangement a three-step 
mechanism is favoured, in which the intramolecular proton transfer occurs first from the ortho position of the phenyl 
ring to the anionic carbon centre, which is then followed- by a process involving a six-membered ring intermediate. 
The two types of rearrangements can compete, but the Wittig type is more facile and favoured than the Claisen process 
owing to the lower activation enthalpy. The results are in good agreement with gas-phase experimental results. 


INTRODUCTION 


The Wittig rearrangement (WR)’ is one of the well 
known carbanion rearrangements that have been 
studied extensively in the condensed phase. The 
reaction is considered to  proceed in a two-step process 
involving either an ion-neutral (A) or a radical-pair (B) 
intermediate as shown in Scheme L 3  In addition, a 
variety of other mechanisms, such as a one-step con- 
certed 1,2-shift type process and an addition-elimina- 
tion process depending on the structure of R 1  and R’ 
groups, are also c ~ n c e i v a b l e . ~  However, it has been 
suggested that the radical-pair mechanism, (B in 


Scheme 1) is the more likely, based on condensed-phase 
experimental results: (i) aldehydes are often observed 
as by-products of the reaction; (ii) the migratory apti- 
tude of substituent R ’  decreases in the order 
allyl 2 benzyl > methyl > ethyl > phenyl, which is not 
the order of anionic stabilities but is the order of free- 
radical stabilities; (iii) partial racemization of R’ is 
observed;’ and (iv) similar products are produced when 
ketyl and R -  radicals are formed from other precur- 
sors. * Despite this experimental evidence, in some cases 
the radical process alone cannot account for all the pro- 
ducts and the possible involvement of other ionic 
process has been reported. 


[ R2(-) + R’CHO 1 
( A )  


[ R2(-) + R’CH-O-(-) 1 
~1 -CH-O-R~ ’d (B) >CH-O- 


[ concerted 1.2-shift process 1 


[ addition-elimination process 1 


Scheme 1 


* Determination of Reactivity by MO Theory, Part 80. For Part 79, see Ref. 1 .  
t Author for correspondence. 
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The Wittig rearrangement also occurs in the gas 
phase; lo work in this field has not been as extensive as 
the solution-phase studies. In this work, we investigated 
theoretically all conceivable reaction pathways of the 
WR of deprotonated allyl phenyl ether (I) to the Wittig 
product ion (11) using the AM1 method. I '  These theor- 
etical results were compared with the experimental 
results of Eichinger and Bowie'Oa and also with pre- 
vious theoretical work on the WR of deprotonated 
diallyl ether.I2 Since ally phenyl ether (I) can also 
form o-allylphenolate anions (111) in an anionic Claisen 
rearrangement (CR)13, [equation (l)] , we also investi- 
gated the mechanism of this CR process in addition to 
the major WR process. 


CHz-CWHz 


(1) 


- ao- a? ( I )  (111) 


CALCULATIONS 


The AM1 procedure implemented in the AMPAC 
packagei4 was used throughout. The AM1 method 
accommodates some electron correlation effects 
through its parameterization" and it requires 2-3 
orders of magnitude less computing time than even 
those using the relatively low level ab initio (3-21G) 


It has been reported that AM1 gives good 
results for reactions of anionic species by giving effi- 
cient delocalization of negative charge, l6 and there are 
several reports indicating that AM1 is the best mimic of 
the ab initio method in the computations of transition- 
state (TS) geometries. '' 


In this work, for ionic processes the RHF method 
was used and for radical processes the UHF procedure 
was adopted. For energies and geometries of equi- 


c 


libriurn points, i.e. ground state (GS), intermediates 
(IM) and products (P), full optimization with respect to 
all geometrical parameters was carried out. In the deter- 
mination of the TS structures and energies, a TS pos- 
ition along the reaction coordinate was initially 
approximated, '' refined by gradient norm minimiza- 
tion I 9  and characterized by confirming only one 
negative eigenvalue in the Hessian matrix. 2o 


RESULTS AND DISCUSSION 


Wittig rearrangement of deprotonated allyl phenyl 
ether (I) 


The three reaction pathways, (a)-(c), in Scheme 2 are 
conceivable for the Wittig rearrangement of depro- 
tonated allyl phenyl ether (I) to  the Wittig product ion 
(11): (a) an ionic process through an ion-neutral 
complex (IV); (b) a radical process through a radical- 
pair intermediate (V); or (c) an addition-elimination 
process by the intramolecular SNAr mechanism through 
a three-membered ring, Meisenheimer complex-type 
intermediate (VI). 


Reference to  potential energy profiles in Figure 1 
indicates that the pathway (c) through species VI is the 
most favourable process with the rate-limiting addition 
of the C-7 atom to the ipso-carbon of the phenyl ring. 
A relatively lower energy barrier is provided in process 
(c) by the more favourable electronic effect, which can 
more than compensate for the unfavourable steric 
effect. Intermediate VI formed in the rate-determining 
step of pathway (c) contains a sterically strained three- 
membered ring in contrast to a simple heterolysis of the 
Ph-0 bond in pathway (a) and a homolysis in pathway 
(b). On the other hand, however, reference to the 
ground-state (GS) and transition-state (TS) atomic 
charge densities in Table 1 reveals that in the pathway 


(VI) 
Scheme 2 
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Figure 1. Potential energy profile for the Wittig and anionic Claisen rearrangement of ally phenol ether anion, I 


(c) negative charge is delocalized only within an ally1 pathway (c). In contrast, in the pathways (a) and (b) 
fragment in the GS, whereas it becomes dispersed over negative charge (or an unpaired electron) is localized on 
the entire molecule due to charge transfer into the the ipso-carbon of the phenyl ring (C-1) in a o-type 
phenyl ring in the TS. complex (Table 1) as a phenyl anion [Aq(C-1)= 


This enhanced charge delocalization in the TS leads -0.4821 or a phenyl radical [Aq(C-1) = -0-094 and 
to a lowering of the activation energy barrier for the spin density of C-1 = + 1.2821 is formed in the TS. 


Table 1. Charge density ( 4 )  of the heavy atoms for the first-step TS of the Wittig rearrangement process in electronic units 


0 c-7 C-8 c-9 C-1 c-2 c-3  c -4  c-5 C-6 


GS -0.120 -0.495 +0.027 -0438  +0.103 -0.212 -0.204 -0.111 -0.107 -0.225 
TS(A) -0.158 +0.110 -0.166 -0.254 -0.379 -0.157 -0.174 -0.168 -0.164 -0.230 
Alla -0.038 +0.605 -0.193 +0.284 -0.482 +0.055 +0.030 -0.057 -0.057 -0.005 
TS(B) -0.505 +0.064 -0.332 -0.386 +0.009 -0.140 -0.111 -0.153 -0.148 -0.173 
A 9 a  -0.385 +0.559 -0.359 +0'152 -0.094 +0.072 +0.093 -0.042 -0.041 +0.052 
GSDb -0-219 -0'176 +0.115 -0.667 +1.282 --0.381 -0-391 +0-412 +0.403 -0.374 
TS(C) --0.242 -0.352 -0.022 -0.402 +0.238 -0.296 -0.290 -0.057 -0.058 -0.328 


-0.122 +0.143 -0.049 +0.136 +0.135 -0.084 -0.086 +0.054 +0.049 -0.103 


" A q = A q ( T S ) -  Aq(GS) .  
bGroup spin density for TS. 
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Moreover, in pathway (b) negative charge becomes 
localized on the oxygen atom (Table 1) of the prop-2- 
enol radical anion in the TS, in contrast to a more 
delocalised allyl fragment in the GS. 


Another aspect of the favourable electronic effect is 
a greater charge-transfer stabilization2' of the TS (set). 
One factor determining scct is the energy gap ( A s )  of the 
frontier molecular orbital (FMOs); the narrower the 
gap, the greater is the charge-transfer stabilization in 
the TS. In both pathways (a) and (b), the first step, 
Ph-0 bond cleavage, is rate limiting; the inter-frontier 
level gap, A € ,  is 7.87 eV for this step since the HOMO 
is the non-bonding MO (NBMO) of the allyl fragment 
and the LUMO is the antibonding MO (a*)  of the 
Ph-0 bond in these two pathways. However, for 
pathway (c) the energy gap is much lower, A&= 
4*27eV, owing to the lower LUMO which is the x* 
orbital of the phenyl ring. This narrowing of the inter- 
frontier orbital gap by 3.60 eV for process (c) com- 
pared with the other two processes results in a greater 
charge-transfer stabilization, providing a lower acti- 
vation energy barrier path. 


Pathway (b) is more favourable than (a) owing to a 
greater negative charge dispersion effect, even though 
the steric effect in the rate-limiting Ph-0 bond scis- 
sion, a simple heterolysis and homolysis, respectively, is 
similar in both (a) and (b). In (a) the negative charge is 
localized on the @so-carbon atom (C-1) in the TS, 
whereas in (b) it is localized on the more electronegative 
atom, 0. Further, the intermediate in pathway (b), 
prop-2-enone radical anion (V), forms a 5-*-efectron 
system which is more stable than a 4-*-system of the 
intermediate in (a), prop-2-enone (IV). L2*22 Hence the 
activation barrier increases in the order pathway 
(c) < (b) < (a). The TS geometries for the rate- 
determining (first) step in the three reaction pathways 
are shown in Figure 2. 


The subsequent product formation steps from the 
respective intermediates, IV-VI, are all fast compared 
with the rate-limiting first steps and hence have no 
effect on the reactivity, but the barrier height involved 
in process (c) is nonetheless the lowest. 


The Wittig rearrangement mechanism for the depro- 
tonated allyl phenyl ether (I) discussed above is 
different from that reported for the deprotonated 
diallyl ether (VI1);l2 for the former, the reaction is 
expected to proceed by pathway (c) with an SNAr-type 
addition-elimination mechanism, whereas for the 
latter, the radical process, pathway (e), in Scheme 3 is 
the most favourable among the three possible 
mechanisms. This difference in mechanism for I and 
VII can easily be accounted for by the difference in sta- 
bilities of the two radical pair intermediates V and IX, 
respectively which are formed in the rate-determining 
step. Since prop-2-enone radical anion is common to 
the two intermediates V and IX, the relative stability of 
the other radical, i.e phenyl and allyl radicals, mainly 


101.4 
1 2.424 
I 
I 


! 


113.4 
1 2.494 
I 
I 
I 


1.345 
a - m  


1.423/ 124.9 


( path c Ts(1) ) 


Figure 2. Geometries of TS(1) for the Wittig rearrangement 
process (bond lengths in A and angles in degrees) 


contributes to the difference in the mechanism. 
According to the conventional stabilization energy,' 
SE", in equation (2), proposed by Cox and P i l ~ h e r : ~ ~  


SE"= AH,"- C CT; 
I 


where SE" = stabilization energy, AH," =heat of 
atomization of the species, experimentally determined 
or theoretically estimated, and Ci 8,o = heat of atomiza- 
tion calculated using standard bond energies corre- 
sponding to an arbitrary chemical formula of the 
compound, the phenyl radical is destabilizing by 
10.3 kcalmol-' (1 kcal= 4.184 kJ), whereas the allyl 
radical is stabilizing by 13.3 kcalmol-'.24 Owing to 
this difference in the relative stabilities of the two inter- 
mediate radicals, the diallyl ether anion (VII) can 
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Scheme 3 


proceed via the radical process with the lowest barrier 
of A H f  = 10.2 kcalmol-I, path (e) in Scheme 3, but 
for the allyl phenyl anion (I) the radical process, path 
(b) in Scheme 2, has a barrier of AHf  = 
35.9 kcalmol-I, which is higher by 25.7 kcalmol-I 
than the corresponding radical process involving the 
diallyl ether anion and by 14.1 kcalmol-' than the 
most favoured pathway (c) in Scheme 2. The difference 
in barriers of 6AH' = 25.7 kcalmol-' between the two 
radical processes for compounds I and VII arises almost 
entirely from the difference in the relative stabilioties 
of radical stabilization energy, ASE = 
SE'(ally1) - SE"(pheny1) = 23.6 kcalmol-'. In other 
words, owing to  this destabilization of the phenyl 
radical involved in path (b), the addition-elimination 
process (AH' = 24-3 kcalmol-') can be the lowest 
energy barrier path for I. Even though the addition- 
elimination mechanism provides the most favoured 
pathway (c) for the Wittig rearrangement of I ,  the acti- 
vation barrier is higher by 14.1 kcalmol-' 
[ = AH'(1) - AH'(VII)] than the radical Wittig 
rearrangement of Vll, in agreement with the exper- 
imental migratory aptitude of R2 in solution, 
ally1 > phenyl. 


Anionic Claisen rearrangement of deprotonated ally1 
phenyl ether (I) 


The deprotonated allyl phenyl ether anion (I) can 
produce the rearranged product, o-allylphenolate anion 
(111), in the anionic Claisen rearrangement l 3  


(CR) processes shown in Scheme 4. Reference to  the 
potential energy profile in Figure 1 indicates that the 
three-step mechanism, pathway (g), is most favoured. 
In pathway (i), a stericalIy strained intermediate (XVI) 
with a four-membered ring is formed in the rate- 
determining step. The four-membered ring in this inter- 


mediate is highly strainedz5 and should have more ring 
strain than that involving sp '-hybridized orbitals. The 
C-I atom of the phenyl ring is sp2 hybridized, so that 
the angle L 0-C-1-C-6 should be ca 120' in order to 
minimize the ring strain, but the optimized angle 
of LO-C-1-C-6 turned out to be 94.9". This angle 
strain will be greater than that may be encountered in 
an sp3-hybridized ring. The high ring strain is reflected 
in the high heat of formation, A H f = 4 1 . 6  kcalmol-', 
of the intermediate XVI, which is higher than the 
barrier height of TS (2 )  involved in the rate-determining 
step of path (g), A H f =  37.6 kcalmol-I. Hence the 
barrier height for the TS in path (i) should be substan- 
tially higher than that of TS (2) in path (g), so we did 
not pursue the process (i) any further. Similarly, path 
(h) also has a high-energy intermediate (XV), with 
A H f =  49.7 kcalmol-' which is higher than the barrier 
height for the TS (2) of path (g), suggesting a still higher 
activation barrier for the TS in the process XIV + XV. 
The only plausible process involved in the anionic 
Claisen rearrangement in Scheme 4 is therefore 
pathway (g), a three-step process. This is in agreement 
with the mechanism proposed by Eichinger et a[.''' 
based on gas-phase experiments. The TS geometries for 
the pathway (g) are shown in Figure 3. 


On the other hand, examination of potential energy 
profiles in Figure 1 shows that path (c) for the WR 
process is more favoured than path (g) for the CR pro- 
cess, which is also in agreement with the gas-phase 
results of Eichinger et al. 


We conclude that (i) the most favoured pathway for 
the Wittig rearrangement of deprotonated ally1 phenyl 
ether is the two-step mechanism in which first addition 
of the a-carbon atom (a! to  0) of the allyl fragment 
occurs at the ips0 position (C-1) of the phenyl ring, and 
then elimination via breaking of  the 0-C-1 bond takes 
place; (ii) the most favourable process for the anionic 
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rearrangement is the three-step mechanism in which the 
ortho-hydrogen of the phenyl ring is first transferred t o  
the a-carbon of the ally1 fragment and then addition of 
y-carbon takes place at the ortho position, which is fol- 
lowed by 0-C-or bond cleavage; and (iii) the two 
rearrangements, WR and CR, may compete but the 
Wittig rearrangement is more facile and hence more 
favoured than the Claisen rearrangement. 
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LASER FLASH PHOTOLYSIS STUDY OF 


NEARLY DEGENERATE SINGLET AND TRIPLET STATES 
lO,lO-DIMETHYL-9-ANTHRYLIDENE, A CARBENE WITH 


ATNAF s. ADMASU AND MATTHEW s. PLATZ* 
Department of Chemistry, Ohio State University, 120 W.  18th Avenue, Columbus, Ohio 43210 USA 


lO,IO-Dimethyl-9-anthrylidene (DMA) was studied by laser flash photolysis (LFP) techniques. LFP of the requisite 
diazo precursor in pentane or carbon tetrachloride produced transient spectra attributed to the hydrocarbon and 
monochlorinated diarylmethyl radicals, respectively. In the presence of pyridine and oxygen, ylides were formed upon 
LFP of 10,10-dimethyl-9-diazoanthrone. However, ylides are not formed in acetonitrile or acetone. The carhene itself 
was not detected by transient absorption spectroscopy. The absolute rate constants for reaction of DMA with pyridine, 
methanol and triethylsilane are 1.96 x lo9, 1 .8  x lo'', and 1.0 x 10' I mol-'  s - l ,  respectively. It is concluded that 
the singlet and triplet states of DMA are essentially degenerate. 


INTRODUCTION 


The dynamics of diarylcarbenes have been extensively 
studied in the past decade by laser flash photolysis 
(LFP) techniques, which have revealed interesting 
structure-reactivity relationships. For example, two 
closely related carbenes, diphenylcarbene (DPC) and 
fluorenylidene (Fl), behave very differently in alkanes. 
The lifetime of FI in cyclohexane is only 1 ns,' whereas 
that of DPC is several microseconds in this ~ o l v e n t . ~  
Although F1 is known by EPR spectroscopy to have a 
ground triplet state,4 the chemistry of F1 in cyclohexane 
proceeds almost entirely through the low-lying singlet 
state. On the other hand, the chemistry of DPC in this 
solvent can be explained as being due to reactions of the 
ground-triplet state alone. These results have been 
interpreted to  mean that the singlet triplet energy separ- 
ation, AHST,  is much smaller in F1 than in DPC. 1 x 2 ~ 5  TO 
establish whether the smaller value of AHST is due 
to the smaller bond angle of F1 or  related to  the differ- 
ences in their a electronic systems (alternant versus 
non-alternant), we have studied 10,10-dimethyl-9- 
anthrylidene (DMA), a carbene with an alternant 7r 


system as in DPC, but constrained within a small bond 
angle. The LFP data demonstrate that the singlet and 
triplet states of DMA are essentially degenerate and 
indicate that the smallest AHST of fluorenylidene is a 
result of its small bond angle. 
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RESULTS AND DISCUSSIONS 


LFP of 10,10-dimethyl-9-diazoanthracene (DMDA)6 in 
n-pentane produces the transient absorption spectrum 
in Figure 1, attributed to radical 1.' LFP of DMDA in 
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Figure 1. Transient spectrum of radical 1 produced by LFP of 
DMDA in pentane 
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Figure 2. Transient spectrum of radical 2 produced by LFP of 
DMDA in carbon tetrachloride 


carbon tetrachloride produces the transient spectrum of 
radical 2 (Figure 2). 


Transient absorption spectra attributable to  3DMA 
were not observed in either solvent. It was possible to 
intercept 'DMA with oxygen, in pentane, to  form the 
carbonyl oxide 3,* and to trap 'DMA with pyridine to 
form the ylide 49 (Figures 3 and 4, respectively). In con- 
trast to  fluorenylidene, ylides were not observed on LFP 
of DMDA in acetone or acetonitrile. 
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The rate of formation of 4 was exponential and was 
fitted to  yield an observed pseudo-first-order rate con- 
stant kobs. It has been demonstrated that singlet and 
triplet states of several arylcarbenes (DPC, lo 
phenylcarbene and F1" in some solvents) are rapidly 
equilibrating and can be treated as a single kinetic unit. 
This allows us to  equate /cobs with the elementary rate 
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Figure 3.  Transient spectrum of carbonyl oxide 3 produced by 
LFP of DMDA in pentane containing oxygen 


Figure 4. Transient spectrum of ylide 4 produced by LFP of 
DMDA in pentane containing pyridine 


constants of Scheme 1 as given in the equation I 3  


/cobs = ~ ~ Y R K [ P Y R I  f ko (1) 


where khyn, and K are defined in Scheme 1 and ko is 
the total of all processes which consume DMA in pen- 
tane in the absence of pyridine. A plot of kobs versus 
pyridine is linear (Figure 51, revealing that 


I 
O!OO 0:Ol O.b2 O.b3 1 


[Pyridine] M 


14 


Figure 5 .  Plot of kobr versus [PYR] (see text) 
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kbvRK = 1-96 x lo9 1 mol-' s-l and that the lifetime of 
DMA in pentane is 62 ns when [PYR] = 0. As singlet to  
triplet intersystem crossing (ISC) in DPC and F1 is com- 
plete within 1 ns,2s14 it seems certain that 'DMA and 
'DMA are in a rapid equilibrium in pentane at ambient 
temperature. 


It was possible to  monitor the effect of a singlet quen- 
cher, methanol, on kobs.  A plot of kobs versus 
[methanol] at constant [pyridine] is given in Figure 6, 
which reveals that k & H , O H K =  1.8 X 10'' 1 mol-' SKI. 


A similar experiment with triethylsilane yields 
kEtlSiH = 1.0 x 10' 1 mol-' s - ' .  


This analysis assumes that only 'DMA reacts with 
pyridine and methanol. This type of pre-equilibrium 


mechanism was first postulated by Bethel et al. How- 
ever, nearly all of the mechanistic data available for 
diarylcarbenes are consistent with the presence of a 
single reactive intermediate, a species which can react to 
form products traditionally ascribed to  the reactions of 
both singlet and triplet carbenes. In this view, 'DMA 
reacts directly with pyridine or methanol to form pro- 
ducts as a result of a crossing of singlet and triplet sur- 
faces along the reaction coordinate. This mechanism 
was first proposed by Griller, Nazran and ScaianoI6 
for the reaction of 'DPC with methanol. They 
demonstrated that the kinetics observed for the 
'DPC-methanol reaction are inconsistent with Bethel1 
et al.'s mechanism. The present work indicates that the 
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Figure 6. Plot of kobr versus [CHjOH] at constant [PYR] (see 


text) 


singlet and triplet surfaces of DMA are very close in 
energy. The surfaces are so close in energy that 
AHST = 0. Hence in the DMA system there is no mean- 
ingful difference between Bethell et at.'s pre- 
equilibrium mechanism and Griller et a/.'s surface 
crossing mechanism. 


Gas chromatographic-mass spectrometric (GC-MS) 
analysis 
Several solutions of DMDA were photolyzed for 
extended periods and the mixtures analyzed by 
GC-MS. On photolysis of DMDA in neat methanol, 
compound 5,  the expected product of OH insertion, is 
formed fairly cleanly (86%) along with only small 
amounts of 6 (9Oro) and 7 ( 5 % ) .  


6 


5 


7 


From the available kinetic data, we can calculate that 
the lifetime of 3DMA in pentane containing 0.025 M 
methanol is 2 .2  ns. This lifetime should be sufficiently 
long to  allow complete equilibration of singlet and 
triplet DMA. The product distribution obtained in 
dilute methanol is virtually identical with that obtained 
in neat methanol (78% yield of 5 )  and demonstrates 
that spin-equilibrated DMA reacts with alcohol 
predominantly by O H  insertion. 


Photolysis of DMDA in cyclohexane gives 8, the 
product of formal C H  insertion as the major product 
(59%), along with significant amounts of 6 (20%) and 
7 (19%). 


8 


When DMDA is decomposed in 1 :  1 (v/v) 
CsH12-C6D12, the 8-&/8-d12 ratio is 4.6 .  This isotope 
effect is too large for a singlet carbene C H  insertion 
reaction and is comparable to  isotope effects 
observed in triplet carbene hydrogen atom abstraction 
reactions. Hence the data demonstrate that the life- 
time of 'DMA in alkanes is controlled by triplet 
carbene reactions. 'DMA is much more potent in the 
abstraction of hydrogen from a C H  bond of an alkene 
than is triplet diphenylcarbene (DPC). ' 


The geometry of 'DPC in single crystals has been 
deduced by ENDOR,I9 but the geometry of the carbene 
in solution or in the,gas phase is unknown. It is likely 
for steric reasons, however, that DPC has a wide bond 
angle at the carbene carbon and to be non-planar: 


Thus AM1 calculations indicate that each unpaired 
electron of 3DPC is likely to be in a hybrid orbital with 
a considerable amount of p character and some 
resonance interaction with an aryl ring.20 In 'DMA, 
however, it is possible that one orbital is sp2 and the 
other is pure p. An in-plane orbital of 'DMA is u in 
nature and may have a reactivity comparable to that of 
phenyl radical. 21 


Li and SchusterZZa have had great success in cor- 
relating experimental values of AHST of aryl substituted 
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carbenes with the predictions of the MIND0/3 algor- 
ithm. MIND0/3 predicts that the AHST values of  
DMA, F1 and DPC are 15.1, 16.7 and 36.8 kJ mol-',  
respectively. Although we find that MIND0/3 orders 
the AHST value of these carbenes correctly, the 
singlet-triplet enthalpy gap of DMA is, as noted 
previously, 22 smaller than predicted. 


CONCLUSIONS 


The fact that 'DMA can be detected at  10 K by EPR 
spectroscopy6 demonstrated that 'DMA is either the 
ground state of the carbene or within a few kJ mol-' of 
the ground state and that K < 1 .  The low-temperature 
emission spectrum is also consistent with a triplet 
ground state of this carbene.' However, product studies 
reveal that it is 'DMA that is captured by methanol. As 
k & ~ "  must be less than or  equal to  a diffusion- 
controlled rate constant (2 x 10" 1 mol-' s-'), Figure 6 
demonstrates that the equilibrium population of 'DMA 
must be fairly large and that K = 1 at  ambient temper- 
ature. The singlet and triplet states of DMA are essen- 
tially degenerate. The singlet-triplet splitting of DMA 
is found to  be even smaller than that of fluorenylidene. 
Apparently the necessarily small and constrained bond 
angles of F1 and DMA, and perhaps the enforced 
coplanarity of the two aryl rings, are decisive in low- 
ering the energy of 'DMA and 'F1 relative to  their 
triplet states, relative to  DPC. The results are consistent 
with the semi-empirical calculation of Li and 
Schuster. 


EXPERIMENTAL 


The preparation of DMDA6 and the GC-MS protocols 
and the LFP system in use at  Ohio State University23 
have been described previously. 
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SOLVOLYSIS OF 1,l-DIPHENYLETHYL DERIVATIVES IN 
HIGHLY AQUEOUS MEDIA. REACTION VIA ION PAIRS* 


ALF THIBBLIN 
Institute of Chemistry, University of Uppsala, P.O. Box 531, S-751 21 Uppsala, Sweden 


Solvolysis of 1,l-diphenyl-1-X-ethane (1-X) [X = 4-nitrobenzoate (PNB), 3,5-dinitrobenzoate (DNB), AcO, MeOH + , 
EtOH+ or H 2 0 +  ] was studied in 20 vol% dimethyl sulphoxide in water, in which specific salt effects are very small, 
and in 25 vol% acetonitrile in water. Substrates with negatively charged leaving groups yield more elimination product 
1,l-diphenylethene (3) than those with uncharged groups, indicating the intermedicacy of ion pairs. Thus, three times 
more alkene is formed in the reactions of the substrates 1-OAc and 1-PNB than in the acid-catalysed hydrolysis of 
1-OMe and 1-OAc. The substitution products may be formed via the solvent-equilibrated carbocation since the 
measured nucleophilic selectivities are very similar with different leaving groups. 


INTRODUCTION 


This work is part of an investigation of the role of ion 
pairs and ion-molecule pairs as intermediates in hetero- 
lysis reactions in water and highly aqueous media. The 
equilibrium constant (Kas = k d l k - d )  for formation of 
ion pairs from singly charged ions in water is generally 
< 1 lmol-I.’ Accordingly, it has been pointed out that 
a substantial fraction of reaction products is not likely 


This paper presents a study of solvolysis reactions of 
1,l-diphenylethyl derivatives in highly aqueous media. 
Despite the relatively high stability of the 1,l- 
dipbenylethyl carbocation, the results show that the ion 
pair has a significant lifetime. Reaction via the ion pair 
is the main route to elimination product. 


RESULTS 
to originate from the reaction of the ion pair with a 
dilute reactant since the lifetime of the intermediate 
should be too short to allow it to encounter, and react 
with, reactants other than those which are already close 
to the ion pair when it is formed.2 Thus, a substantial 
k,/k-d ratio [equation (l)] requires a preassociation 
mechanism whereby the dilute reactant C assumes a 
reaction position before the R-X bond is ruptured, or 
reaction with the solvent. 


k - d  


RX S ion pairs - R+ --$ products (1) 


The solvolysis of 1,1 -diphenyl- 1-X-ethane (1-X ) in 
20 vol% dimethyl sulphoxide (DMSO) in water pro- 
duces mainly the alcohol 2, in addition to some 
1,l-diphenylethene (3) (Schem: 1). The kinetics of the 
reactions were studied at 25 C by a sampling high- 
performance liquid chromatographic procedure. 
Addition of salt has very little effect on the rate of 
reaction of 1-OAc, as shown in Table 1 .  A small 
common-ion effect is exhibited. however. The salt 


PhzCX 
I I I 


Me 


1-x 
Ph2C= CH, 


3 


Me k The stability of the carbocation is one of the factors 
that is expected to govern what proportion of the pro- 
ducts comes from the ion pair. A high carbocation 
stability is thought to favour reaction via the ‘free’ 
solvent-equilibrated carbocation compared with 
reaction directly from the ion pair. Scheme 1 


*Paper presented in part at the Third European Symposium on Organic Reactivity (ESOR III), Goteborg, Sweden, 1991 
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Table 1. Rate constantsa for the reactions of 1-X in 20 vol% 
DMSO in water at 25 "C 


Table 2. Rate constantsa for the reactions of 1-X in 25 vol% 
MeCN in water at 25'C 


Salt lo6 (kiz + k13) 
Substrate (0.80 M) ( S - I )  l o 3  k13lkiz 


1-OAC None 127.2 44 
NaOAc 85.2 89 
NaC104 109 38 
NaCl 129 45 
NaI 140 
NaN3 126 


22.2b 13 
1-OMe 9.5b 15 


'The rate constants (defined in Scheme 1) were obtained by measuring 
the mol% of the substrate and the products by HPLC as a function of 
time (see Experimental). The total yield of alcohol 2 and alkene 3 is 
100%. 
bSecond-order rate constant (I mol - l s - ' )  obtained from the slope of 
plot kob, versus [HClOd] (0.01-0.05 M); ionic strength maintained 
constant at 0.05 M with NaC104. 


effects are larger in 25 vol% acetonitrile (MeCN) in 
water (Table 2). A very low solubility and a high reac- 
tivity made it impossible to study accurately the kinetics 
of 1-PNB (PNB = 4-nitrobenzoate) in DMSO-water. 


Acetate anion catalyses the elimination reaction. A 
fourfold increase in the amount of alkene product 3 is 
obtained with 0.75 M NaOAc in acetonitrile-water 
(Table 2 ) .  The yield of alkene from 1-OAc is doubled 
by the addition of 0 . 8 0 ~  NaOAc in DMSO-water 
(Table 1). 


The acid-catalysed reaction of 1-OAc is illustrated in 
Figure 1. The fraction of elimination is considerably 
smaller for this reaction than for the uncatalysed route 


I-OAC None 
NaOAc 
NaC104 
NaN3 


I - P N B ~  None 
NaOAc 
NaC104 
NaCI 
NaI 
NaN3 


1-DNBC None 
None' 


37.4 41 
17.9 162 
40.8 
41.3 


498 42 
259 164 
513 37 
407 58 
606 
607 


6000 
405 


"The rate constants (defined in Scheme 1) were obtained by measuring 
the mol% of the substrate and the products by HPLC as a function of 
time (see Experimental). The total yield of alcohol 2 and alkene 3 i s  
100%. 


' 3,s-Dinitrobenzoate. 
d0.375 M. 


4-Nitrobenzoate. 


50 vol% MeCN. 


and is similar to that obtained for the acid-catalysed 
reaction of the methyl ether (Table 1) .  The fact that 
similar fractions of alkene from acid-catalysed reaction 
of 1-OAc and I-OMe are observed indicates that 
acyl-oxygen fission in the acetate ester is negligible. 


Nucleophilic selectivities, i.e. ratios of second-order 
rate constants with different nucleophiles, have been 
measured for reactions with many different leaving 
groups (Table 3). i4ttempts have been made to measure 


20 


15 


W 
1 
2 


5 


-0 
0 .o 2 .O 4 .O 6 


[HC10,1 I M 
Figure 1. Catalysis by perchloric acide of the reaction of 1-OAc in 20 vol% DMSO in water at ionic strength 0.05 M maintained 


with NaC104 
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Table 3. Nucleophilic selectivities for the reactions of 1-X at 25 'C 


Substrate Solvent Salt, etc. 
Ratio of second-order 


rate constantsa 


1-OAc 25% MeCN 
20% DMSO 
50% MeOH 


I -PNB~ 25% MeCN 
25% MeCN 
50% MeOH 
50% MeOH 


I-DNB' 50% MeOH 
1-OMe 20% EtOH 


50% EtOH 
1-OEt 50% MeOH 


1-OH 


0.75 M NaN3 
0-0.8 M NaN3 


0-0-15 M NaN3 
0.75 M NaOAc 
0-05 M NaN3 


'For formation of substitution products; e.g. k, is the second-order rate constant for formation of alcohol 2 
from 1-X. The rate ratios were obtained by measuring the mol% of the products by HPLC as a function of 
time (see Experimental) and the concentrations of the nucleophiles. No by-products were found. 
b4-Nitrobenzoate. 


3,5-Dinitrobenzoate. 


the ratio of azide and alcohol product in the reaction of 
1-OMe. However, the reaction is very slow in HN3-NT 
buffers and the azide product l-N3 is not stable for such 
long reaction times. Therefore, no reliable results were 
obtained. 


The alkene 3 is stable in DMSO-water and in 
MeCN-water at pH 2 for at least several hours. 


DISCUSSION 


The solvolysis of 1-X is expected to be of the S N ~  type. 
Experimental support for this mechanism is the fol- 
lowing. Despite the fact that the reactivity of an azide 
ion is much greater than that of solvent water molecule 
toward 1-OAc in 20% DMSO-water, the observed 
reaction rate is constant (Table l ) ,  within the limits of 
experimental error, up to an azide concentration of 
0.8 M, at which the yield of 1-Nj is over 90%. Hence 
azide ion is not involved in the rate-limiting transition 
state. 


Azide concentration has a small effect on the rate of 
reaction of 1-OAc and of 1-PNB in MeCN-water, 
which may be due to a second-order reaction with azide 
ion or to a specific salt effect. Specific salt effects have 
been found to be significant for other solvolysis 
reactions in MeCN-water and in other mix- 
tures of water and organic  solvent^.^'^ The reason for 
using 20% DMSO in water in this work was that this 
solvent mixture was expected to minimize specific salt 
effects. Thus, specific solvation has been shown to be 
insignificant in DMSO-water mixtures in contrast to 
MeCN-water mixtures' and salt effects on solvolysis of 
alkyl chlorides in 70% and 80% aqueous DMSO have 
been found to be small.' The data in Table 1 confirm 


that such effects are very small in 20% DMSO-water. 
However, sodium perchlorate has a small negative salt 
effect in DMSO-water on the solvolysis rate of 1-OAc. 
The reason for this is not known. 


The variation of rate with nature of the salt in 
MeCN-water (Table 2) is similar to that observed for 
the solvolysis in the very same solvent of 9-(2-chloro-2- 
propyl)fluorene, which was concluded to involve rate- 
limiting ionization. A small common-ion effect is exhi- 
bited by AcO- in DMSO-water. The rate depression by 
AcO- is larger in MeCN-water (Table 2).  The effect is 
probably a combination of a common-ion effect and a 
negative specific salt effect.' 


The measured ratio of second-order rate constants 
(Table 3) indicates that the azide anion is about 1200 
times as reactive as a water molecule toward the 
carbocation intermediate in MeCN-water. In 
DMSO-water and in 50% MeOH-water the selectivity 
is about half as large. The kazlkw ratio is roughly 
25-50070 as large as that of 1-(4-methoxyphenyI)ethyl 
carbocation in 50% trifluoroethanol-water. 3210 The 
rate constant for the reaction of the carbocation inter- 
mediate with water in the MeCN-water solvent is 
estimated to be ca 1.7 x lo's-*, assuming a diffusion- 
controlled reaction with azide ion with 
ka = 5 x 10' Imol-'s-'. '','' The carbocation inter- 
mediate formed in the solvolysis of cumyl chloride, i.e. 
2-chloro-2-phenylpropane, exhibits a much smaller 
nucleophilic selectivity value, k a z / k w  = 42, and a higher 
reactivity toward solvent water, rate constant ca 
5 x lo9 s - ' . ' ~  Also, the selectivity ratios k&k, and 
k H e O H / k w  are smaller for the reactions with the cumyl 
derivatives. l 3  


The very similar selectivities toward nucleophiles 
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exhibited with different leaving groups (Table 3) may 
suggest that the substitution products are formed by 
nucleophilic attack on a 'free' solvent-equilibrated 
carbocation. However, it has been shown that an intra- 
molecular ion pair with sulphonate as leaving group 
behaves in much the same way as the unpaired cation 
in reactions with nucleophiles. l4 Accordingly, the 
nucleophilic selectivity data in Table 3 may be consist- 
ent with a significant one-step reaction of the ion pair 
to substitution product. 


The fraction of elimination product is three times 
larger in the reaction of 1-OAc and 1-PNB than in the 
acid-catalysed reactions of 1-OAc and 1-OMe. This 
indicates that ion pairs are intermediates in the 
reactions and that the negatively charged leaving groups 
promote hydron transfer within the ion pair. Appar- 
ently, contrary to what has been found with the cumyl 
system, l 3  the pK, difference of the negatively charged 
leaving groups, 1 . 3  pK, units, does not have a signifi- 
cant effect on the rate of elimination from the ion pair. 
Other reports on solvolysis catalysed by the leaving 
group have appeared.3s5.'3215 However, the 1,l- 
diphenylethyl derivatives seem to be the most reactive 
substrates for which indications for ion-pair intermedi- 
ates have been found for solvolysis in highly aqueous 
media. 


Catalysis by added general bases other than acetate 
anion has not been investigated for the present system. 
The less stable cumyl carbocation undergoes general- 
base catalysed elimination with @ = 0-  13. l 3  


The amount of internal return may be estimated for 
the reaction of 1-OAc based on the mechanistic model 
of equation ( 2 ) ,  the kinetic data given in Table 2 and 
the discrimination rate ratio koAc/kw = 11 given in 
Table 3. The carbocation R+ and the ion pair R+ - OAc 
are expected to be formed in solvolysis of I-PNB in the 
presence of acetate anion. Thus, combination of the 
data for the reaction of 1-OAc with the data for I-PNB 
in the presence of acetate ion, corrected for elimination 
from free carbocation R+ and ion pair R'X-, indicates 
that about 4% of the ion pairs return to substrate 
1-OAc . 


ROH 
r 


The ion pairs in equation (2 )  include both contact 
(intimate) and solvent-separated ion pairs. The exper- 
imental results do not enable these two types of species 
to be distinguished. The model assumes that the ion 
pair that returns is kinetically indistinguishable from 
the type that undergoes elimination. It is possible that 
the geometric requirements are different. It is conceiv- 
able that the barrier for interconversion of the different 
types of ion pairs is very small in this type of solvent. 


CONCLUSIONS 


The diphenylethyl derivatives 1-X with negatively 
charged leaving groups solvolyse via ion pairs that have 
a significant lifetime. The internal return is rather slow 
compared with reaction of the ion pair to substitution 
product. The latter process is presumably a multi-step 
reaction which involves diffusional separation as the 
first and rate-limiting step. Most of the alkene is formed 
directly via the ion pairs. 


EXPERIMENTAL 


The 'H NMR analyses were performed with a Varian 
XL 300 spectrometer equipped with a 5 mm dual probe 
('H, I3C). The high-performance liquid chromato- 
graphic (HPLC) analyses were carried out with a 
Hewlett-Packard 1090M liquid chromatograph 
equipped with a diode-array detector and a c g  reversed- 
phase column (200 x 3.0 mm i.d.). The mobile phase 
was a solution of acetonitrile in water. The reactions 
were studied at constant temperature in an HETO 01 
PT 623 thermostat or in an aluminium block thermo- 
stated with circulated water from the thermostat. 


Materials. Acetonitrile, DMSO, methanol and 
ethanol were of spectroscopic quality and were used as 
solvents without further purification. All other chemi- 
cals were of reagent grade. A stock solution of sodium 
perchlorate was prepared from perchloric acid and 
sodium hydroxide solution. 


1,l-Diphenyl-1 -hydroxyethane (2) was purified by 
recrystallization of commercially available material 
(Aldrich) from pentane. 


1 ,I-Diphenyl-1-methoxyethane (1-OMe)I6 was pre- 
pared from 1.225 g of the alcohol 2 dissolved in 4.7 ml 
of methanol containing two drops of 100% sulphuric 
acid. After 2 days at room temperature, the reaction 
mixture was placed in a refrigerator. The crystalline 
ether was purified by two recrystallizations from 
methanol. 


1,l-Diphenyl-1-ethoxyethane (I-OEt) was prepared 
in a small amount from 2, ethanol, and 100% sulphuric 
acid. The product mixture was diluted with pentane and 
the pentane solution was washed. The residue obtained 
after evaporation of the solvent was used without 
further purification. 


Diphenylmethylcarbinyl acetate (1-OAc) was madc 
from 2 by ZnClz-catalysed acetylation with acetic anhy 
dride (30 s). '3,17 Semi-preparative HPLC gave pure 
material. 


Diphenylmethylcarbinyl 3,5-dinitrobenzoate (1-DNB) 
and diphenylmethylcarbinyl 4-nitrobenzoate (1-PNB) 
were prepared from 2 and 3,5-dinitrophenylbenzoyl 
chloride or 4-nitrophenylbenzoyl chloride, respectively, 
in pyridine. 13*18 
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Kinetics and product studies. The reactions were run 
at constant ionic strength in solutions prepared by 
mixing a water solution of the salt(s)owith the organic 
solvent(s) at room temperature (cu 22 C). The reaction 
vessel was a 2 ml HPLC flask, sealed with a tight PTFE 
septum, which was placed in an aluminium block in the 
water thermostat or, in the faster reactions, directly in 
the HPLC apparatus in an aluminium block held at 
constant temperature with circulating water from the 
thermostat. The reactions were initiated by addition of 
a few microlitres of the substrate dissolved in aceto- 
nitrile by means of a spring-loaded syringe. The con- 
centration of the substrate was ~ 0 . 1  mM. The reaction 
solution was analysed at appropriate intervals on the 
HPLC apparatus. The mol% of the starting material 
and each of the products were measured by means of 
the relative response factors, which were determined in 
separate experiments. The rate constants were calcu- 
lated from plots of ln(area of starting material) or 
ln(mol%) versus time and product compositions. The 
response factor of the azide l-N3 was assumed to be 
the same as that of 2. Corrected total peak areas in 
experiments in which the half-life of the substrate was 
a few hours or less with and without azide did not differ 
significantly, indicating similar response factors. In the 
slow reactions of 1-OMe with formic acid buffers, 
fluorene was used as an internal standard; the rate 
constants were calculated from plots of ln(area of 
substrate/area of reference) versus time. 
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SHORT COMMUNICATION 


DIASTEREOFACIAL SELECTIVITY IN 1,3-DIPOLAR CYCLOADDITIONS TO 
CYCLOBUTENES. 8. HF/3-21G TRANSITION STRUCTURES OF THE 


CIS-3,4-DICHLOROCYCLOBUTENE AND NORBORNENE 
REACTIONS OF FORMONITRILE OXIDE WITH 
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A transition structure for the syn and anti attack of formonitrile oxide on both cis-3,4-dichlorocyclobutene and 
norbornene was obtained using HF/3-21G method. These calculations correctly predict dominance of the syn attack 
in the reaction of dichlorocyclobutene and 100% syn selectivity, with respect to the methano bridge, in the reaction 
of norbornene. Analysis of the activation energy shows that the inherent facial bias of dichlorocyclobutene is reflected, 
at the transition state, in a complex way in the deformation energy of both dichlorocyclobutene and formonitrile oxide 
and in the interaction energy between them. With norbornene the out-of-plane deformation energy of the olefinic 
hydrogens clearly emerges as the major factor in controlling facial selectivity. 


Face selectivity in organic reactions is a topic that has 
been growing increasingly important in recent years not 
only from a synthetic but also from a theoretical stand- 
point. For cycloadditions only very recently have 
theoretical studies started to appear that address this 
problem by performing ab initio calculations of the 
transition structures of the two diastereoisomeric 
attacks on the diastereotopic faces of a double bond' or 
a diene.' In particular, no calculations of this type have 
been reported so far for the very important field of 1,3- 
dipolar cycloadditions (MM2 calculations on facial 
selectivity in 1,3-dipolar cycloadditions in which the 
heavy atoms of the forming five-membered ring are 
frozen in the geometry of the HF/3-21G transition 
structure of the reaction of formonitrile oxide with 
ethylene have been presented3). 


For many years norbornene has played a prominent 
role in the study of facial selectivity in organic 
reactions4 while cis-3,4-disubstituted cyclobutenes have 
recently emerged as compounds for which high con- 
trasteric syn selectivity has often been observed. ' As 
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for 1,3-dipolar cycloadditions, formonitrile oxide, in 
addition to all nitrile oxides studied to date, reacts with 
norbornene to afford only the syn adduct (with respect 
to the methano bridge)6 (for reasons of homogeneity we 
use syn and anti descriptors also for facial selectivity of 
norbornene reactions; syn and anti correspond to ex0 
and endo descriptors, respectively, used by other 
authors'). In the reaction of nitrile oxides (and other 
1,3-dipoles) with cis-3,4-dichlorocyclobutene, syn 
attack (with respect to the chlorine atoms) is always 
dominant when repulsive through-space steric and 
electrostatic interactions between the nitrile oxide and 
the chlorine atoms are not too strong. For example, 
synlanti ratios of ca 75 : 25 for acyl nitrile oxides 
(R = PhCO, MeCO and COOEt) and of 70: 30 for 
acetonitrile oxide and p-nitrobenzonitrile oxide have 
been observed. ' 


This paper reports the syn and anti transition 
structures of the reaction of the parent nitrile oxide, 
i.e formonitrile oxide (R = H), with norbornene and cis- 
3,4-dichlorocyclobutene calculated using the 
HF/3-21G model' and gradient techniques with 
optimization of all variables. Critical points were 
characterized by diagonalizing the Hessian matrices of 
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'-a SYN 


i r: 
the optimized structures; transition structures have only 
one negative eigenvalue (first-order saddle points), the 
corresponding eigenvectors involving the expected con- 
certed formation of the two new bonds. [An MC-SCF 
study of the reaction of ethylene and acetylene with for- 
monitrile oxide has been carried out by McDouall et 
al. 9a In the concerted HCNO-ethylene transition struc- 
ture (obtained using the 4-31G basis set), the length of 
the forming carbon-carbon bond (2-08 A )  is, shorter 
than that of the carbon-oxygen bond (2*320A). For- 
monitrile oxide is more bent (CNO = 135.4 ) than in 
our transition structures. A b  initio calculations on the 
reactions of diazoalkanes, nitrones and carbonyl ylides 
have been carried out by Leroy et and on the 
reaction of nitrile oxides by Poppinger, 9c, Kormorniki 
et and Hiberty et al.'= 


The calculations correctly predict a 100% syn (to the 
methano bridge) selectivity for the reaction of nor- 
bornene (Ea, anti - E,, syn = 6.1 kcalmol-', Table 3). A 
large difference is also present in HF/AMI calculations 
(Ea,  anti = 21 *6  and E,, 4yn = 18 *7  kcal mol-I) and in 
calculations including MP2 electron correlation 


E,, syn = 6.2 kcalmol- ). 
A niixture of the two diastereoisomers with domi- 


nance of the syn adduct is predicted for the reaction of 
dichlorocyclobutene (Ea. anti - E,, syn = 0.6 kcal mol-', 
Table 3). It should be emphasized that the syn 
transition state (TS) of this latter reaction also appears 
with lower energy than its anti counterpart in minimal 
basis set (HF/STO-3G, Ea, anti = 17.5 and Ea,syn = 
16.0 kcalmol-') and also in MP2 = FULL/3-21G/ 
/HF/3-21G calculations (Ea,anti = 6.2 and 


* A  complete study of these reactions has also been done by 
the use of HF/AMl and HF/STO-3G models; structure and 
energy results are available on request. The MP2 = FULL/ 
3-21G//HF/3-21G total energies of formonitrile oxide, 
norbornene and dichlorocyclobutene are - 167.026960, 
- 270.004303 and - 1067.923594 hartree, respectively. 


(MP2 = FULL/3-2lC/[H*F/3-21G, Ea, anti = 11 a5 and 


E,, syn = 6 - 0  kcalmol-'). Also Chao et have 
recently concluded that the relative energies of compet- 
ing TSs in Diels-Alder reactions are insensitive to basis 
set and to inclusion of electron correlation while the 
absolute activation energies vary widely with the level 
of ab initio calculations. In contrast, HF/AMl calcu- 
lations predict as highly prevalent the wrong adduct, 
that is, the anti adduct (Ea,,,,,*i= 17 .8  and 
Ea, syn = 20.1 kcal mol-').* 


Details of HF/3-21G geometries (Tables 1 and 2) 
reveal several interesting features. They clearly show 
that all TSs are early in terms of bond breaking and 
bond making. Regarding the timing of bond formation, 
the length of the forming carbon-carbon bond is 
similar to that of the forming carbon-oxygen bond in 
both transition structures of norbornene reaction 
whereas in the dichlorocyclobutene reaction the 
carbon-oxygen bond is significantly shorter than 
the carbon-carbon bond. 


The out-of-plane bending of the olefinic hydrogen (as 
described by 011 and a2, Tables 1 and 2) in the TSs of 
the two dipolarophiles differs considerably, (al  and a2 
are the same angles as used in Refs 1 and 4i for out-of- 
plane bending of the olefinic hydrogens of norbornene. 
Houk et ~ 1 . ~ ~  measure this bending by a different angle: 


and a2 are also a measure of the degree of pyramida- 
lization of C-l and C-2. For a discussion of this pro- 
blem, see Ref. 10.) In fact, with norbornene the syn 
attack by the 1,3-dipole brings about a bending of ihese 
hydrogens which is either sligohtly smaller (by 0.7 for 
0 1 ~ )  or slightly larger (by 2 -2  for az) than that in the 
anti attack, whereas in the reaction of dichlorocyclo- 
butene the out-of-plane bending of the oleofinic hydro- 
gens is always larger in the syn TS (by 2.9 for 011 and 
by 13.0" for the 012) than in the anti TS. In the reaction 
of norbornene the olefinic hydrogen attached to the 
carbon atom involved in formation of a carbon-car- 
bon bond experiences substantially greater bending in 
both TSs than that attached to the carbon 


Sin CY1,Houk = (HI-CI-CZ-C~) X sin(H1--C1--Cz). (YI 
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Table 1 .  Bond lengths (A) ,  bond angles (') and dihedral angles (")" for the HF/3-21G optimized geometries of educts, transition 
structures and products of the reaction of formonitrile oxide with norbornenene 


Educts Transition structures Adducts 


Sun Anti SYn Anti 


1.32 
1.14 
1.29 


180.0 
180.0 
-4.8 
-4 .8  


0.0 


1.36 
1.16 
1.32 
2.29 
2.26 


139.8 
156.6 


-26.1 
- 17.3 


0.9 


103.6 
- 108.8 


1.36 
1-17 
1 *33 
2.24 
2.29 


137.8 
153.7  
26.8 
15 .1  


115.4 
-1 .9  


- 110.9 


1.56 
1 -26 
1.45 
1.50 
1.47 


108.7 
119.5 
- 57.2 
- 50.0 


-2 .0  
- 117'0 


111-4 - 


1-56 
1-26 
I .46 
1.50 
1.46 


108.9 
119.1 
59.8 
57.1 


120.7 
-0.3 


- 119.5 


'al and a2 give the out-of-plane bending of  the olefinic hydrogens H I  and H2. a1 (az) is the difference between 180' and the absolute value of the 
dihedral angle HI-CI-C2-C4 (H2-C2-CI-C3). oil (a>) is given a positive sign when H I  (H2) is bent in a syn direction and a negative sign when 
HI  (H2) is bent in an anti direction with respect to the methano bridge. 


Table 2. Bond lengths (A) ,  bond angles ( O )  and dihedral angles (")" for the HF/3-21G optimized geometries of educts, transition 
structures and products of the reaction of formonitrile oxide with dichlorocyclobutene 


Educts Transition structures Adducts 


Sun Anti sun Anri 


c1-c2 1 . 3 3  1 .38 1.37 1.56 1.56 
C5-N6 1.14 1 . 1 5  1.16 1.26 1.26 
N6-07 1.29 1.32 1.32 1.46 1.46 
c1-cs 2.37 2.29 1 . 5 1  1.50 
c 2 - 0 7  2.01 2.16 1.44 1.45 


CS-N6-07 180.0 141.6 139.7 109.0 109,2 
Hs-cs-N6 180.0 161.0 156.8 119.6 119.3 


011 - 1.9 -26.3 23.4 -58.9 58.6 
012 -1 .9  -31.0 18.0 -61.1 59.1 


p = c4-c1-c2-c3 0.0 2.6 - 2.6 8 . 0  - 10.3 
y1= c5-c1-cz-c4 - 104.7 101.6 - 114.4 112.5 
y2 = o,-c2-cI-c~ 110.7 - 98.2 117.2 - 1 1 3 . 1  


' a l  and a2 give the out-of-plane bending of the olefinic hydrogens H I  and Hz. 01, (az) is the difference between 180° and the absolute value of the 
dihedral angle Hl-CI-C2-C~ (H2-Cz-C1-C3). a l  (a2) is given a positive sign when H I  (H2) is bent in a syn direction and a negative sign when 
H I  (HI) is bent in an ant! direction with respect to the chlorine atoms. 


atom involved in !he formation of ,a carbon-oxygen 
bond (al  = - 26.1 and a2 = - 17.3 for the syn attack 
and a1 = +26*8" and a2 = + 15.1" for the antiattack). 
In the anti TS of the reaction of dichlorocyclobttene, 
once again a1 is higher than a2 ( a l=23*4  and 
a2 = 18.0") !ut in the syn T S  the opposite holds 
(a1 = -26.3 and a ~ =  -31.0 ). 


The 1,3-dipole suffers high bending (by ca +") in all 
TSs. This bending is slightly smaller (by ca 2 ) in the 
TSs of the cyclobutene reaction than in those of the 
norbornene reaction and in the syn than in the anti 


attack (again by ca 2") for both dipolarophiles. Finally, 
the dihedral angles 71 and 72 are larger when formo- 
nitrile oxide attacks the sterically more congested 
face of the dipolarophile, namely the anti face of 
norbornene and the syn face of dichlorocyclobutene, as 
a result of its attempt to keep steric interactions as low 
as possible. 


In order to achieve a deeper insight into the factors 
that control facial selectivity, we carried out an analysis 
of activation energies according to Koga et al. ' (Table 
3). In this analysis deformation energies are provided 
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by the energies required to deform the isolated mol- 
ecules to the geometries they adopt in the transition 
state. The contribution of out-of-plane bending of the 
olefinic hydrogens is given by the difference between the 
energy of the deformed (to TS geometry) dipolarophile 
and that of a dipolarophile in which all the geometrical 
parameters are those of the TS with the exception of 
olefinic hydrogen bending angles. These latter were 
assumed to be thoseoof the dipolarophile equi1ib:ium 
geometry (i.e. - 4 . 8  for norbornene and - 1 - 9  for 
dichlorocyclobutene). Likewise, a bending of the three 
heavy atoms of formonitrile oxide from the linear 
ground state geometry to the transition-state angle 
allowed us to evaluate the role played by this defor- 
mation. The difference between the activation energy 
and the whole deformation energy gives the interaction 
energy which reflects steric and electrostatic interactions 
and stabilization due to incipient bond formation and 
to the consequent electron delocalization between the 
deformed reaction partners. 


The 100% syn selectivity in the reaction of nor- 
bornene with formonitrile oxide clearly appears to be 
primarily dictated by the deformation energy of the 
dipolarophile, and in particular by the easier anti than 
syn deformation of the olefinic hydrogens. This finding 
is in agreement with a similar observation (based on 
HF/3-21G calculations) by Koga et 01. ' for the hydro- 
boration reaction of norbornene and can be traced back 
to the well established ground-state pyramidalization 
of the double bond of norbornene.',4 In fact, very 
recent neutron diffraction data indicate that the anti 
bending of its olefinic hydrogens may be even higher 
than that evaluated by molecular orbital calculations. 4i 


Interestingly, the deformation (in particular the 
bending of its three heavy atoms) energy of formonitrile 


oxide is significantly smaller in the syn than in the anti 
TS and cooperates with the deformation energy of the 
dipolarophile in making the syn attack so highly 
favoured. In fact, deformation energies as a whole 
strongly overcome the interaction energy which stabil- 
izes the anti TS more than its syn counterpart. 


In contrast, in the reaction of dichlorocyclobutene 
the stabilizing interaction energy favours the syn over 
the anti attack. Moreover, while the deformation 
energy of the 1,3-dipole is smaller in the syn than in the 
anti TS (as the norbornene reaction), the opposite is 
true not only for the whole deformation energy of 
cyclobutene but also for the out-of-plane bending of the 
olefinic hydrogens. At first sight the latter observation 
is surprising in the light of the fact that in the ground 
state of dichlorocyclobutene the olefinic hydrogens are 
already bent in the anti direction (by - 1.9"). How- 
ever, we feel that all these observations can be consist- 
ently explained. In the syn attack cyclobutene prefers to 
deform in order to reduce steric interactions and to 
achieve a much higher pyramidalization of the double 
bond carbon atoms than in the anti attack. This will 
cost a relatively small amount of energy as a conse- 
quence of the easier anti than syn deformability of the 
olefinic hydrogen atomsSd and will result in a higher 
interaction energy (stabilizing) in the former than in the 
latter TS. Moreover, as a result of the larger pyramidal- 
ization of the dipolarophile this higher interaction in 
the syn attack can be achieved with a smaller 1,3-dipole 
deformation compared with that in the anti attack. 


Our results clearly show that the inherent facial bias 
of a double bond is reflected, in the diastereoisomeric 
transition states of its 1,3-dipolar cycloadditions, in a 
complex way in the deformation energy of both the 
partner reagents and in the interaction energy between 


Table 3. Deformation and interaction energy contribution to activation energy (kcal m01-l)~ of syn and anti transition structures 
(HF/3-21G//HF/3-21C)b 


Parameter Norbornene Dichlorocyclobutene 


SY n Anti Svn Anri 
- 


Deformation energy (dipolarophile 
Deformation energy (1.3-dipole) 
t: (Deformation energies) 
Out-of-plane bending (olefinic hydrogens) 
Bending of the CNO moiety 
Interaction energy 
Activation energy' 
Heat of reaction (adducts) 


4 .4  
23.7 
28.1 


3.0 
24.9 


- 6 . 9  
21.2 


-72.3 


9 . 3  
26.4 
35.7 
6.7 


27.5 
-8.5 - 


27.3 
--70*0 - 


10.0 
20.9 
31.0 
6.4 


22.5 
10.0 
21.0 
66.5 


6.5 
24.0 
30.6 
4.8 


25.1 
- 9.0 
21.6 


-69.5 


I kcal= 4.184 kJ. 
hThe  total energies of formonitrile oxide, norbornene and dichlorocyclobutene are - 166.678766, - 269,369086 and - 1067.462186 hartree, 
respectively. 
' The activation energies for the two syn attacks are virtually identical, wggesting that norbornene and dichlorocyclobutene should exhibit very Fimilar 
reaclion rates in their reactions wirh nitrile oxides. Unfortunately. experimental evidence on  this point is lacking. 
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them. The reacting system finds its way to TSs through 
a delicate balance of energy gains and energy losses 
which is not easily predictable only on the basis of 
calculations on the isolated molecules. 
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KINETIC PROBE TO STUDY THE STRUCTURAL BEHAVIOUR OF 


INORGANIC AND ORGANIC SALTS ON THE KINETICS AND 
MECHANISM OF INTRAMOLECULAR GENERAL 


SALICYLATE 


MIXED AQUEOUS-ORGANIC SOLVENTS. EFFECTS OF 


BASE-CATALYSED METHANOLYSIS OF IONIZED PHENYL 


M. NIYAZ KHAN* AND A. A. AUDU 
Department of Chemistry, Bayero University, P.  M.  B. 3011, Kano, Nigeria 


The effects of inorganic and organic salts on the rates of methanolysis of ionized phenyl salicylate, PS-, were 
studied at 30 OC in H20-MeOH solvents. The observed pseudo-first-order rate constants, k&, for methanolysis of 
PS- represent a non-linear increase with increase in methanol contents in mixed H20-MeOH solvents. The observed 
data are explained in terms of the proposal that methanol molecules exist in monomeric, dimeric and in general 
polymeric forms in HzO-MeOH solvents. The rate constants, kobs, at alkanol [ROH (R = Me, HOCHzCH2)] 
contents of cu <55% (v/v), fit the relationship kobr = k [ R o H  1r/(l  + kA [ROH ] T / ( i  + K A  [ROH]),  where k and KA 
represent the nucleophilic second-order rate constant for the reaction of ROH with PS- and the association constant 
for the dimerization of ROH, respectively, and [ROHIr is the total concentration of ROH. The rate constants, k, 
appear to be independent of total concentrations of inorganic salts [MXIT (M = Li, Na, K and X =OH, CI), but 
the values of KA increase with increase in [MXIT and this increase varies in the order Li' > Na' > K + .  The values 
of both k and K A  show a decrease with increase in the total concentrations of organic salts, [%MX] (R = Et, Pr", 
Bu" and X = Br, I). The effects of [MXIT and [%MX]T on kabs versus content of ROH (Yo, v/v) profiles reveal the 
following inferences: (i) in the water-rich region of H20-ROH solvents [at cu < 55% (v/v) ROH] the solvation 
shells of M+ and X- contain preferentially only water molecules whereas in the methanol-rich region [at cu > 55% 
(v/v) ROH] of solvents some cosolvent methanol molecules also enter into these solvation shells; (ii) the solvation 
shells of tetraalkylammonium ions, R4N+, contain some methanol molecules even in the water-rich region of the 
solvents; ( 6 )  Li' cause a methanol structure-making effect whereas Na+ and K +  ions show a methanol structure- 
breaking effect; and (iv) organic cations such as Et4N+, PdN+ and BuSN+ reveal a methanol structure-breaking 
effect through an interaction mechanism different from that operating for Na' and K'. Both k and K A  show 
significant normal deuterium isotope effects in the reactions of MeOH and PS- which indicates the probable 
occurrence of proton transfer in the rate-determining step. 


INTRODUCTION 


The rates of hydrolysis of several organic compounds in 
mixed aqueous-organic solvents have been used to 
study the structural behaviour of mixed aqueous sol- 
vents. ' Shaskus and Haake' have discussed the import- 
ance of such studies. Irwin er aL3 demonstrated the 
occurrence of transesterification of salicylate esters in 
an alkaline alcoholic medium. The rates of alkanolysis 


of ionized phenyl salicylate (PS-) have been shown to 
be increased by ca 106-fold owing to the occurrence of 
intramolecular general base catalysis through an intra- 
molecular intimate ion pair (1) f ~ r m a t i o n . ~  The effi- 
cient transesterification of PS- has been used to study 
the structural behaviours of mixed aqueous-alkanol 
solvents. Such studies led us to propose that alkanols 
exist in polymeric forms of different chain lengths in the 
water-alkanol mixed solvents. However, it is known 


*Author for correspondence, at Jabatan Kimia, Fakulti Sains dan Pengajian Alam Sekitar, Universiti Pertanian Malaysia, 43400 
UPM Serdang, Selangor D.-E. Malyasia. 


0894-3230/92/030129- 13$05 S O  
0 1992 by John Wiley & Sons, Ltd. 


Received 24 June 1991 
Revised 20 August 1991 







130 M. N .  KHAN AND A.  A. AUDU 


0- 


1 - 


x = Pi1 , 
R 


that the mixed aqueous-monohydric alkanol solvents 
[known as typically aqueous (TA) solvents] are 
characteristically different from aqueous-polyhydric 
alkanol solvents [known as typically non-aqueous 
(TNA) solvents. ' Both TA and TNA solvents are gener- 
ally attributed to contain at least two phase transition 
mole fractions (within its range 0-1) where the struc- 
tural behaviour of the mixed solvents changes. The 
kinetics of the solvolytic reactions may be considered as 
one of the important tools for diagnosing the structural 
changes of mixed aqueous solvents with change in the 
mole fractions of organic cosolvents. 


Previously, we studied the methanolysis and ethano- 
lysis of PS-  in mixed aqueous solvents where the 
apparent association constants, K A ,  of methanol at 
0.01 and 0.05 M NaOH were determined.6 The effect 
of temperature on K A  for propan-1-01 (Pr"0H) in 
mixed aqueous solvents was also ~ t u d i e d . ~  The change 
in temperature did not appear to change the structural 
behaviour of HZO-Pr"0H solvents. The rates of 
reactions of ethane-1,2-diol with PS- were studied in 
mixed aqueous solvents and the structural behaviour of 
this solvent system (TNA) was found to  be different, 
especially at higher contents of organic cosolvents, 
from that of TA solvents. ' Since the structures of both 
TA and TNA systems are markedly influenced by the 
presence of different cations and we decided 
to study the effects of alkali metal and tetraalkyl- 
ammonium cations on methanolysis of PS- in 
H20-MeOH solvents. The results and their probable 
explanations are described in this paper. 


EXPERIMENTAL 


Materials. Tetraalkylammonium bromide (EhNBr), 
tetra-n-propylammonium bromide (PraNBr) and tetra- 
n-butylammonium bromide (BuaNBr) were obtained 
from Schuchardt. Tetra-n-butylammonium iodide 
(ButNI) was obtained from BDH. All other reagent- 


grade chemicals were obtained from BDH and Aldrich. 
Slightly yellowish PraNBr was crystallized from chloro- 
form and the colourless, fine, needle-like crystals of 
purified PraNBr were used in the kinetic runs. 


Stock solutions of all the organic salts were freshly 
prepared in methanol. Stock solutions of all the inor- 
ganic salts were freshly prepared in glass-distilled water. 
Deuterated methanol (CD3OD) and D2O with minimum 
isotopic purities of 99.0% and 99.7%, respectively, 
were obtained from BDH. Stock solutions of phenyl 
salicylate (PSH) were frequeatly prepared in aceto- 
nitrile and were kept below 0 C. 


Kinetic measurements. The rates of methanolysis of 
ionized phenyl salicylate (PS- ) in mixed H20-MeOH 
solvents were studied by monitoring the appearance of 
the product, phenolate ion, at either 280 or 290nm 
spectrophotometrically. 


The observed first-order rate constants for pH- 
indepenent (i.e. [HO-] range ca 0.005-0.050 M) 
hydrolyses of phenyl and methyl salicylates turned out 
to  be 3-60 x s - '  
( = kobs 3), respectively, a t  30 C and 99% (v/v) HzO. l o  


The value of kobs at  10% (v/v) MeOH (the lowest 
content of methanol attained in the present study) is 
43.6 x s C 1  (Table 1). 


The values of k o b s 2  and k o b s )  at  90% (v/v) H 2 O  


should be slightly lower than the corresponding values 
at 99% (v/v) H2O. These results indicate that 


such conditions kobs  2 + kobs 3 may be neglected com- 
pared with the rate constant (kobs for methanolysis of 
PS- .  It may be noted that kobsI obtained by con- 
sidering k& 2 = k o b s  3 = 0 is only 5% larger than that 
obtained without such a consideration in the methano- 
lysis of PS-  a t  0.05 M NaOH and 10% (v/v) MeOH.6 
These observations revealed that the rate constants for 
hydrolyses of PS- and the transesterified product 
(ionized methyl salicylate) were significantly smaller 
than those for methanolysis of PS- under the present 
experimental conditions. All the kinetic runs were 
carried out for a period of more than seven half-lives of 
the reactions and the observed data obeyed the first- 
order rate law. The details of the data analysis have 
been described elsewhere. lo 


s-l ( =  kop2)  and 1-07 x 


(kobs - kobr 2 - kobs 3)/  (kobs z -k kobs 3 )  2 8 and under 


RESULTS 


Effects of inorganic salts 


The rates of methanolysis of PS- were studied at 30°C, 
0.01 M MOH (with M = Li, Na and K) and with 
methanol contents 10-97% (v/v) in mixed H2O-MeOH 
solvents containing 1% (v/v) MeCN. The reaction rates 
were also studied at different [MCl] ranging from 0.05 
to 0 .13 M in H20-MeOH solvents containing 0-01 M 
MOH. The methanol content of the mixed solvents was 







METHANOLYSIS OF IONIZED PHENYL SALICYLATE 131 


varied from 15 to  90% (vfv) at each [MCl]. The 
observed pseudo-first-order rate constants, kobs, versus 
contents of MeOH ('70, v/v) at a few [MCl] are shown 
graphically in Figure 1. 


The rates of reactions of ethane-1,2-diol with PS- 
were studied at 30 C with ethane-1,2-diol contents 
ranging from 10 to 97% (v/v) in H ~ O - H O C H ~ C H Z O H  
solvents containing 1% (v/v) MeCN and 0.01 M LiOH. 
The results are shown in Figure 2. 


The deuterium isotope effects on rates of methano- 
lysis of PS- wereostudied by carrying out a series of 
kinetic runs at 30 C, 0.01 M NaOH and CD3OD con- 
tents in the range 10-97070 (v/v) in D20-CD3OD sol- 
vents containing 1% (v/v) MeCN. The minimum 
isotopic purity in each kinetic run was ca 98%. The 
results are summarized in Table 1. 


P I  
I .  


2 


1 


Figure 1. Plots showing the dependence of observed rate con- 
stants, k o b s ,  for methanolysis of PS- on the contents of 
methanol in reaction mixtures containing mixed aqueous sol- 
vent, 1% MeCN, 2 x M PS-' and (0) 0.01 M LiOH, 
(A) 0.01 M LiOH +0.13 M LiC1, (0) 0.01 M NaOH, (0) 
0.01 M NaOH + 0.13 M NaCl, (X) 0.01 M KOH and (0 ) 
0.01 M KOH + 0.13 M KCl. The reaction mixture containing 
0.01 M KOH, 0.13~ KCI, 1% MeCN and 90% MeOH 


became a saturated solution, i.e. [K'] T < 0.14 M 


I 


40 80 


HDCH2CH20H/[ Yo, v/v) 


Figure 2. Observed rate constants, kobs, versus content of 
ethane-1,2-diol for the reaction of PS- with ethane-l,2-diol in 
mixed aqueous solvents containing 1% MeCN, 2 x M 


PS- and 0.01 M LiOH 


Effects of organic salts 


The effects of different organic salts such as EtdNBr, 
PrlNBr, BulNBr and BulNI on the rate of methano- 
lysis of PS- were studied at 30°C in mixed 
H20-MeOH solvents containing 0.01 M NaOH and 
1% (v/v) MeCN. The methanol contents in the mixed 
aqueous solvents were varied from 15 to  97% (v/v) at 
0.01 and 0.3 M Et4NBr and PrlNBr and from 15 to 
90% (v/v) at 0.07-0*24 M E t N B r  and PrlNBr. Simi- 
larly, the methanol contents were varied from 15 to 
97% (v/v) at GO007 M BuiNBr and BulNI, from 15 to 
90% (v/v) at 0 . 1 2 - 0 . 2 4 ~  BuZNBr, from 25 to  90% 
(v/v) at 0.12-0.18 M BuZNI and from 40 to 90% (v/v) 
at 0.24 M BuZNI. The observed pseudo-first-order rate 
constants, /cobs, for methanolysis of PS- are shown 
graphically in Figure 3 at a few typical concentrations 
of EtdNBr, PrlNBr and Bu"4NBr. We could not carry 
out kinetic runs at 0.12-0.18 M BulNI and 0-24  M 
BulNI in mixed aqueous solvents containing <20 and 
< 35% (v/v) MeOH, respectively, because the reaction 
mixtures became turbid before the addition of required 
amount of PSH. This shows that the solubility of 
BulNI is less than 0-12 and 0-24 M in H20-MeOH 
solvents with MeOH contents of 20 and 30% (v/v), 
respectively. 
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Table I. Deuterium isotope effect on the rate constants, kobr, for methanolysis of ionized phenyl salicylatea 


10 4.36 f O.OSd 4.59e 2.26 f 0.04d 2.56' 1.93 
15 6.45 f 0.03 6.51 3.25 f 0.04 3.70 1.99 
20 8.20 f 0.04 8.24 4.36 _+ 0.05 4.76 1.88 
25 9.93 f 0.08 9.79 5.44 2 0.04 5.74 1.83 
35 13.0 20.1 12.5 6.89 f 0.10 6.67 1.89 
45 14.5 2 0 . 1  14.7 8.16 f 0.07 7.53 1.78 
55 16.2 f 0.1 16.6 9.34 f 0.11 9.11 1.73 
65 18.3 2 0 . 2  18.3 10.7 f 0.1 10.5 1.73 
75 19.7 f 0.1 19.7 11.8 t0.2 11.8 1.67 
85 21.7 2 0 - 2  21.0 12.7 2 0.2 12-9 1.71 
95 21.6 f0.3 22.1 13.7 2 0 . 2  13.9 1.58 
97 21.7 2 0 . 3  - 13.8 2 0 . 3  - 1.57 


[PS-Io = 2 x mol MeCN = I %  (v/v), temperature = 30 OC and [NaOH] = 0.01 mol 
bCosolvent is H20. 
'Cosolvent is DzO. 


'Calculated from equation (6) using the values of k and KA as listed in Table 2. 
Error limits are standard deviations. 


Q 
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MeOH/l % , v/v) 


DISCUSSION 


The observed pseudo-first-order rate constant, k&s, for 
methanolysis of PS- [obtained in H2O-MeOH solvent 
containing 97% (v/v) MeOH, 1% (v/v) MeCN and 
0.01 M NaOH] is nearly 40 times larger than the rate 
constant, ko, for hydrolysis of PS- [obtained in 
H20-MeOH solvent containing 97% (v/v) H20, 1% 
(v/v) MeCN and 0.01 M NaOH). The apparent molar 
concentrations of HzO and MeOH in solvents con- 
taining 97% (v/v) H2O and MeOH are 53.9 and 
23.9 M, respectively. The corrections for the concen- 
tration effect would make the reactivity of MeOH larger 
than that of H2O toward PS- by a factor of more than 
40. 


The rate of hydrolysis of PS- has been shown to 
involve intramolecular general base catalysis in which 
an ionized o-OH group is acting as an intramolecular 
general base The presence of such an 
internal catalysis is shown to increase the rate of hydro- 
lysis of PS- by nearly 106-fold.'3 The more than 40 
times larger value of k& than ko reveals the presence of 
intramolecular general base catalysis in the methano- 
lysis of PS-. We have concluded elsewhere6 that 
methanolysis of PS- at 0-01 M NaOH represents the 


~~ ~~ ~~ 


Figure 3. Plots showing the dependence of observed rate con- 
stants, kobsr on the content of methanol in reaction mixtures 
containing mixed solvent, method-water, 1% MeCN, 
2 x M PS- and 0.01 M NaOH at different [EtrNBr] [(a) 
0.01 M; (a) 0.30 MI, [Pra"NBr] [(m) 0.01 M; ( v ) 0.30 M] 


and [Bua"NBr] [ ( X )  0.005 M; ( 0 ) 0.070 M] 
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region on the pH-rate profile where the rate is indepen- 
dent of [HO-] . Under such experimental conditions, 
the hydrolysis and alkanolysis of phenyl salicylate have 
been shown to involve intramolecular general base cata- 
lysis rather than kinetically indistinguishable intramole- 
cular general acid catalysis. 


A stepwide mechanism as shown in Scheme 1 
involves the formation of the reactive intermediate 2 by 
concerted intramolecular general base (1GB)-catalysed 
nucleophilic attack of ROH at carbonyl carbon of PS- . 
A similar mechanism has been proposed in the hydro- 
lyses of salicylate esters. '' The observed first-order rate 
constants (kobs) for pH-independent hydrolyses of sali- 
cylate esters" at 30°C turned out to be 3.60 x s-' 
for phenyl salicylate, 1-07 x 10-4s-1 for methyl sali- 
cylate, 1.20 x s-' for ethyl salicylate, 1.24 x 


s-' 
for 2-hydroxyethyl saIicylate and 1 *07 x for N, N- 
bis(2-hydroxyethy1)aminoethyl salicylate. Similarly, the 
values of kobs for ethanolysis of methyl3 and pheny16 
salicylates are 1 0 . 0 ~  s-'  (at 37°C and 80% 
ethanol) and 1 2 . 6 ~  10-4s- '  (at 30°C and 96% 
ethanol), respectively. These and other reported 
observations l2  indicate that the rate constants for 
hydrolyses and alkanolyses of alkyl and aryl salicylates 
are not highly sensitive to the pKa of the leaving groups. 
These results, coupled with significant DzO solvent 
isotope effects observed in the hydrolyses of phenyl and 
methyl ~alicylates'~ and methanolysis of PS- (Table l), 
show that the k: step (Scheme 1) cannot be rate 
limiting. It is therefore obvious that the k :  step should 
be the rate limiting. If the k :  step is rate limiting, then 
in terms of kinetic consequence k:  % k'l. It can be 
easily concluded in the following that the requirement 
for k: % k'l is not true for most of the alkyl and aryl 
salicylates. 


According to the principle of microscopic reversibi- 


s-' for 2-ethoxyethyl salicylate, 1.23 x 


lity, the k l  step should involve intramolecular general 
acid (IGA) catalysis because the k :  step involves IGB. 
The occurrence of IGA in the k step is expected to 
increase greatly the apparent leaving ability of the 
leaving group in the k'l step. The rate constants for 
neutral hydrolysis of p-nitrophenyl acetateI5 I and 
phthalamic acidI6 areo 5.5 x lO-'s-' (at 25'C) and 
20-0 x s- '  (at 48 C), respectively. Nearly a lo3 
times larger value of the rate constant for hydrolysis of 
phthalamic acid (with leaving group of pKa 34") com- 
pared with that of p-nitrophenyl acetate (with leaving 
group of pK, 7-14") may be attributed to the occur- 
rence and non-occurrence of IGA in these respective 
reactions. The occurrence of IGA in the k: step is less 
probable, as discussed elsewhere. l3  


An alternative and preferred mechanism for alkano- 
lysis of PS- is shown in Scheme 2.  A similar 
mechanism has been proposed and supported for the 
hydrolysis of PS-. I 3  The highly reactive intermediate 3 
is considered to be an intramolecular intimate ion pair 
which does not involve any solvent molecule between 
positively and negatively charged centres of the charged 
atoms or groups. Although the internal proton transfer 
in the k$ step is extremely fast, the expulsion of the 
leaving group in the k51 step is assumed to be even 
faster than this. The estimated values of the rate con- 
stants for the expulsion of HzO and F3CCH20H from 
4 are lozo and s-', respectively. l 9  It may be noted 
that the stability of a hydrogen-bonded dipolar inter- 
mediate (5) is nearly lo6 times larger than that of 4. 
This could be attributed to the existence of intermole- 
cular hydrogen bonding between 4 and general acid 
(BH). l9 The conversion of the intramolecular intimate 
ion pair (3) to a oxymonoanionic tetrahedral inter- 
mediate (2), involving intramolecular proton transfer, 
is considered to be the rate-determining step. 


Deuterated methanol (CD3OD) appeared to be ca 


0- 
I 


PS- + ROH T 


Pr odu c t s 


Scheme 1 
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5 - 4 - 
R = H ,  


CH2CF3 


BH = General acid 


1 *6-2.0 times less reactive than methanol toward PS- 
under similar experimental conditions. This is consis- 
tent with the proposal that reaction involves proton 
transfer as the rate-determining step. It may be noted 
that the deuterium solvent isotope effect for hydrolysis 
of PS- turned out to be 1 *6, lo which is comparable to 
k$gnoH/k$eoD = 1 a57 at 97% (v/v) CD3OD (Table 1). 


If the reactions between MeOH and PS- follow a 
simple second-order rate law in mixed H20-MeOH sol- 


vents, then the plots of kobs versus content of MeOH 
(To, v/v) should be linear with nearly zero intercepts. 
However, such plots (Figures 1-3) show distinct devi- 
ations from linearity at low [&NX] (with R = Et, Pr" 
and Bun and X = Br) and different [MX] (with M = Li, 
Na, K and X = OH, Cl). Similar observations were pre- 
viously obtained in the reactions of PS- with ethanol,6 
propan-1-01' and ethane-1,2-dioL7 The non-linear plots 
of kobs versus contents of alkanols (Yo, v/v) have been 
attributed to the change in the structural behaviour of 
alkanols with the change in the contents of alkanols in 
the mixed water-alkanol solvents. 


The observed pseudo-first-order rate constants, kobs,  
for the reactions of MeOH, EtOH and H2O are 
225 x s-' [in mixed solvent MeOH-MeCN-HzO 
(96.0:3.2:0-8)], 12.6 x s- '  [in mixed solvent 
EtOH-MeCN-H2O (96.0 : 3 * 2 : 0.8)] and 
5.0 x s-' [in mixed solvent H20-MeCN (96:4)], 
respectively. The second-order rate constants, kz 
( = /cobs/ [ROH] with R = Me, Et, H), turned out to be 
95 x dm3 m o l - ' ~ - ~  for MEOH, 7.7 x dm3 


Y C O O P h  


PSH P S  - 


0 


t PhOH 


Scheme 2 
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mol-' s- '  for EtOH and 0.94 x dm3 mo1-Is-I 
for H20. It is generally believed that H20 is a stronger 
base than MeOH and other alkanols,8 and hence a 
slight difference in nucleophilicity of MeOH and H20 
cannot be ascribed to the larger reactivity of MeOH 
than of H2O toward PS-. The dielectric constants, E ,  of 
MeOH, EtOH, MeCN and H20 at 25OC are 32.7,' 
24-6,' 3 7 ~ 0 ~ '  and 78-3,' respectively, and according to 
the electrostatic theory, a bimolecular reaction 
involving an ionic and a neutral reactant should 
proceed faster in a medium of low dielectric constant. 21 


It is therefore apparent that these observations cannot 
be explained easily only in terms of polarity of the 
reaction medium. 


The mixed aqueous solvents containing methanol as 
cosolvent are characterized as 'typically aqueous' (TA) 
solvents. At very high mole fractions of water, the 
added cosolvent methanol molecules merely fill the 
voids of the three-dimensional structural network of 
water molecules, thereby promoting the intermolecular 
hydrogen bonding between water molecules. This 
process thus exerts a water 'structure-forming' action. 
As the cosolvent methanol is added, its mole fraction 
reaches a particular value, x:, where the added 
methanol molecules become larger than those required 
to fill the voids of the three-dimensional hydrogen- 
bonded network of water molecules. At this particular 
mole fraction x:, the water structure begins to collapse 
and methanol molecules begin to associate themselves 
to form dimer, (MeOH)2, trimer, (MeOH)3, and prob- 
ably polymers of even higher monomeric units. The 
water structure-breaking effect of added cosolvent 
methanol is expected to increase with increasing mole 
fraction of methanol until it becomes a maximum at a 
particular mole fraction, x:*. The two mole fractions, 
xz* and x;*, depend on both the cosolvent and tem- 
perature. At 25 C, the approximate values of x; and 
x;* are 0.09 and 0.20 for ethanol, 0.06 and 0.18 for 
2 propan-2-01 and 0.04 and 0-10 for tert-butyl alcohol, 
respectively. These results reveal that the values of x:* 
for H20-MeOH solvent may be assumed to be cu 
>0-20, i.e. >40% (v/v) MeOH. The presence of 
cationic and anionic solutes is expected to change the 
values of x; and xz** because of the preferential 
involvement of a particular solvent component of 
mixed solvent in the solvation shells of the ions. For 
example, the alkali metal halide salts are preferentially 
solvated by water molecules of TA solvents. 


It is apparent that, in H20-MeOH solvents, the 
methanol molecules exist in monomeric, (MeOH), 
dimeric, (MeOH)2, and in general n-meric, (MeOH),, 
forms. Therefore, the total concentration of methanol, 
[ M e o H l ~ ,  may be given as 


[MeOH] T = [(MeOH)] + [(MeOH)21 


For mathematical simplicity, 22323 we assume that 


+ 1.. + [(MeOH),] (1) 


K I  K2 K3 z Kn=KA, 
where K1, K z ,  K3 and Kn represent first, second, third 
and nth association constants, respectively. By intro- 
ducing the association constant ( K A ) ,  equation (2) may 
be derived from equation (1). 


[MeOH] T = [(MeOH)] [ 1 + KA [ (Me0H)I 
+ K i  [ (MeOH)I2 + ... + K i - '  [(MeOH)] '-'I (2) 


Equation (2) will reduce to equation (3) provided that 
KA[(MeOH)] < 1 if y =  1 + x +  x2+ x3 + ... + x n  and 
x < 1, then mathematically y = (1 - x)-'. 


(3) 
[(MeOH)I [MeOH] T = 


1 - K A [  (MeOH)] 
The rearrangement of equation (3) gives equation (4). 


The alkanolysis of PS- involves intramolecular 
general base catalysis (Scheme 2) and such catalysis 
would be effective only if the nucleophile carries a 
mobile proton at the attacking site. It is therefore 
evident that the methanolysis of PS- involves PS- and 
monomeric methanol molecules as the reactants. The 
hydroxylic proton and lone pair of electrons of the reac- 
tant molecule MeOH should presumably be free from 
hydrogen bonding with water molecules in the solvation 
shell of MeOH. The rate constants (kobs)  for the 
reactions of PS- with methanol, ethanol, propan-1-01 
and propan-2-01 are 225 x 12.6 x 
5-36 x and 0.717 x 10-4s-', respectively6. These 
results show that the alkanolysis of PS- is highly sensi- 
tive to the steric requirements of the alkanols. The steric 
requirements and the probable decrease in the 
nucleophilicity of the nucleophilic site, due to intermo- 
lecular hydrogen bonding, of dimeric or polymeric 
methanol led us to assume that these polymeric 
methanol (or alkanol) molecules do not act as reactants. 


The rate of methanolysis of PS-, r, may be given as 


r = k[PS-]T (Me0H)I ( 5 )  


where k is the nucleophilic second-order rate constant. 
The observed rate law, r = kobs [ PS-] T, and equations 
(4) and ( 5 )  can yield the equation. 


k [MeOH] T 
1 + KA [ MeOH] T 


kobs = 


In comparing the observed rate law with equation ( 5 ) ,  
we have assumed that the rate constant, ko, for water- 
catalysed cleavage of PS- is negligible compared with 
that for methanolysis of PS- under the experimental 
conditions imposed. 


Effects of inorganic salts 
The observed pseudo-first-order rate constants, kobr, 
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were found to fit equation (6) with reasonable statistical 
reliability in H20-MeOH solvents with methanol con- 
tents of cu < 50% (v/v) and in the presence of different 
concentrations of inorganic salts. However, in the pres- 
ence of some inorganic salts, such as NaCl and KCI, the 
observed data appeared to obey equation (6)  until the 
methanol content became cu <8O% (v/v) in 
H20-MeOH solvents. However, the presence of Li' 
ions revealed the effects on the kobs versus @/'o (v/v) 
MeOH profiles distinctly different from those of Na' 
and K+ ions at methanol contents above ca 40-50% 
(v/v) (Figure 1). The non-linear least-squares technique 


was used to calculate k and K A  from equation (6) and 
the results are summarized in Table 2 .  The fitting of the 
observed data to equation (6) is evident from some 
typical plots in Figure 1 and standard deviations associ- 
ated with the calculated parameters k and K A  (Table 2). 


The deuterium isotope effects for the second-order 
rate constant (kCH30H/kCD30D) and association con- 
stant (fiH3OH/fiDJoD) turned out to be 1.9 and 1.6, 
respectively. The significant kinetic deuterium isotope 
effect (1 '9) reveals the significance of proton transfer in 
the transition state which is consistent with the 
mechanism shown in Scheme 2.  However, the value of 


Table 2. Values of k and K A  calculated from equation (6)a 


[Salt] T 10% 1 0 ' ~ ~  ROH range 
Alkali Salt (M) (dm3 mol- '  s - I )  (dm3 mol I )  ( 7 0 ,  v l v ,  No. of runs 


LiOH 
Licl 


NaOH' 


NaCI' 


KOH* 
KCI 


NaOH' EtaNBr 


Pr2NBr 


0.05 
0.09 
0.13 


0.05 
0.09 
0.13 


0.05 
0.09 
0.13 
0.01 
0.07 
0.12 
0.18 
0.24 


0.30 


0.01 
0.07 
0.12 


0.18 


0.24 


0.30 


2.30 2 0.09' 
2.40 ? 0.25 
2.61 -t 0.41 
2.66 ? 0.54 
1.53 t 0.05 
2.16 ? 0.10 
2.10 2 0.07 
1.12 2 0.05 
2.19 2 0.12 
2 .27?  0.11 
2.48 2 0. I S  
2.01 2 0.04 
2.24 ? 0.05 
2.27 2 0.09 
2.40 2 0.10 
2.29 2 0.49 
2.30 2 0.08 
1.96 ? 0.11 
1.65 t 0.09 
1.64 2 0.09 
1.47 t 0.02h 
1.58 ? 0.02h 
1.19 2 0.06 
1.06 ? 0.01 
1.10 2 0.02h 
2 . 4 4 %  0.18 
2.12 2 0.12 
1.70 2 0.06 
1.56 % 0.0Ih 
1.61 ? 0.02h 
1.58 k 0.08 


1.61 ? 0-02h 
1.48 ? 0.05 


1.57 2 0.02h 


1.59 % 0.02h 
1.57 2 0.02h 
1.37 2 0.24 
1.28 2 0.02h 
1.26 k O.OSh 


87.6 2 7.8' 
144 2 30 
199 f 55 
252 2 81 
79-5 2 6.5 
58.1 2 7.0 
52.6 2 0.04 
33.0 rf: 4.7 
64.5 2 8.3 
71.3 -c 7 - 5  
98.9 2 11.6 
42.7 t 3.1 
61.3 2 3.5 
72-7 f 6.1 
86.5 t 7.2  
79.3 2 4 1 . 6  
47.2 f 5.2 
29.6 2 7.8 
17.5 t 6.3 
4 . 4 2 2  5.75 


7 . 1 0 2  4.80 


54.9 t 12.4 
25.4 2 7.4 


5.47 C 3.64 


-1 .8  2 5.1 


-5.5 f 3.1 


9.3 C 19.4 


10-55 
15-40 
15-40 
15-40 
10-55* 
10-55 
10-95 
10-95' 
15-70 
15-70 
15-70 
10-55 
15-70 
15-70 
15-70 
15-50 
15-50 
15-50 
15-50 
15-50 
15-90 
15-50 
15-60 
15-97 
15-60 
15-50 
15-50 
15-50 
15-90 
15-50 
15-50 
15-90 
15-50 
15-50 
15-90 
15-50 
15-50 
15-97 
15-50 


7 
5 
5 
5 
7 
7 


12 
12 
8 
8 
8 
7 
8 
8 
8 
6 
6 
6 
6 
6 


10 
6 
7 


11  
7 
6 
6 
6 


10 
6 
6 


10 
6 
6 


10 
6 
6 


11 
6 


Continued 
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Table 2. (continued) 


[Saltl-r 103k 1 0 ' ~ ~  ROH range 
Alkali Salt (MI (dm3 mo1-l s - ' )  (dm' mol- I )  (@k V f V f  No. of runs 


BuZNBr 0.005 2.35 f 0.14 54.6 f 9.9 15-50 6 
0.010 2.09 f 0.18 35.5 f 11.7 15-55 7 
0.030 1.98 t 0.20 30.2 f 12.2 15-55 5 
0.050 1.86 f 0.03 18.5 f 1.9 15-55 5 
0.070 1.78 f 0.10 17.6 f 6-1  15-55 5 


1.39 f 0-02h 15-97 10 
1.49 f 0.04h 15-55 5 


0.120 1.41 f 0.07 0.9 f 5.2 15-50 6 
1.28 ? 0.03h 15-90 10 
1.40 f 0.02h 15-50 6 


0.180 1.28 _+ 0.06 1.4 f 4.5 15-50 6 
1 . 2 4 f  O*Olh 15-90 10 
1.27 f O.Olh 15-50 6 


0.240 1 .1Of  0.03 -16.6 f 2 15-50 6 
1.34 f 0-02h 15-90 10 
1.30 f 0.03h 15-50 6 


BuaNl 0.005 2.13 f 0.21 55.4 2 16.7 15-50 6 
0.010 2.48 f 0.15 44.1 + 9.0 15-55 7 
0.070 1.67 ? 0.06 7.0 f 3.9 15-55 7 


1-41 f 0-03h 15-97 12 
1-56 ? 0-02h 15-55 7 


0.120 1.50 ? 0.09 12.1 f 6.0 25-60 5 
1.28 t 0.02h 25-90 8 
1.31 f 0*03h 25-60 5 


0.180 1.43 f 0.09 7.0 + 4.0 25-90 8 
1.28 f 0.02h 25-90 8 
1.31 f O.OSh 25-60 5 


0.240 1 . 1 8 f  0.02 40-90 6 


* [ P S I 0  = 2 x 


'Error limits are standard deviations. 


M ,  MeCN = 1% (v/v), temperature = 30 ''2. 
[LiOH] = 0.01 M .  


Organic cosolvent is HOCHzCHzOH. 
[NaOH] = 0.01 M .  


[KOH] = 0.01 M .  


' Mixed solvent is D~O-CDIOD. 


hCalculated from equation (7) as described in the text. 
'The observed data could not be fitted to equation (6)  


~ H 3 0 H / ~ D 3 0 D  of 1-6  is surprising for the reason 
that O-D...O bonding of the dimer (CD,OD)2 is pre- 
sumably stronger than the 0-H---O bonding of 
(CHKWz.  


The following information from Table 2 may be con- 
sidered to be noteworthy. (i) The presence of the same 
amount of Li+, Na+ and K +  causes an increase in the 
magnitudes of K A  in the order Li+ > Na+ 2 K - .  (ii) An 
increase in the concentrations of inorganic cations (Li' , 
Na+ and K + )  increases the values of KA. Such an 
increase is greater for Li+ than for Na+ or K+. (iii) The 
nature and the concentrations of inorganic salts do not 
appear to have detectable effects on the values of the 
rate constants, k. 


The effects of the concentrations and nature of inor- 
ganic cations on KA may be explained in terms of a pro- 
posal that the solvation shells of these cations are 


preferentially occupied by only water molecules in the 
water-rich region [i.e. H2O contents of ca 245% 
(vfv)] . Because of the high ionic surface charge density 
of Li+, these ions form firm and tight solvation shells 
in which solvent molecules are highly structured. This 
characteristic makes Li+ ions 'water structure-forming' 
agents.24 Larger cations, such as K + ,  with low ionic 
surface charge density, form flexible solvation shells in 
which solvent molecules are loosely bound and thus 
become less structured compared with the solvent mol- 
ecules in the absence of such ions. Such behaviour 
makes these ions 'water structure-breaking' agents. 24 


When the inorganic cations and anions are added to the 
H20-MeOH solvents [with MeOH contents < 55% 
(v/v)] , some of the water molecules which are respon- 
sible for the depolymerization of the polymeric 
methanol structure are trapped by the solvation shells 
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of these ions. Hence the presence of these ions causes 
an increase in the degree of association of methanol 
molecules. This shows that the values of K A  should 
increase with increase in the concentration of inorganic 
salt. The plots in Figure 4 confirm such conclusion. It 
may be concluded that, although the solvation shells of 
the ions of the inorganic salts d o  not seem to involve the 
methanol molecules in H20-MeOH solvents with HzO 
contents of cu 245% (v/v), the secondary effects of 
Na' and K+ are methanol structure-breaking and that 
of Li' is methanol structure-forming. 


When the content of methanol becomes larger than 
cu 50% (v/v), the rate constants, k&s, d o  not appear to  
obey equation (6). They show a slow increase and 
decrease with increase in methanol contents for KCI 
and LiCI, respectively, a t  0.13 M alkali metal salt con- 
centration (Figure 1). However, the rate constants, k&, 
become independent of methanol content at 2 6 0 %  
(v/v) MeOH at 0.13 M NaCl (Figure 1). Such distinct 
changes in the kobs versus 'To (v/v) methanol profiles 


0-05 0.10 


Figure 4. (a) Plots of KA versus [ R ~ N X I T  for (A) R = Et and 
X = Br, (E) R = Pr" and X = Br, (0) R = Bun and X = Br 
and (X )  R = Bun and X = 1. (b) Plots of K A  versus [MCIIT for 


M = (0) Li, (A) Na and (X) K 


occur at higher methanol contents in the presence of 
0.01 M alkali metal salts (Figure 1). Deviations of the 
observed data from equation (6) have been found in the 
reactions of PS- with ethanol, 2-ethoxyethanol' and 
propan-1-o14 in the presence of Na' and KC ions. These 
observations may be explained by proposing that in the 
alkanol-rich region of water-alkanol solvents, some of 
the alkanol molecules also enter into the solvation shells 
of the alkali metal cations and anions. This occurs 
owing to  a decrease in the concentration of water with 
increase in the concentration of cosolvent alkanol. 
However, the solvation shells of alkali metal cations 
and anions are expected to  contain a larger number of 
water molecules than cosolvent alkanol molecules. 
Hence, under such conditions, the alkali metal salts 
begin to  affect directly the structural network of cosol- 
vent alkanol molecules. Potassium and perhaps sodium 
ions seem to be 'methanol structure-breaking' cations 
whereas lithium ions are 'methanol structure-forming' 
cations. 


At a fixed content of methanol, the increase in the 


20 


c 


% n 
0 x 


m 
0 0  


1 1 


0.05 3.10 


/ 
IMCIlT/M 


Figure 5. Plots showing the dependence of kob\ (for methano- 
lysis of P S  ) on [ M c l ] ~  with M = Li or  Na, in mixed 
methanol-water solvents containing 0.01 M LiOH or 0.01 M 


NaOH at contents of methanol of (0) 15%, (A) 50%, (D) 
70% and (X )  90% 
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concentration of alkali metal salts would decrease 
the concentration of free water molecules because of 
the preferential incorporation of water molecules in the 
solvation shells of alkali metal cations and anions. The 
free water molecules presumably solvate the monomeric 
and polymeric methanol molecules. Hence the decrease 
in the concentration of free water molecules would 
cause a decrease in [(MeOH)] and consequently a 
decrease in the rate of methanolysis of PS-. Such an 
effect is evident from the plots in Figures 5 and 6. These 
plots indicate that the decrease in kobs with increase in 
[MCI] (with M = Li, Na and K) is more pronounced for 
MX = LiCI than for MX = NaCl or KCI. This is con- 
ceivable for the reason that because of the 'methanol 
structure-breaking' characteristics of K+ and Na+ ions, 
these ions increase [(MeOH)] with increase in [KCl] or 
[NaCl] . Hence the presence of different concentrations 
of KCl or NaCl in Hz0-MeOH solvents has two 


c r .a 
0 


x 
N e 


0.05 2-10 


i 
! KCL IT/ M 


Figure 6. Observed rate constants, /cobs, versus [ K C ~ J T  for 
methanolysis of PS- in mixed methanol-water solvents con- 
taining 0.01 M KOH at contents of methanol of (@) 15%, 


(A) SO%, (E l )  70% and (X) 90% 


opposing effects on the change in [(MeOH)] and hence 
the effects of changes in [KCl] or [NaCl] on kobs are 
not significantly large. Lithium ions, on the other hand, 
are 'methanol structure-forming' agents and hence an 
increase in [LiCl] causes a decrease in [(MeOH)] . For 
this reason, the rate constants, kobs, show a relatively 
large decrease with increase in [LiCll . 


Effects of organic salts 


The observed rate constants, kobs, obtained for the 
reactions of MeOH with PS- in H2O-MeOH solvents 
containing different concentrations of tetraalkyl- 
ammonium salts, %NX, and with methanol contents of 
< 55% (v/v) were treated with equation (6). The calcu- 
lated values of k and KA are summarized in Table 2. 
These results reveal the following interesting features. 
(i) The magnitudes of KA decrease with increase in 
[&NX] for R = Et, Pr" and Bu" with X = Br and for 
R = B u "  with X = I  (Figure4). (ii) The decreasing 
effects of [%NX] on K A  increase in the order 
R = Bu" > Pr" > Et. (iii) The nucleophilic second- 
order rate constants, k ,  decrease with increase in 
[R4NX] and this effect varies in the order 
R = Bu" > Pr" > Et. These observations may be 
explained as follows. 


Tetraalkylammonium ions, R+ , and monomeric 
methanol molecules are considered to be amphipathic 
molecules. When the tetraalkylammonium salts are 
added to H20-MeOH solvent, the hydrophobic parts 
of both R+ and methanol interact with each other. Such 
a hydrophobic-hydrophobic interaction is energetically 
favourable in terms of overall entropy gain by the 
system, which results in the release of some water mol- 
e c u l e ~ ~ ~  from the hydration shells of the interacting 
hydrophobic sites of %N+ and MeOH. These liberated 
water molecules depolymerize the polymeric methanol 
molecules and hence cause a decrease in the values of 
KA.  The energetically favourable hydrophobic interac- 
tion between MeOH and %N+ is expected to increase 
in the order for R = B u " >  Pr" > E t ,  and this is 
reflected in the inference (ii) mentioned above. It may 
be worth mentioning that the direct hydrophobic inter- 
action between &N+ and monomeric methanol would 
cause a decrease in [(MeOH)] . However, at the same 
time, it increases the apparent number of free water 
molecules, which in turn causes an increase in 
[(MeOH)] . Hence the partial effect of the presence of 
R4N' on rate of methanolysis of PS- is expected to be 
due to the net change (either decrease or increase) in 
[(MeOH)] brought about by these opposing effects of 
the hydrophobic interaction. 


As suggested in Scheme 2, the charges on the tran- 
sient intermediate 3 and consequently on the transition 
state are assumed to be more localized than that on 
ground state PS-. The decrease in the apparent polarity 
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of the interacting molecules of comparable hydro- 
phobic surface areas increases the hydrophobic inter- 
action. Hence the ground-state PS- molecule is 
expected to interact hydrophobically with %N+ more 
strongly than the transition state and consequently it 
should slow the rate of methanolysis. These conclusions 
reveal that the rate-retarding effects of %N+ would 
vary in the order R = Bu" > Pr" > Et. The calculated 
values of k (Table 2) confirm these conclusions. The 
greater stabilization of the ground state than the tran- 
sition state due to hydrophobic interaction has been 
concluded to be the source of the twofold decrease 
in the rate of the intramolecular carboxyl-catalysed 
hydrolysis of 2-carboxy-N-methyl-N-phenylethane- 
sulphonamide in the presence of 0.8 mol per 5 5 . 5  mol 


It is evident from Table 2 that the values of K A  are 
not statistically different from zero at ca 20.24 M 
Et4NBr, 30.12 M Pr/NBr and Bu/NBr and 20.07 M 
Bu:NI. This implies that, under these conditions, 
K A  [MeOH] T 4 1 and hence equation (6)  is reduced to 


kobs = k [MeOH] T 


The observed data were also treated with equation (7) 
and the calculated values of k are summarized in 
Table 2. 


Above a methanol content of ca 55% (v/v), the 
observed data as shown in Figure 3 at a few [%NX] do 
not seem to obey equation (6) .  These observations may 
be explained as follows. As explained earlier, the hydro- 
phobic interaction between &N+ and MeOH is ener- 
getically favourable owing to entropy gain through the 
release of solvent water molecules from the interacting 
hydrophobic hydration shells. The ratio of the concen- 
trations of these liberated water molecules to those of 
added water molecules increases with decrease in the 
water content in H20-MeOH solvents at a constant 
[hNX] .  Hence the effect of these liberated water mol- 
ecules on the methanol structure is expected to be 
smaller in water-rich regions [i.e. methanol contents of 
ca 6 5 5 %  (v/v) of H20-MeOH solvents. It appears 
that above a methanol content of cu 55% (v/v), the 
hydrophobic interaction causes the release of water 
molecules whose concentration becomes sufficiently 
large to show a more effective depofymerizing effect on 
methanol structure and consequently the rate constants, 
kobs, begin to deviate positively from the plot based on 
equation (6) .  


An increase in [%NX] decreases both k and K A  
(Table2) and equation (6) shows that, at a fixed 
[MeOH] T, the observed rate constants, kobs should 
decrease and increase owing to decreases in k and KA, 
respectively. Hence the increase in [RdNX] should 
reflect both increasing and decreasing effects on kobs. 
The plots in Figures 7 and 8 presumably represent the 
opposing effects of [%NXl on kobs. 


Aqueous mixtures of ethane-l,2-diol represent the so- 


of 


(7) 


2 


4 


I 1 


0.1 0.2 0.3 


RLN13rl T/K 


Figure 7. Plots showing the dependence of /cobs on [R4NBr]~ 
with R = Et or Pr", in mixed methanol-water solvents con- 
taining 0.01 M NaOH at contents of methanol of (0) 15%, 


(A) 50%, (0) 70% and ( X )  90% 


called 'typically non-aqueous' (TNA) solvents. 
Although TA and TNA solvents generally show some 
characteristically different solution properties, the plot 
of kobs versus contents of ethane-l,a-diol at 0.01 M 
LiOH (Figure 2) has a shape similar to those obtained 
for H20-MeOH and H z O - C ~ H ~ O H ~ ~  (TA solvents) 
under similar experimental conditions (Figure 1 ) .  How- 
ever, such plots obtained at high contents of organic 
cosolvents in the presence of 0-01 M NaOH and 0.01 M 
KOH for H20-HOCH2CH20H7 are distinctly 
different from the corresponding plots obtained for 
H20-C2H50H, 23 H20-C2H50CH&H20H7 and 
H20-MeOH under similar experimental conditions. 
The observed rate constants, kobr, obeyed equation (6)  
at ethane-1,2-diol contents of < 5 5 %  (v/v). The calcu- 
lated values of k and KA are shown in Table 2. The 
values of k and K A  are comparable with the corre- 
sponding values of 1 . 5 2 ~  dm3 mol-' s- '  and 
8 8 . 4 ~  dm3 mol-' at 0.01 M NaOH and 
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Figure 8. Plots showing the dependence of kabs on [R~NXIT 
with R = Bun and X = Br or I, in mixed methanol-water sol- 
vents containing 0.01 M NaOH at contents of methanol of 


(0) 15%, (A) 5070, (0) 70% and ( X )  90% 


1.53 x dm3 mol-' s- '  and 8 4 . 9 ~  dm3 
mol-' at 0.01 M KOH.' However, the change from 
0.01 M KOH to 0.01 M LiOH has caused an increase 
of nearly 2-fold in K A  for MeOH in H20-MeOH sol- 
vents (Table 2). Similarly, the change from 0.01 M 
NaOH to 0.01 M LiOH appeared to increase KA by cu 
1.5- and 1.3-fold for H20-MeOH (Table 2) and 
H~O-C~HSOH 7p23 solvents, respectively. Thus, 
although the shapes of the plots of kobs versus contents 
of organic cosolvents appear to be same in water-rich 
regions 1i.e. at H2O contents of 250% (v/v)] in both 
TA (H20-MeOH and H~O-CZH~OH) and TNA 
(H~O-HOCH~CHZOH) solvents, the values of K A  
appear to be changed and unchanged for ROH in TA 
and HOCHzCHzOH in TNA solvents, respectively, 
with change from 0.01 M LiOH to 0-01 M NaOH or 
KOH. 
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OXIDATION OF INDOLE BY 
N-SODIO-N-CHLOROBENZENESULPHONAMIDE 


(CHLORAMINE-B) IN ALKALINE MEDIUM CATALYSED BY 
Os(VII1): A KINETIC AND MECHANISTIC STUDY 


B. M. VENKATESHA, s. ANANDA AND D. s. MAHADEVAPPA* 
Department of Studies in Chemistry, University of Mysore, Manasagangolhri, Mysore-57OOO6, India 


The kinetics of oxidation of indole (In) and 5-substituted indoles (OCHs, Br and Cl) by chloramine-B (CAB) were 
studied in alkaline medium with Os(VII1) as catalyst at 303 K. At low [Inlo the rate law 
rate= k [CAB] [Os(VIII)] [ In lo  is obeyed, which changes to rate= k[CAB] [Os(VIII)] [OH- ] -' at higher 
substrate concentrations. Variation of ionic strength has no effect on the rate and the dielectric effect is negative. The 
reaction was studied at  different temperatures and activation parameters were evaluated. Hammett correlation of 
substituent effects indicated a linear free energy relationship with p +  = -1.0, showing the formation of an electron- 
deficient transition state. From enthalpy-entropy relationships and Exner correlations, the isokinetic temperature @ 
was found to be 330 K, indicating enthalpy as a controlling factor. The mechanism assumes the formation of a 
complex between oxidant and Os(VII1) at high and low [Inlo. Proton inventory studies in HzO-DzO mixtures 
showed the involvement of a single exchangeable proton of OH- ion in the transition state. 


INTRODUCTION 


A metabolic oxidation study of indole to indoxyl was 
attempted by Laroche and Desbordes' and indole was 
oxidized by sodium perborate in the presence of acetone 
and methyl paraoxane as promoter.' However, very 
few kinetic investigations of indole oxidations have 
been attempted. The present studies were undertaken 
to investigate the kinetic aspects of the oxidation of 
indole and 5-substituted indoles by N-metallo-N- 
haloarylsulphonamides. Mechanistic studies of the 
oxidation of diverse organic substrates by these organic 
haloamines have been reported previously, 3 - s  but 
reports on the oxidation of heterocyclic compounds by 
organic haloamines are scanty. We now report a 
detailed investigation of the kinetics of oxidation of 
indole (In), 5-methoxyindole (5-MI), 5-bromoindole 
(5-BI) and 5-chloroindole (5-CI) by chloramine-B 
(C6H5S02NClNa- 1.5Hz0; CAB) in the presence of 
alkali and osmium tetroxide as catalyst at 303 K in 
10% aqueous methanol. Hammett linear free energy 
and isokinetic relationships were observed during the 
course of these investigations. Substituent effects at the 
indole 5-position were studied as this is the recognized 
reactive site in the ring system. 


*Author for correspondence. 


EXPERIMENTAL 


Chloramine-B was prepared by passing chlorine 
through a solution of benzenesulphonamide in 4.0 mol 
dm-3 NaOH for 1 h at 343 K. The product was col- 
lecte9, dried and recrystallized from water; it had m.p. 
170 C with decomposition. The purity was checked by 
iodimetric titration and 'H and 13C NMR spectros- 
copy. An aqueous solution of CAB was standardized 
iodimetrically and stored in brown bottles to prevent its 
photochemical deterioration. 


Indole (Loba Chemie), 5-methoxyindole, 5 -  
bromoindole and 5-chloroindole (Aldrich) were of 
accepted grades of purity and were used as received. 
Solutions of the compounds were prepared in 10% (vlv) 
methanol. Osmium tetroxide (Johnson Matthey, 
London) was prepared in 0.02 mol dm-3 NaOH. All 
other reagents used were of analytical grade. Doubly 
distilled water was employed in the preparation of 
aqueous solutions. The ionic strength of the system was 
maintained at a constant high value ( p  = 0.5 moldm-3) 
using a concentrated solution of sodium perchlorate. 
Solvent isotope studies were made with DzO (99.4%) 
supplied by the Bhabha Atomic Research Centre 
(Born bay). 


Regression analysis of experimental data was carried 
out on an EC-72 statistical calculator to obtain the 
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regression coefficient r and standard deviation s of the 
points from the regression line. 


Kinetic measurements. The reaction was carried out 
in glass-stoppered Pyrex boiling tubes whose outer 
surface was coated black to eliminate photochemical 
effects. For each run, appropriate amounts of solutions 
of NaOH, NaC104, 0 ~ 0 4 ,  water and methanol (to 
maintain the total volume constant and 10% methanol 
medium throughout) were added to the tube. Indole 
and CAB solutions pre-equilibrated separately at 303 K 
were added successively to the reaction mixture to 
initiate the reaction. The course of the reaction was fol- 
lowed by iodimetric determination of unreacted CAB 
presented in measured aliquots of the reaction mixture 
withdrawn at different intervals of time. The reaction 
was studied for two half-lives. The pseudo-first-order 
rate constants (k ' )  calculated were reproducible to 
within 3%. 


Stoichiometry. Various ratios of indole and oxidant 
were equilibrated in the presence of NaOH and OsO4 in 
10% methanol for 24 h (303 K) under the condition 
[CAB] P [indole]. Determination of unreacted CAB in 
reaction mixture showed that 1 mol of indole consumed 
1 mol of CAB, conforming to the following 
stoichiometry : 


PhSOzNClNa + XC8H6N + H2O -* 
PhSOzNH2 + XCsH6NO + Na' + c1- (1) 


where X = H ,  OCH3, Br and C1 for indole, 5-  
methoxyindole, 5-bromoindole and 5-chloroindole, 
respectively. 


Product analysis. The reaction mixture was made 
slightly acidic by adding dilute HCl and was diluted 
with water, PhS02NH2 being precipitated in bulk. The 
remaining PhS02NH2 in the reaction mixture was 
salted out. The reaction mixture was then extracted 
with chloroform and the chloroform layer was evapor- 
ated to dryness to give a brown solid residue. The 
residue was subjected to column chromatography on 
silica gel (60-200 mesh) using gradient elution 
(dichloromethane to acetone). After initial separation, 
the reaction products were further purified by recrystal- 
lization and were characterized by 'H NMR spectros- 
copy and identified by comparison with commercially 
available samples. 


Oxindole. Recrystallized from dichloromethane- 
petroleum etter, m.p. 118-120 "C (known 
m.p. = 125-127 C). RF value 0-13, determined by 
thin-layer chromatography (TLC) (CHzC12). IR (KBr); 
3217 (N-H stretch), 3070 and 3032 (aromatic C-H 
stretch), 2925 (aliphatic C-H stretch), 1701 (C=O 
stretch), 1619 (C=O stretch), 1473, 1333, 1234, 749, 
674 and 552 cm-'. 'H NMR (CDCl3): 7.22-6.83 (m, 


4H, aromatic CH), 3.54 (s, 3H, aliphatic CH), 1 *71 (s, 
1 H, NH). Gas chromatography-mass spectrometry: 
m/z 133 (M+), 104 (MC - CHO), 78 (M+ - CzHNO), 
77 (M+ - CZH~NO), 51, 36. 


Benzenesulphonarnide. Benzenesulphonamide 
(PhS02NH2 or BSA) was detected by TLC, using light 
petroleum-chloroform-butan-1-01 (2: 2: 1 v/v/v) as the 
solvent and iodine for detection (RF = 0.88). 


RESULTS 


The kinetics of oxidation of indole by CAB were inves- 
tigated for two different ranges of indole concentration 
in 10% methanol medium. Blank experiments with 
methanol, however, showed that there is a slight 
decomposition of the solvent (<2%) under the exper- 
imental conditions used. This was allowed for in the 
calculation of the net reaction rate constant for the 
oxidation of indole: 


(1) low concentration range of indole: 
[indole]~ = 8.0 x 10-4-45-0 x 


(2) high concentration range of indole: 
[indolelo = 50.0 x 10-4-150.0 x 


mol dm-3 


mol dm-3 


Effect of reactants 


The oxidation of indoles with CAB in the presence of 
NaOH and osO4 in 10% methanol obeys pseudo-first- 
order kinetics for at least two half-lives. At constant 
[OH-] and [Os(VIII)] with substrate in excess, plots of 
log [CAB] versus time were linear in both ranges, indi- 
cating a first-order dependence of rate on [CABIo. 
Values of psuedo-first-order rate constants (k ' )  are 
given in Table 1. At low indole concentrations (range 1) 
the rate increases with increase in [indole] 0, levelling off 
at higher [indolelo (range 2). A plot of log k' versus 
log [indole] 0 was linear [r = 0.9994, s < 0.01, 
Figure l(a)J with a slope of unity (Table 1) in range 1. 
The rate is independent of substrate concentration at 
higher [indole] (Table 1). 


Effect of NaOH concentration 


At constant [CAB] 0, [indole] o and [Os(VIII)] the rate 
is independent of [NaOH] (Table 2) at low concen- 
trations of indole, but at higher concentrations of 
indole the rate decreases with increase in [NaOH] 
(Table 2). A plot of log k' versus log [NaOH] was linear 
(r = 0-9975, s < 0.016) with a negative slope of unity, 
indicating an inverse first-order dependence of rate on 
[alkali]. 


Effect of Os(VII1) concentration 


The rate increases with increase in [Os(VIII)] (Table 2) 
in both ranges. A plot of log k' versus log[Os(VIII)] 
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Table 1. Effect of varying reactant concentrations on the ratea 


Low [indole] range 


[CAB] X lo4 [1n]0 x lo4 [ ~ n l o  x lo4 
(mol dm-’) (mol dm--’) k’ x lo5 (s-l) (mol dm-’) k‘ x lo5 ( s -I )  


High [indole] range 


6.0 25.0 12-63 70.0 20-50 
7.0 25.0 11.92 70-0 19.95 
8.0 25.0 12.53 70.0 20.20 
9.0 25.0 12-92 70-0 21 .oo 


10.0 25.0 12.35 70.0 19.88 
12.0 25.0 12.13 70-0 20-00 
8.0 8.0 4.20 (4.00) 30.0 20.65 
8.0 12.0 5.88 (6.01) 50.0 20-71 
8.0 20.0 10.20( 10.02) 80.0 20.11 
8.0 30.0 14.80( 15.03) 90.0 20.22 
8.0 40.0 19.30(20*04) 100.0 20.32 
8.0 45.0 21*15(22.55) 150.0 19.93 
8.0 60.0 21.25(30*07) 
8.0 80.0 21.10(40-09) 


a [NaOH] = 0.002 m ~ l d m - ~ ;  [Os(VIII)] = 15.7 x 
predicted rate constants calculated from equation (1 1). 


m ~ l d r n - ~ ;  @ = 0.50 moldm-’; T =  303 K. Values in parentheses are the 


0.8 1.0 1.2 1.4 1.6 1.8 2.0 


Figure 1. (a) Plot of log k‘ versus log[In]o. [CAB] =O.O008 r n ~ l d m - ~ ;  [NaOH] =0.002 moldm-’; 
[Os(VIII)] = 15.7 x moldm--’; temperature= 303 K;  p = O . 5  moldm-3. ( 0 )  Points on the theoretical curve. (b) Plot of log 


k’  versus log[Os(VIII)]. [Inlo = 0.0025 m ~ l d r n - ~ ;  other conditions as in (a) 
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Table 2. Effect of varying [NaOH] and [Os(VIII)] on the ratea 


k’ x 1 0 5  (s-l) 


[Os(VIII) x 106 
(mol dm-’) (mol dm-’) Low [Inlo range High [ l n ] ~  range 


[NaOH] x lo4 


3.93 
7.86 


11.78 
15.70 
19.62 
23.60 
27.50 
31.40 
15-70 
15.70 
15.70 
15.70 
15.70 
15.70 


20.00 
20.00 
20.00 
20.00 
20.00 
20.00 
20.00 
20.00 


8.00 
10.00 
15.00 
25.00 
30.00 
40.00 


3.09 
6.37 
9.12 


12.50 
15.32 
18.82 
21.55 
24.53 
12.22 
12.50 
12.53 
12.27 
12.10 
12.15 


5 .10  
10.60 


20.20 


28.80 
35.50 


- 
- 


- 
- 


38.05 
26.80 
15-13 
13.18 
- 


a [CAB] =O~OOOE rnoldm-’; [lnl0=0.0025 and 0.007rnoldrn-’ for low and high [indolelo range, 
respectively; T =  303 K; p = 0.5 r n ~ l d r n - ~ .  


was linear [ r =  0.9998, s < 0.01, Figure l(b)] with a 
slope of unity in both ranges. 


Effect of halide ions 


Addition of halide ions such as C1- in the form of NaCl 
and Br- in the form of NaBr had no influence on the 
rate in both ranges. 


Effect of benzenesulphonamide 


Addition of the reaction product, benzene- 
sulphonamide (1 -0 x 10-4-6.0 x mol dm-3) had 
no effect on the rate in both ranges. 


Effect of ionic strength 


Variation of the ionic strength of the medium by adding 
NaC104 (0-005-1 S O  m ~ l d m - ~ )  had no effect on the 
rate in both ranges. 


Effect of temperature on the rate 


The reaction was studied at different temperatures 
(298-313 K) and from the Arrhenius plots ( r  > 0.9998) 
of log k‘ versus 1/ T,  values of the activation parameters 
were calculated in both ranges (Tables 3 and 4). 


Solvent isotope studies 


As a dependence of the rate on hydroxyl ion concentra- 
tion was noted at high concentrations of substrate, 
solvent isotope studies were made using D20 with 
indole as the probe in range 2. The values were 


s-’, leading to a solvent isotope effect, 
kobs(H20)/kobs(DzO) = 2-03, with other conditions 
maintained as in Table I .  Proton inventory studies were 
made in HzO-D20 mixtures with the same probe and 
the results are shown in Table 5. The corresponding 
proton inventory plot for the rate constant k z b s  in a 


(kobs)D20 = 9-95 x lo-’ S - ’  and (kobs)H1O = 20.20 x 


Table 3. Temperature dependence of the oxidation of 5-substituted Indoles by CABa 


k f  x lo5  ( s - I )  


kz = k ’ /  [In] 
Indole 298 K 303 K 306 K 309 K 313 K (dm3 mol-ls-’) 


Indole 7.24 10.50 13.05 16.23 21.00 4.2 x lo-’ 


5-MI 9.33 13.08 15.95 19.00 24,37 5.23 X lo-‘ 
5-BI 3.34 5.48 7.35 9.83 14.00 2.19 x 


(13.80) (20.20) (24.90) (31.05) (40.02) 


5-CI 2.82 4.92 6.70 9.29 13.34 1.96 x lo-’ 


a [CAB] = O.OOO8 r n ~ l d r n - ~ ;  [substratelo = 04025 rnoldm-’; [NaOH] = 0.002 rnoldm-’; [Os(VIII)] = 15.7 x moldm-’; 
p = 0.5  moldm-’. Values in parentheses are rate constants for the high [Inlo range. 
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Table 4. Kinetic and thermodynamic parameters for oxidation of 5-substituted indoles by CAB" 


AH* AS* AG+ E, 
Indole (kJ mol-I) (J K-' mol-') (kJ mol-') (kJ mol-I) 


In 52.7 - 147.3 97.8 55.3 


5-MI 46.9 - 164.6 97.3 49.5 
5-BI 71-8 -89.7 99.2 74.3 
5-CI 78-2 -69.6 99.5 80.7 


'Values in parentheses are the parameters for the high [Inlo range. 


(52.6) ( -  142.2) (96-2) (55.21) 


Table5. Proton inventory studies for indole in H20-D20 
mixtures at 303 K a  


Atom fraction of deuterium (n)  k ! h  x lo4 ( s - I )  


O.Oo0 20.20 
0.248 17.40 
0.497 14.60 
0.745 11-95 
0.947 9.95 


a [CABlo=0.0008 moldm-3; [In]o=O~007moldm-3; 
r = O . S r n ~ l d r n - ~ ;  [NrtOH] =0.002rn0ldm-~; 
[Os(VIII)l = 15.7 x m ~ l d r n - ~ .  


I 8.01 I I I I 1 
0 0.2 0.4 0.6 0.8 1.0 


- n  
Figure 2. Proton inventory plot of kobs versus the deuterium 


atom fraction n in H20-D20 mixtures 


solvent mixture of deuterium atom fraction n is given in 
Figure 2. 


Effect of varying dielectric constant of medium 


Rate studies were made in water-methanol mixtures of 
various compositions. In both ranges the rate decreased 
with increase in methanol content in the reaction 
mixture and a plot of log k' versus 1/D, where D is the 
dielectric constant of the medium, gave a straight line 


with negative slope, supporting a rate-limiting step with 
charge dispersal. 


Test for free radicals 
Addition of the reaction mixture to acrylamide did not 
initiate polymerization, showing the absence of free 
radical species during the reaction sequence in both 
ranges. 


DISCUSSION 


N-Metallo-N-haloarylsulphonamides are mild oxidants 
and the prominent member of this class of compounds 
is chloramine-T, whose properties have been well 
established. N-Chloro-N-sodiobenzenesulphonamide 
(CAB) is similar to chloramine-T and acts as an oxidi- 
zing agent in both acidic and alkaline media. In general, 
CAB undergoes a two-electron change in its reactions, 
the products being benzenesulphonamide (BSA) and 
sodium chloride. The oxidation potential of the 
CAB-BSA system is dependent on the pH of the 
medium (1.14 V at pH 0-65 and 0.5 V at pH 12 for 
chloramine-T). Depending on the pH of the medium, 
CAB furnishes different types of reactive species in sol- 
ution, such as the conjugate acid PhSOZNHCl, the 
dichloramine PhSOzNC12, HOCl and possibly H20Cl' 
in acidic solution. In alkaline medium the expected 
reactive species are PhSOZNHCl, C10- ion and the 
anion PhSOzNCl- itself. 


This potent oxidant is of special interest for reaction 
mechanisms as it behaves as both a chlorinating and an 
oxidizing agent. N-Metallo-N-haloarylsulphonamides 
behave like strong electrolytes in aqueous solution and 
dissociate as shown in equation (2). It has been sug- 
gested that the reactivity of CAB in weakly alkaline sol- 
utions is due to the formation of a more potent oxidant, 
namely the conjugate acid PhSOzNHCl from 
PhSOzNCl- in a base retarding step [equation (3)] ,  
while C10- ion is formed as in equation (4). Therefore, 
the possible oxidant species of CAB in alkaline solution 
are PhSOzNHCl and OC1- in addition to the parent ion 
PhSOzNCl- . 
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PhS02NClNa G PhS02NCl- + Na' (2) 
PhS02NCl- + H2O e PhSOzNHCl + OH- 


PhS02NC1- + HzO G PhSOzNHz + C10- 
(3) 


(4) 


Low concentration range of indole 


Under these conditions, the rate shows a first-order 
dependence each on [CAB] 0, [Os(VIII)] and [indole] o 
and is independent of [NaOH]. Further, the rate 
becomes zero order in substrate at higher [indole] 0. An 
absence of rate retardation by OH- or the reaction 
product benzenesulphonamide indicates that 
PhSOzNHCl or OC1- ion are not the reactive species. 
Hence the anion PhS02NCl- is the most likely oxidi- 
zing species. It has been shown that oso4 is stable as 
OS(VIII)'-~ and exists in the following equilibria in 
alkaline medium: 


oSo4 + OH- + H2O [0~04(OH)H20] - ( 5 )  


[0~04(OH)H20] - + OH- G [0~04(OH)2] '- + H20 


(6) 
Both [Os04(OH)H20] - and [Os04(OH)z] 2 -  possess 
octahedral geometry and they may not be able to form 
effective complexes with the oxidant. It is more realistic 
to postulate 0 ~ 0 4 ,  which possesses tetrahedral 
geometry, as the active species that can effectively form 
the complex with the oxidant species. The results of 
oxidation of indole at low concentration can be 
explained by Scheme 1 


kz  products (''1 X '  + In rate-iimiting s i p  


Scheme 1 


According to Scheme 1, 


rate = k2[X'] [In] 


Assuming a steady state for [X'] , we obtain 
(7) 


d m ' l  - = ki [CAB] [ OS(VIII)] 
dt 


-k - , [X ' ]  -kz[X'I [In] = O  
or 


kl [CAB] [ OS(VIII)] [X'] = 
k-1 + kz[Inl 


Substituting for [X'] in equation (7), we obtain 


(9) 
- d [CAB] k2kl [CAB] [Os(VIII)I [In] - rate = - 


dt k - I  + kz[Inl 


In limiting cases, at low [In] 0, k2 [ In] a k -  I and hence 


rate = k2Kl [CAB] [ Os(VIII)] [In] (10) 


Equation (10) accounts for the observed first order each 
in [CAB], [Os(VIII)] and [indolelo. Equation (10) can 
be transformed into 


kobo := Kik2[Os(VIII)] [In] (11) 


The product k2K1 was calculated from the value of kob\ 
for the standard run ([CAB] = 0.0008 m ~ l d m - ~ ;  
[Inlo = 0.0025 moldm-3; T =  303 K). Using this value 
of k2K1 the predicted rate constants for different indole 
concentrations were obtained from equation (1 1). These 
are given in Table 1 and the corresponding plot is 
shown in Figure 1. 


The most probable structure of X' is shown in 
Scheme 2, where CAB first coordinates with 0 ~ 0 4 .  This 
activates chloramine-B via stabilization of the nitro- 
gen-chlorine bond, which is followed by the rate- 
limiting reaction with the substrate to give products. 


( X i  boil-  


Scheme 2 


Effect of varying dielectric constant of the medium 


The effect of varying solvent composition on the rate of 
reaction has been described in several publications. For 
the limiting case of zero angle of approach between two 
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dipoles or an anion-dipole system, Amis" has shown 
that a plot of log kobs versus 1/D gives a straight line 
with a negative slope for reaction between a negative 
ion and a dipole or between two dipoles, while a posi- 
tive slope indicates a reaction between a positive ion 
and a dipole. Since the dielectric effect is negative in 
the present studies, it supports the interaction of two 
dipoles as in the rate limiting step (ii) of Scheme 1. 


Structure-reactivity correlations 


It was interesting to test for a linear free energy 
relationship in the oxidation of indoles by CAB. A plot 
of log ki (second-order constant kd) versus up par- 
ameters for the ring substituents was made (Figure 3). 
The Hammett were fitted with the 
up = UI + UR- scale (values of UR- are available in the 
literature with the ionizations of anilinium ion in water 
at 25 "C as the basis'*) The value of p+ was found to 
be - 1.00, indicating the formation of an electron- 
deficient transition state. The low sensitivity of ki to 
ring substituents indicates significant bond formation 
between the substrate and the oxidant in the rate- 
limiting step. It can also be seen from Table 3 that the 
rate decreases as the ring substituent becomes more 
electron withdrawing, demonstrating the operation of a 
+ Z effect. 


-1.2 


-1.4 


-(u -L 


-0.4 -0.2 0.0 0.2 0.4 - UP 


Figure 3. Hammett plot of log k ;  versus up 


Isokinetic relationship 


The mechanism is supported by the low enthalpy of 
activation. The value of AS* reflects the formation of 
a more ordered transition state. The activation 
enthalpies and entropies of oxidation of indole, 
5-methylindole, 5-bromoindole and 5-chloroindole are 
linearly related in a plot of AW versus AS* 
(r = 0.9998). From the slope, the calculated value of the 
isokinetic temperature is 330 K. The relationship was 
proved to be genuine through the Exner criterion l3 by 


plotting log ki03 versus log kj13 (r = 0.9995, s = 0.016). 
The value of /3 was calculated from the equation 


where q is the slope of the Exner plot and T2 > TI; /3 
was found to be 330 K. The values of /3 from both the 
calculated plots are higher than the experimental tem- 
perature (303 K), indicating enthalpy as a controlling 
factor in the reaction sequence. 


The linear correlation and constancy of AG* values 
(Table 4) indicate that indole and substituted indoles 
undergo oxidation via the same mechanism. 


High concentration range of indole 


The first-order dependence of the reaction rate on 
[Os(VIII)] and [CAB] 0, inverse first-order dependence 
on [OH-] and zero-order dependence on [indolelo 
indicate that the formation of an intermediate species 
from oso4 and CAB is the most probable rate- 
controlling step. 


A first-order retardation by OH- has been observed 
in many chloraminometric reactions, and has been 
attributed to the hydrolysis of the anion to generate the 
conjugate acid. Hardy and J ~ h n s t o n ' ~  carried out 
a detailed investigation on alkaline bromamine-B 
solutions and showed that the conjugate acid 
C6H5S02NHBr is the active species in the oxidation of 
nitrophenols. During the oxidation of a-hydroxy acids, 
aldehydes and ketones by alkaline CAT catalysed 
by 0 ~ 0 4 ,  Mushran and co-workers15 assumed the 
formation of a cyclic complex between p -  
CH3C6HsS02NHCl and 0 ~ 0 4 ,  which interacts with the 
substrate in subsequent steps. Complexation decreases 
the electron density around the nitrogen atom of the 
conjugate acid, thus increasing its electrophilic 
character and hence the hydride ion-abstracting capa- 
city, which results in a fast interaction with the 
substrate. This is illustrated in Schemes 3 and 4. Hence 
it is probable that the change in mechanism (from that 
in Scheme 1) may be attributed to the fact that the 
oxidation of indole does not occur with either oso4 or 
CAB alone. It can be assumedI6 that a complex of these 
two serves as an oxidant and the possible oxidizing 
species in this case would be PhS02NHCI. In view of 
these facts the mechanism shown in Scheme 3 can be 
proposed. 


K4 (i) PhSOzNCl - + H2O 'PhS02NHClf OH - 


kb (iii) X" + In products 


Scheme 3 
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Scheme 4 


From Scheme 3, we obtain or 
k4 [ CAB1 [ HzOl [PhSOzNHCI] = 


k-4 [OH-] + k5 [ OS(VIII)] 
Applying steady-state conditions to [PhS02NHC1l9 we 
have 


At higher [OH-], the inequality 


k-4[0H-I a k5[Os(VIII)] 


= k4 [CAB] [ HzO] 


- k-4 [ PhS02NHCll [OH-] 


d [PhS02NHCI] 
dt 


- ks [ PhS02NHCIl [OS(VIII)] 


= o  (14) 


holds and 
k4 [CAB] [ HzOl [PhS02NHCI] = 


k-4[OH-] 
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Substituting for [PhS02NHCI] in equation (13), 


(16) 


Equation (16) accounts for the observed first order each 
in [oxidant] and [catalyst] and inverse first order in 
[OH-] .  


k5K4 [CAB] [ HzO] [ OS(VIII)I 
[OH-I 


rate = 


Solvent isotope effect 


For a reaction involving a fast pre-equilibrium H+ or 
OH-. ion transfer, the rate increases in D20 medium 
since D3O+ and OD- are a stronger acid and a stronger 
base, respectively, than H3O+ and OH- ions. The 
reverse holds for reactions involving retardation by H+ 
or OH- ions. Hence the proposed mechanism is also 
supported by the decrease in rate in D20 medium, indi- 
cating retardation by OH- (Scheme 3). Proton inven- 
tory studies in HzO-DzO mixtures could throw light on  
the nature of the transition state. The dependence of the 
rate constant (kobs) on n, the atom fraction of 
deuterium in a solvent mixture of DzO and H20,  is 
given”,” by a form of Gross-Butler equation as in 


where $J; and 6, are the isotopic fractionation factors 
for isotopically exchangeable hydrogen sites in the tran- 
sition and reactant states, respectively. Equation (17) 
allows the calculation of the fractionation factor of TS 
if reactant fractionation factors are known. However, 
the curvature of the proton inventory plot could reflect 
the number of exchangeable protons in the reaction. l 9  


A plot of ktbs versus the deuterium atom fraction n in 
the present case is more or less a straight line, which 
clearly shows that the process involves a single proton 
or H-D exchange during the reaction sequence from 
the hydroxyl ion. Hence the participation of OH- ion 
in the formation of transition state is inferred. 


In Schemes 2 and 4 the electron density around the 
nitrogen atom is lowered, resulting in a weakening of 
the N-Cl bond. The subsequent oxidizing capacity of 
N-chlorobenzene-p-sulphonamide is increased after 
complexation, and it then interacts with the appropriate 
form of the substrate. The alkali-catalysed indole 
chlorination via activated chloramine-B (X’ or X”) 
affords 3-chloroindolinine and a nitrogen-protonated 
chloramine-B-osmium tetroxide complex, which then 
results in the formation of benzenesulphonamide, a 
hydroxide ion and osmium tetroxide. Hydration of 
3-chloroindolenine to  3-chloro-2-hydroxyindolenine 
followed by alkali-catalysed removal of hydroben 
chloride produces 2-hydroxyindole, which is in equi- 
librium with its more stable keto form oxindole. 
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MOLECULAR MECHANICS OF BRIDGED FERROCENE 
DERIVATIVES: CONFORMATIONAL ENERGY SURFACES OF 


[3]-, [4]- AND [45] FERROCENOPHANES 


JERZY M. RUDZINSKI* AND EIJI bSAWAt 
Department of Knowledge-Based Information Engineering, Toyohashi University of Technology, Tempaku-rho, Toyohashi 441, 


and Department of Chemistry, Faculty of Science, Hokkaido University, Sapporo 060, Japan 


A molecular mechanical model is presented which allows computational interpretation of stereodynamics in 
ferrocenophanes by using a simple form of bending potential for angles involving the central iron atom and extended 
to carbon atoms of different cyclopentadienyl rings. Potential energy surfaces of [3] -, [4] - and [44 ferrocenophanes 
were studied in detail. For [3] ferrocenophane, the calculated energy barrier of the bridge reversal process agrees well 
with the experimental value. The previous interpretation of a rigid bridge in 141ferrocenophane is questioned on the 
basis of the calculated low barriers. The predominance of experimentally indistinguishable enantiomeric pairs may be 
responsible for the misinterpretation. [45] Ferrocenophane is estimated to interconvert into &symmetric global 
energy minima over barriers of 13-15 kcal mol-’ through one-by-one flipping of five tetramethylene bridges. 


INTRODUCTION 


Bridged ferrocenes have been one of the favourite sub- 
jects in organic synthesis, starting with the discovery 
of ferrocene (1)1-3 and culminating in the recent 
synthesis of [4] superferrocenophane, the completely 
tetramefhylene-bridged [45] (1,2,3,4,5)ferrocenophane 
(2).4 With the progress in synthetic strategies to prepare 
multi-bridged ferrocenes, research on highly strained 
and symmetrical ferrocenophanes is acquiring greater 
interest than ever before. One interesting topic relating 
to the chemistry of ferrocenophanes is their conforma- 
tional behaviour. 


When cyclopentadienyl rings in ferrocene are 
spanned by a bridge, the latter will impose a restriction 
on the relative motion of these rings, the severity of 
which will be determined by steric and conformational 
demands of the bridge. If the bridging group cannot 
easily accommodate to the ring-ring separation in fer- 
rocene, the cyclopentadienyl rings suffer tilting, which 
in turn affects the conformation of the bridge itself. 
Barr and Watts6 discussed these problems in their early 
NMR studies of [M ferrocenophanes ( N =  2-5), and 
suggested that in monobridged ferrocenophanes the 
bridging chain undergoes rapid conformational 
exchange, and that the relative torsional freedom of 


cyclopentadienyl rings increases with increasing bridge 
length. The x-ray structure of Z4,’ provides other 
interesting conformational features. As with other 
known bridged ferrocenes, some averaging process 
exists in the crystal. A detailed knowledge of these pro- 
cesses can be obtained only by applying computational 
techniques. 


We have already reported on a remarkably stable D5 
structure for the hydrocarbon portion of 2 with the 
tetramethylene bridges in an identical ‘zig-zag’ confor- 
mation by using molecular mechanical calculation. l4 
However, further work on the stereodynamics of 2 was 
suspended at that point since we found none of the 
known molecular mechanical treatments of ferrocenes 
to be satisfactory. 15-17 


In some of them, the interactions between iron and 
cyclopentadienyl rings within the same molecule and 
also between neighbouring molecules were simply 
described by the van der Waals-type potentials and elec- 
trostatic interactions. 15s18 In other models, ‘bonds’ 
were placed between the iron atom and cyclopenta- 
dienyl rings, the number of bonds varying from one 


ring depending on different to five 
approximations. 


In this paper, we describe a new treatment of bridged 
ferrocenes by molecular mechanics, followed by its 


per 16.17 
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application to the stereodynamic problems of 2 and a 
few [M ferrocenophanes. After the completion of this 
work, a more general approach to transition-metal 
complexes within an empirical force-field framework 
has been proposed. l9 


COMPUTATIONAL TECHNIQUES 


The program BIGSTRN320 was used throughout this 
work after incorporating the ferrocene force-field par- 
ameters described below. Some additional changes were 
made to cope with the requirements that arose from the 
ferrocene force field.’l The reason for choosing 
BIGSTRN3 is that its capabilities for performing vibra- 
tional analysis, force minimization and eigenvector dis- 
tortion options22v23 help to identify and correlate 
stationary points on conformational energy surfaces. 


Geometry optimization was performed with the 
second-derivative Newton-Raphson method. The 
initial search of stationary points on the conforma- 
tional energy surfaces was performed by constrained 
geometry optimization in which dihedral angles chosen 
as mapping parameters were fixed in a point-by-point 
fashion. Then, the stationary points of zeroth order 
(energy minima) were approached by applying 
unconstrained Newton-Raphson minimization to the 
conformations obtained. 24 The stationary points of 
orders higher than zero (one- or multi-dimensional 
partial maxima) were approached in a similar fashion 
provided that the starting geometries were very close to 
the partial maximum. Sometimes, pre-optimization of 
forces with a variable metric optimizer was required in 
order to move the points close enough to stationary 
points which finally could be reached with the 
Newton-Raphson method. The eigenvector distortion 
techniq~e”.~’ was always used to correlate saddle 
points with corresponding energy minima. 


Harmonic vibrational frequencies were evaluated for 
all stationary points found, and were then used to cal- 
culate vibrational contributions to the thermodynamic 
functions. However, the MM2’ force field that we used 
in this work26 is not designed for calculating vibrational 
properties of molecules, and therefore the absolute 
values evaluated here should be treated with caution. 


In presenting conformational potential energy sur- 
faces, the topological approach was used. ” Topolo- 
gically reduced surfaces presented in this work are 
characterized as follows. Two types of critical points2* 
are given on a surface, namely energy minima and 
saddle points. When it was essential to show some 
would-be paths, multi-dimensional partial maxima are 
also given. The surfaces were represented by three kinds 
of graphs, depending on the number of equivalent 
states drawn for each conformation, representing all 
diastereoisomeric forms by all their permutational 
states and correlating them by interconversion paths 
leads to the ‘full’ graph. A simpler graph, wherein 


homomeric species are represented by one point and 
enantiomeric species by two points, is in most cases 
sufficient to understand conformational changes of 
molecules. However, when discussing thermodynamic 
properties of processes in which differentiation between 
enantiomers is not important, a much simpler graph 
suffices (‘reduced’ graph). On such a graph all 
homomeric and enantiomeric species of conformations 
(different diastereoisomeric forms) appear as single 
points. 


BUILDING THE MODEL 


We first tested a model in which the bonding inter- 
actions between the iron atom and the two cyclo- 
pentadienyi rings are approximated by electrostatic 
attractions in equilibrium with van der Waals repul- 
sions. However, we had to put a large charge on the 
atoms in order to compensate for the strong repulsions 
over short (about 2.0 A) non-bonded iron-carbon dis- 
tances, and in order to create a reasonable potential 
of tilting motions of the rings, thus resulting in 
unreasonably large electrostatic energy contributions to 
the total steric energy of the system. For this reason, the 
electrostatic model was abandoned. 


In this study we chose a model of the ferrocene mol- 
ecule in which there are ten bonds between the iron 
atom and the ten cyclopentadienyl carbon atoms. Inter- 
actions involving an iron atom were incorporated in 
molecular mechanics as follows. An iron atom is 
bonded to all ten cyclopentadienyl carbon atoms 
(valence number 10, see Figure 1). Each of the cyclo- 
pentadienyl carbon is treated like Allinger ’s benzene 
carbon atom,29 but its valence number is 5 ,  not 4. The 
extra valency (iron-carbon bond) is hidden when 
defining valence angles and out-of-plane deformations 
centred on this carbon atom. In this context, it is still 
Allinger’s aromatic-type carbon. In the same way the 
Fe-C bonds are hidden when defining the other bond 
angles and torsion angles in a molecule. 


Figure 1 .  Three sub-types of the C-Fe-C valence angle in 
ferrocene 
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Only those bond angles which involve an iron atom 
and one of each carbon atom belonging to the different 
cyclopentadienyl rings are explicitly treated as described 
below. This interaction is important in controlling the 
tilt motion of the rings in the ferrocene molecule. There 
are three sub-types of this angle, each having different 
‘natural’ angle values (00,01, Bz, see Figure 1). To cope 
with the problem of differentiating between these sub- 
types, which would be very complicated when a mol- 
ecule is considerably tilted and twisted at the same time, 
we chose the smallest of the three types of angles as a 
unique one and ignored the other two. If the C-Fe-C 
angle is smaller than or equal to the ‘natural’ angle 00, 
the form of the potential follows Allinger’s equation 
for bending energy.” When it is greater than the 
‘natural’ angle, the potential energy is set equal to zero 
(Figure 2). When a molecule is tilted, some of these 
angles have 0 values greater than 00 and there is no force 
associated with the ‘open’ angle which would work 
against this motion, but at the same time some of the 
C-Fe-C angles are smaller than 00 and the force con- 
stant associated with this deformation makes up for the 
deficiency of the force on the opposite site of the ring. 


Following the above incorporation, we assigned new 
atom types for the cyclopentadienyl carbon atoms 
(atom type 39) and for iron (atom type 40). All but one 
of the parameters for cyclopentadienyl carbon atoms 
were transferred from a benzene-type atom (atom type 
30). The parameter that was adjusted is the ‘natural’ 
length of the C-C bond of a cyclopentadienyl ring. 
For the new-type of Fe-C bond, the force constant 
(I.40mdyn A- I )  was adopted from the study of 
Hyams.30 The ‘natural’ Fe-C bond length was desig- 
nated as adjustable. The van der Waals parameters of 
iron were also left to be adjusted. 


The dipole moment of the Fe-C bond is set here to 
be 0.29 D based on the following reasoning. Following 
Pauling’s equation (1) for the ionic character of a 
bond 3 1  and taking the electronegativities for carbon 
(2-6) and iron (1.8) atoms from Allred’s table,32 we 
calculated that the Fe-C bond should be about 14.8% 
ionic according to equation (1): 


ionic character = I - exp [ - 0.25(xA - xB)2] (1) 


I 


a 


I 


where XA and XB are the electronegativities of atoms A 
and B. Assuming charge distributions of +0 .2  on an 
iron atom and -0.2 on a carbon atom for a fully ionic 
Fe-C bond, we calculated a bond moment of ?bout 
0.29 D for the interatomic separation of 2.040 A.  


The more bridges there are in ferrocenophanes, the 
more congested the molecule becomes. The non-bonded 
interactions between hydrocarbon bridges and torsional 
interactions within the bridge play dominant roles in the 
equilibrium conformation in such molecules. Since it is 
more likely that the geometry of the ferrocene moiety in 
ferrocenophanes is governed by bridges, and since the 
modified Allinger’s molecular mechanics scheme, 3 3  


MM2‘, 26 proved good in reproducing geometries and 
torsional barriers in hydrocarbons, we chose this force 
field as a basis for the present study. 


We used seven ferrocenophane molecules having dif- 
ferent numbers of bridges, various lengths and wide 
range of tilt and twist angles between cyclopentadienyl 
rings, in addition to ferrocene, to fit the new par- 
ameters. The structures of these molecules have been 
determined by x-ray analysis. They are: ferrocene (1),34 
[45] (1,2,3,4,5)ferrocenophane (2),437 [3] ferroceno- 
phane (3),35 a,a,a’,a‘-tetramethyl[2] ferrocenophane 
(4),36 [3] [3] (1,Z)ferrocenophane (5),35 [41 I31 [41 
(1,2,3)ferrocenophane (6),37 [41(1,1’)[41(3,3’)[31(4,5’) 
ferrocenophane (7)38 and [4] [ 31 [ 41 [ 31 (1,2,3,4)ferro- 
cenophane (8). MM2’ -optimized geometries of 1-8 
are shown as ORTEP drawings. Hydrogen atoms are 
omitted for clarity. 
drawings. Hydrogen atoms are omitted for clarity. 


Ferrocene parameters were adjusted by minimizing 
the root-mean-square of errors, which were calculated 


1 2 


Figure 2. Simplified C-Fe-C bending potential in ferrocene 3 4 
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5 G 


7 8 


over pertinent geometrical features between the MM2 ' - 
optimized and experimental structures of 1-8, and 
weighted with inverse uncertainties in the experimental 
measurements: 


R M S = J ! - -  c( error 
n - 1 uncertainty 


When the uncertainties were not reported, appropriate 
values were assumed. The final set of MM2' parameters 
is given in Table 1 .  Those parameters of the cyclopenta- 
dienyl carbon atom (atom type 39) which have been 
transferred directly from those of the benzene type 
(atom type 30) are omitted. The optimized parameters 
are marked with asterisks. 


Table 1. MM2'  parameters for ferrocenophanes", with atom 
types 39 = cyclopentadiene carbon atom and 40 = ferrocene- 


type iron 


Stretching: 
39-39 
39-40 


Non-bonded: 


Bending: 


Bond dipole: 


40 


39-40-39 


40- 3 9 


Ks Lo 
8.0667 1.428* 
1.4000 2.040* 
R"dWd Ee 
2.30* 0.20* 
Kd 00 ' 
0;5000* 111*01* 
k 
0.29 


~ ~ ~ ~~ 


"All other parameters involving atom type 39 are the same as those 
involving the benzene carbon (atom type 30) In MM2' force field. 
Asterisks indicate adjusted parameters. 
bStretching force constant (mdyn k') 


Natural bond length (A ). 
dVan der Waals radius (A). 
'The 'hardness' of an atom (kcal mol-'). 
'Bending force constant (mdyn A rad-'). 
ENatural bond angle (O). 


Bond dipole moment (D) 


Structural features of ferrocene 1 reported in the 
literature differ considerably depending on the tem- 
perature of the measurements and the methods 
employed. 34s39-41 For example, the mean CaC bond 
length of the ring varies from 1.396 to 1.440 $ and the 
mean C-Fe distance from 2.030 to 2.064 A.34-39-41 
Those used in the present parameterization were taken 
from x-ray studies of Seiler and Dunitz4' for the sake 
of consistency with the other molecules 2-8, whose 
structures came exclusively from x-ray Fnalyses. Our 
calculated C-C bFnd length of 1.432 A and Fe-C 
distance of 2.039 A are within the above experimental 
ranges. 


The structure of 3 is taken from the work of Hillman 
and Austin,35 and is apparently unreliable. The number 
of diffraction peaks collected in their measurements was 
limited by decomposition of the crystal on irradiation 
with an x-ray beam. Although the uncertainties are 
large, some values seem unreasonably small. In the 
same paper, the authors reported the structure of an 
oxygen analogue of 3, 6-oxa- [3] (1,l' )ferrocenophane. 
The crystal underwent 'not-so-extensive' decomposition 
and the final structure proved more reliable than 3. For 
instance, the C-C bonc length of rings in 3 (a bad 
structure) is 1.380(30) A but i n  its oxa analogue (a 
better structure) it is 1.425(4) A ,  whiFh compares well 
with our calculated value of 1.431 A.  Therefore, we 
excluded this parameter of 3 from the fitting. Other 
parameters reported with higher precisions are repro- 
duced well by calculation. 


The calculated structural features of 4 agreed well 
with those measured by Laing and Trueblood. 36 Only 
one figure is slightly overestimated in our calculations, 
which is the C,-C,: bond length [observed 1.584 
(14), calculated 1 *615 A ] .  The strain in 4 is apparent by 
the fact that the distance of this bridge bond is greater 
than normal wherEas the dihedral angles in the bridge 
are only about 25 . Other structural features of 4 are 
also in good agreement with the observed values 
(C,-C,-C,c angle, calculated 109.9", observed 
109*6(2*0)"; Cr-C,-C,~-Cr~ dihedral angle, calcu- 
lated 22.1", observed 25-3"). 


The calculated structure of 5 is in nearly perfect 
agreement with that observed. Since no disorder in the 
bridge region has been observed, conformation of the 
bridge should be a good check point for the perform- 
ance of the force field used. Indeed, calculated dihedral 
angles along the bridges agree very well with the x-ray 
values (Cr-Ca-Cp-C,t and Cm-Cp-C,,-Cr,, cal- 
culated 65*0", -65-0", observed 67-0" '", -68.0" '"). 


The calculated structures of 6 ,  7 and 8 are in good 
agreement with those observed. For ferrocenophanes 
containing tetramethylene bridges, workers who studied 
the crystal structures of these compounds often 
reported disorder in crystals associated with @-carbon 
atoms of those bridges. In such cases, C,-Co and 
Co-Cbi distances from x-ray analyses are too short, 
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and therefore we have excluded some of these unre- 
liably short bonds in structures 2 and 6-8 from the 
fitting. The calculated structure of 2 is in line with our 
previous study of the hydrocarbon part of the 
molecule. l4 


CONFORMATIONAL ENERGY SURFACES 


Before applying the new force field to 2, we tested its 
performance by using simpler and experimentally well 
studied species. Two structures, both having only one 
bridge spanning the two cyclopentadienyl rings of the 
ferrocene moiety but with different bridge size, were 
chosen: [3] (1 ,l)ferrocenophane (3) and [4] (1 ,l)ferro- 
cenophane (9) .  


[3]  (1,l ')ferrocenophane (3) 
The x-ray structure of 335 was compared with the 
MM2'-optimized structure (see above). The bridge in 
the crystal has a p~eudo-chair~' conformation: the 
&atom of the bridge is out of the plane defined by the 
pair of Cr-C, bonds. Cyclopentadienyl rings are 
eclipsed. 


The presence of a bridge which spans cyclopenta- 
dienyl rings prohibits the nearly free rotation of these 
rings observed in ferrocene. However, the single bridge 
does not eliminate liberation along its fivefold axis. The 
bridge itself can flip and this process is fast on the NMR 
time scale. The dynamic NMR band shape fitting 
method has been applied to determine the energy 
barriers associated with bridge flipping in [3] ferro- 
cenophane~.~' It showed that the bridge reversal in 3 is 
closely analogous to the inversion of six-membered ring 
(the analogy between [3] ferrocenophane and cyclo- 
hexane was first recognized by Rosenblum et 
According to Abel et ~ 1 . ~ '  the molecule interconverts 
between its two homomeric forms (3a, Figure 3), and 
the transition state with the bridge in an all-cis confor- 
mation and eclipsed cyclopentadienyl rings (3c) has 
been excluded. The proposed mechanism involves slight 
rotation about the fivefold axis of the ferrocene unit to 
a transition-state conformation (3b, 3b')  which in the 
cyclopentadienyl rings are staggered and the bridge 
bonds resemble the half-chair conformation of cyclo- 
hexane. However, they4' were not able to conclude 
whether or not the half-chair conformation is a true 
transition state. Variable-temperature studies have 
shown that, at temperatures below - 100 'C, the bridge 
reversal process in 3 is slow on the NMR time scale and 
an energy barrier was evaluated.44 


Results of the MM2' calculations are in very good 
agreement with experimental facts (Figure 3 and Table 
2). The global energy minimum structure 3a has C, 
symmetry. The cyclopentadienyl rings are eclipsed and 
the bridge is in a g+g- conformation. This conforma- 
tion resembles that observed in the crystal, although 


3b 


8 
Figure 3.  Conformational interconversion graph of 
[3] (1 , l  ')ferrocenophane (3). Squares, circles and a double 
circle denote minima, saddle points and a two-dimensional 
partial maximum, respectively. Symmetries of the species are 
given inside squares and circles. Each stationary point on the 
surface accompanies a schematic drawing of the conforma- 


tion. A dashed lines shows the would-be path 


dihedral angloes along C,-Cp-C,, bridge bonds differ 
by about 10 (Table 2). Structure 3a can interconvert 
into another permutational isomer via two equivalent 
saddle points, 3b and 3b' ,  which are enantiomers with 
CZ symmetry. The barrier height of this process is calcu- 
lated to be 9-16 kcal mol-I (1 kcal= 4-184 kJ) on the 
potential energy scale and 9-45 kcalmol-I on free- 
energy scale at room temperature. The measured 
barrier height is 9.66 kcal mol-' (at 206 K) and the cor- 
responding calculated value is 9.14 kcalmol-I (at the 
same temperature). 


The structure 3b has nearly staggered cyclopenta- 
dienyl rings. The relative twist angle of 228 .6"  is an 
amplititude of the motion in the bridge reversal process. 
A reaction path from one 3a conformer to another has 
C1 symmetry, i.e. the symmetry of the transition vector 
of 3b is CI symmetric and it corresponds to the 
symmetry of the imaginary vibration at 143.3i cm-'. 
During this process bridge dihedral angles, 
C,-C,-C~TC,~ and C,-Cp-C,~-Cr~, change the 
sign (264 .8  ) through the value of -22.4" in 3b (or 
22.4" in the process through 3b'). The difference 
between the potential energies of 3a and 3b comes from 
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Table 2. Energetic a n d  conformational features of structures corresponding t o  stationary points 
found on the MM2' energy surface o f  [3] (1,l ' )ferrocenophane (3) 


~ 


d No. SEa A G ~  Vmln Tilt' Twist' w g  


3a 0.00 0.00 C, 57.3 (Cl) 9.6 0.0 -64.8 64.8 


3b 9.16 9.45 CZ 143.31 ( C , )  12.8 -28.6 -22.4 -22.4 
(7.6 0 .3  -50.0 52.0)h 


(9-14)' 92.2 (Cz) 
3c 12.32 13.44 C2" 287.91 (C,)  8.6  0.0 0.0 0.0 


63.0i (CZ) 
159.1 (C,) 


a Relative steric energy (kcal mol-I). 
hRelative free energy of an enantiomeric pair (kcal mol- ')  (7= 298.15 K). 


Point group. 
Lowest vibrational frequency (cm-I). For saddle points the imaginary frequency (i) is also given. The entries 


in parentheses denote the symmetry of the vibrational mode. 
'Tilt angle between ring planes ( O ) .  


8 Dihedral angles, C,-C,-Ce-C, and C,-C5-C,.-Cr ( ). 


' Relative free energy of an enantiomeric pair at 206 K 


Relative twist angle of two cyclopentadienyl rings (O) .  


X-ray values. 


increased bending (3 .7  kcal mol- ' ) and torsion 
(4.2 kcal mol-I) interactions in 3b. 


The czV symmetric structure 3c with eclipsed cyclo- 
pentadienyl rings and a planar bridge has been found to  
be a two-dimensional partial maximum on the MM2 ' 
energy surface, and is 3.26 kcalmol-' higher in poten- 
tial energy than the transition state 3b. This energy 
difference arises from increased bending and torsion 
terms. In fact, the ease of twisting along the fivefold 
axis of the ferrocene unit allows the would-be path 
involving 3c as a transition state, which would be the 
case if the ferrocene moiety of the molecule were rigid, 
to  be avoided. 


Hence the suggested mechanism of the bridge 
reversal4' is fully supported by our MM2' conforma- 
tional energy surface. The calculated barrier height of 
the bridge reversal differs by only 0.5 kcal mol-' (about 
5 % )  from the measured value.44 This fact is important 
because it is the first evidence that the force field 
parameterized over crystal conformations of ferro- 
cenophanes shows a good performance in the region far 
from the equilibrium conformations. 


[4]  (1,l ')Ferrocenophane (9) 


[ 41 ( 1 , l  ')Ferrocenophane (9) is the first example of a 
bridged ferrocene. 45 The preferred conformation of 9 
has been the object of numerous studies. 6*20*35*43s46 
Although the tetramethylene bridge seems to  undergo 
con formational interconversion, its NMR spectra have 
not been satisfactorily interpreted, 35 and little is known 
about the process. Actually, Hillman and Austin" 
classified 9 as a molecule whose bridge does not flip rap- 
idly: its NMR spectrum was described neither as that of 
a compound with rapidly flipping bridges nor as that of 


a compound with non-flipping bridges. 35 A crystal of 9 
has never been obtained in suitable form for x-ray 
analysis. The structure of its oxoderivative, namely 
[4] (1 , l  ')ferrocenophan-6-one (lo), has been studied by 
x-ray analysis4' but was poorly resolved owing to  the 
high thermal motion or  disorder. Nonetheless, some 
information about the preferred conformation of the 
molecule in the crystal has been obtained, as shown in 
Table 3, where the structural features are compared 
with those of the MM2' -calculated global energy 
minimum conformer of the parent [4] (1,l ')ferro- 
cenophane (9a). The crystal (orthorhombic, P212121) is 
composed of homochiral molecules. It has been con- 
cluded that any significant static disorder is ~ n l i k e l y . ~ '  
The tetramethylene bridge appears in a zig-zag confor- 
mation and the two cyclopentadienyl rings are almost 


Fe \ 


43-J 
9 


10 
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Table 3. MM2’ -calculated and observed salient structural 
features of the global energy minimum conformer of 


[4] (1,l ‘)ferrocenophane (9a)a 


Structural parameter Calculated Observed 


point group 
Tilt 
Twist 
Ring to ring distance 
C, - C, distance 
C,-C, distance 
C,-Cp distance 
C O - C ~  distance 
C,-C,-CO angle 
C,-CP-Cd angle 
c,-c,,-c~-c” 
Ca-C#-Cp -c, 
C6-C” -c, -c, 


c 2  
2.5  


-33.4 
3.260 
1.433 
1.499 
1.538 
1.541 


116.9 
117.3 


87.6 
- 79.1 


-79.1 


c1 (C2)‘ 
4-3(1) 


3.290 (10) 
1.407 (12) 
1.484 (12) 
1.470 (14) 
1-484 (13) 


- 30.5 


120.7 (8) 
1 1 8 3  (9) 
- 59.5 


73.2 
- 98.0 


a Distances in A, angles in degrees. C, denotes ring carbon atom. Bond 
lengths and valence angles are averaged. 
bThe observed values correspond to the x-ray structure of 141 ( 1 , l  ’)fer- 
rocenophan-6-one (10) of Ref. 46. 
‘ The molecule possesses an approximate Cz axis. 


exactly staggered. The tilt oangle between the cyclopen- 
tadienyl ring planes is 4.3 . 


The structural data observed for 10 are consistent 
with MM2‘ calculations on 9a except for some bond 
distances and angles which seemed unusual in the 
crystal but turned out normal by calculation. Structure 
9a is chiral. The tyo  cyclopentadienyl rings are nearly 
staggered ( -  33.4 ) and the ring planes are nearly par- 
allel ( 2 ~ 5 ~ ) .  The tetramethylene bridge is helical with 
the g-gfg- arrangement, both end gauche angles 
being identical with respect to the sign and magnitude. 


Conformer 9a can be described as m-P and its enan- 
tiomeric form 9a’ as p-M, where m and p indicate the 
negative and positive sign of the twist angle between 
two cyclopentadienyl rings and M and P left-handed 
and right-handed sense of helical bridge, respectively. 
This designation was used to describe the global energy 
minimum conformer of [4] superferrocenophane. l4 A 
search of the energy surface of 9 produced an inter- 
conversion graph as shown in Figures 4 (full graph) and 
5 (reduced graph). In Figure 4, we use slightly modified 
indices in order to describe conformational changes of 
the molecule along the pathway between the global 
energy minima, 9a and 9a’. Thus, let m-P be indexed 
as m-mpm and p-M as p-pmp, where m and p 
appearing after the dash means g- and g+ arrange- 
ments of the dihedral angles along the bridge, respect- 
ively. The x is used to indicate zero dihedral angle. 


Relevant conformational features of the stationary 
points found on the surface are given in Table 4. The 
stabilities of three conformers (9a, 9c and 9e) agree 
within 1.6 kcalmol-’ on both potential and free-energy 
scales. The highest barrier (9d) along the pathway from 


Y m-mpm m-P a Q x-mpm 


Fc \ Q x-mpm 
P-mPm 


p-mpp 9 
x-mxp Q 
m-mmp 9e’ 9 


9 p-ppm Q x-pxm 


T 


Figure4. Full graph of the MM2’ conformational energy 
surface of [4] (1,l ’)ferrocenophane (9). Squares and circles 
denote minima and saddle points, respectively. Enantiomeric 
forms of the chiral species are primed. Compare with Figure 


5 ,  and see text for the explanation 


81% 


9 a . Q  9 b , C 2  9c.C2 9 d . C I  9 c , C I  91. c, 
Figure 5 .  Reduced graph of the MM2’ conformational energy 
surface of [4] (1,l ‘)ferrocenophane ( 9 ) .  Squares and circles 
denote minima and saddle points, respectively. Relative poten- 
tial energies (upper entry) and free energies (lower entry) of 
corresponding conformations are given inside squares and 
circles. Compare with Table 4. Populations are calculated 


based on free energies a t  298 K 
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Table 4. Energetic and conformational features of structures corresponding to stationary points 
found on the MM2' energy surface of 141 (1,l ')ferrocenophane(9) 


No. SEa A G ~  PG' Ymind Tilt Twist' ug 
~ 


9a 0.0 0.0 c 2  64.9 (C2) 2.5 -33.4 -79.1 


-79.1 
9b 2.2 2.8 c2 43.1i (CZ) 3.3 0.1 -72.7 


87-6 


136.2 (Cl) 112.7 
- 72.7 


9c 1.5 1.2 cz 57.0 (C2) 1-8  24.0 -62.3 


-62.3 
9d 6.2 6.1 c1 176.5i (Cl) 1.3 27.6 -4.1 


- 79.0 


115.8 


60.9 (CI) 83.9 


9e 1 .6  1 .4  C1 75.9 (Cl) 3.9 20.2 51.5 
44.0 


9f 4.6 5.4 CS 96.91 (Cl) 3.2 0.0 16.5 
141.8 (CI) 0.0 


-76.5 


- 89.7 


a Relative steric energy (kcal mol-I). 
Relative free energy (kcal mol-') (T= 298.15 K) (relative to the free energy of an enantiomeric pair of 9a). 
Point group. 
Lowest vibrational frequency (cm-'). For saddle points the imaginary frequency (i) is also given. The entries 


in parentheses denote the symmetry of the vibrational mode. 
'Tilt angle between ring planes ('). 
'Relative twist angle of two cyclopentadienyl rings (O). 


gDihedral angles along the bridge ( O ) .  


9a to 9a' amounts to 6.1 kcalmol-' (free energy), 
which is 3 - 5 kcal mol- lower than the barrier height in 
the interconversion of 3. The twisting motion of the 
cyclopentadienyl rings in 9 seems extremely easy: the 
pathway between points 9a (m-mpm) and 9c (p-mgm) 
(Figures 4 and 5) corresponds to a ch$nge of 57.4 in 
relative twist (from -33.4" to +24-0 ) while the con- 
formation of the bridge (mpm) remains unchanged. 
The molecule does not lose its symmetry (CZ) along this 
pathway and the transition point 9b (x-mpm) is only 
2.8 kcal mol-' higher than the global energy minimum 
9a. The twofold degenerate path between the enan- 
tiomeric pair 9c and 9c' corresponds to the reversal of 
the bridge itself (mpm o pmp) and it requires nearly 
twice as much in energy than the twisting motion 
mentioned above. 


The calculated overall energy barrier of the bridge 
reversal is low and in solution the bridges should flip 
rapidly. These results contradict Hillman and Austin's 
i n t e rp re t a t i~n~~  of the NMR spectra of 9. However, the 
conformer populations calculated over free energies 
(T  = 298 K,  Figure 5 )  indicate that the experimentally 
indistinguishable enantiomeric pair 9a and 9a' domi- 
nates in equilibrium (81%) and maybe this fact is 
responsible for the observed 'rigidity' of the bridge. 
The relative ease with which the molecule can twist 
without changing the bridge conformation can be 


related to the observed, unusually large temperature 
factors associated with atoms in one of the rings in the 
course of x-ray analysis. If the tetramethylene bridge of 
the molecule in the crystal of 9 does not flip 
(mpm + // + pmp) and the motion involves only 
twisting of the cyclopentadienyl rings along the fivefold 
axis of the ferrocene unit (m-mpm*x- 
-mpm c* p-mpm), the observed disorder in the crystal 
of 10 can be understood. 


[45 I (1,2,3,4,5)Ferrocenophane (2) 
The D5 structure that had previously been proposed as 
a potential global minimum conformation of 
[45] (1,2,3,4,5)ferrocenophane (2) was confirmed here 
to be the most stable among several energy minima 
obtained during the search of its conformational energy 
surface. This structure (2a, and its enantiomer 2a', 
Figure 6) is chiral with six elements of chirality: the 
ring-ring twist angle, plus (p) or minus (m), and the 
helical sense of the five tetramethylene bridges, plus (P) 
or minus (ML In the case of 2a the ring-ring twist 
angle is -8 -6  , the three dihedral angles along the five 
bridges are all in the g-g+g- sequence, hence the direc- 
tion of helices plus (P). Let us designate 2a as 
m-PPPPP and its enantiomer 2a' as p-MMMMM. 
The calculated structural parameters of 2a are nearly 
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Figure 6 .  Stereo-drawings of the global energy minimum conformer of [4] superferrocenophane (2a) (upper drawing) and its 
enantiomer (2a‘) (lower drawing). Black and white colours of the bridges in 2a and 2a’ denote P and M helicity, respectively 


the same as those of the hydrocarbon portion of 
[4] superferrocenophane reported in the preliminary 
study. l4 


The question concerning the nature of disorder in the 
crystal of 2 has been raised l4 and was left open until the 
dynamics of 2 could be handled by computational 
means. The conformational energy surface of 2 pro- 
duced here provides some insights into the mechanism 
of the probable dynamic disorder (see below). 


The presence of disorder cannot be excluded. 
Imagine that the crystal is composed of either a racemic 
mixture of the DS forms, 2a (m-PPPPP) and 2a’ 
(p-MMMMM), or consists of the molecules, each of 
which equilibrates between the two enantiomeric forms 
of the global energy minimum. In any case the average 
picture would be compatible with both Ds forms being 
left drawings show two enantiomeric molecules (2a, 
2a’) overlapped and the right drawings the same view 
obtained from the x-ray structure analysis. 
obtained from the x-ray structure analysis. 


The full graph of the conformational energy surface 
of 2 is so complex that only a reduced graph (enan- 
tiomers are preserved as different species) is given in 
Figure 8.  The thick line on the graph shows the lowest 
energy pathway connecting the two DS global energy 
minima. All the information (relative free energy, sym- 
metries of the species, lowest vibrational frequencies 
and helical indices) and relevant conformational fea- 
tures of each stationary point depicted herein are 
available from the authors. 


There are eight deep energy minima on the surface 
[2a (m-PPPPP), 2e (m-MPPPP), 2i (m-MMPPP), 
2v (m-MPMPP) and their enantiomers] separated by 
partial pathways, each of which contains two transition 
points and one high-energy minimum. Figure 9 shows a 
simplified interconversion graph wherein only these 
eight low-energy conformers are depicted. The struc- 
tures of the unique minima (2e, 2i and 2v) and the 
structure of the highest transition state 21 
(m-MMXPP), 15.6 kcal mol-’ higher in free energy 







Figure7. ORTEP drawings (side view) of the overlapped DS enantiomers (2a, 2a’) of global energy minimum conformer of 
[4] superferrocenophane (left drawing) and its structure produced by x-ray analysis (right drawing). See text for explanation 


2a 2b 2c 2d 


Figure 8. Reduced graph of the MM2’ conformational energy surface of [4] superferrocenophane (2). Pentagons and circles denote 
minima and saddle points, respectively. Deep energy minima are marked by double pentagons. Entries inside pentagons and circles 


are relative steric energies. The thick line shows the lowest energy path 
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Figure 9. Simplified interconversion graph of [4] superferro- 
cenophane (2) (compare with Figure 8). Only deep energy 
minima are preserved here. P and M denote the helical sense 


of the bridges 


than 2a, on the lowest energy path are given in 
Figure 10. 


Among the deep energy minima, apart from the 
global energy minimum (2a), only 2e (2e’) has 
relatively low potential (3- 1 kcalmol-I) and free 
(2.3 kcalmol-l) energies. This conformer is formed 
when one bridge in 2a is inverted. It is interesting that 
the pathway from 2a through 2e is simpler than the 
corresponding one-bridge inversion in [4] (1 , I  ’ )ferro- 
cenophane (9) (compare Figure 4 with Figure 9). There 


2v  


2 e  


2i 


Figure 10. Structures of ‘deep’ energy minimum conformers 
(212, 2i and 2v) and the highest transition state on the lowest 
energy path (21) for the inversion of [41 superferrocenophane. 
Black and white colours of the bridges denote P and M heli- 
city, respectively. Bonds of the flipping bridge (X) in 21 are 


drawn by triple lines 
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are only three stationary points on the way from 2a to  
2e whereas there are nine between 9a and 9a'. Clearly, 
the presence of additional bridges in 2 constrains the 
motion of bridges. Unlike 9, the relative twist of  cyclo- 
pentadienyl rings in 2 is strictly concerted with bridge 
reversal. Further, the presence of five tetramethylene 
bridges in 2 increases the barrier height of the bridge 
reversal, hence the molecule is apparently more rigid 
than 9: the calculated barrier height of bridge inter- 
conversion of 2a to  2e costs at least twice as much as 
that of 9. Note that the entropy effect related to the 
degeneracy of the energy surface of 2 contributes 
substantially to  the lowering of the overall energy bar- 
rier. The pathway between 2a and 2e, for instance, is 
tenfold degenerate. 


The surface represented by a graph in Figure 9 corre- 
sponds to the one-by-one bridge flipping process. 48 The 
stepwise interconversion mechanism seems t o  be most 
probable. One-step interconversion via a DSh would-be 
transition state seems impossible: the calculated energy 
of the D5h structure is 147 kcalmol-' higher than that 
of 2a and it is an 11-dimensional partial maximum. 


Although every effort has been made to locate all 
possible stationary points on the conformational energy 
surface of 2, there is no certainty that nothing has been 
missed. Moreover, one could ask whether the 
mechanism involving, for instance, two or more bridges 
flipping together with shifted phase, is not of lower 
energy than the pathways of the proposed one-by-one 
bridge flipping mechanism. In fact, this possibility has 
been considered in the course of the search of the 
energy surface, but so far has never been found. 


CONCLUSION 


The purpose of this work was to  develop a molecular 
mechanical model applicable to  conformational studies 
of ferrocenes bridged with hydrocarbon chains, in an 
extension of our preliminary work l4 on hydrocarbon 
models. A set of x-ray structures of variously bridged 
ferrocenes (possessing different numbers and sizes of 
bridges) was used to  fit parameters within the new force 
field proposed: the iron atom is covalently bonded to all 
ten cyclopentadienyl carbon atoms, which preserve 
their aromatic character. 


A difficulty arose in differentiating various types of 
bond angles present in the ferrocene molecule, which 
involve angles centred on the iron atom and extended t o  
carbon atoms of different cyclopentadienyl rings. This 
problem was circumvented by modifying the form of 
bending potential involving these angles: the potential 
follows the usual Allinger's equation for angles smaller 
than the equilibrium bond angle in ferrocene itself and 
vanishes for larger angles. Such a treatment proved 
sufficient to  control the relative tilt motion of the cyclo- 
pentadienyl ring planes. 


In the present force-field model, the two cyclopenta- 


dienyl rings of the ferrocene molecule can rotate almost 
freely. Geometry optimization results in a staggered 
conformation, which is a minimum on the potential 
energy surface. The eclipsed form is a saddle point con- 
necting staggered forms, and the calculated energy 
barrier to this internal rotation amounts to 
0.96 kcal mol-I. The agreement between the calculated 
and observed salient structural features in the series of 
ferrocenophanes, which were used to  fit the parameters, 
is good. 


The conformational energy surfaces of three ferro- 
cenophenes (2, 3 and 9) have been extensively searched 
for important stationary points. One- and multi- 
dimensional partial maxima are correlated with corre- 
sponding energy minima and partial maxima of smaller 
indices, respectively. The graph-topological approach 
is applied to  describe these conformational energy sur- 
faces. Three kinds of interconversion graphs are used to 
illustrate hypersurfaces. Energy relationships between 
the stationary points are described in terms of relative 
steric and free energies. 


These energy surfaces are correlated with available 
NMR data. In the case of [3]ferrocenophane (3), for 
which variable-temperature studies have been reported, 
the calculated energy barrier to bridge reversal shows 
good agreement with the experiment. 


In view of our calculations, it is very likely that the 
global energy minimum conformer of [4] superferro- 
cenophane (2) is of DS symmetry with all five 
tetramethylene bridges in an identical helical sense. 
The bridges can flip one by one over barriers of 
13-15 kcalmol-'. The D5h structure, as it appears from 
x-ray analysis, does not represent a stationary point on 
the energy surface. The model proposed here can be 
applied to studies of yet unsynthesized members of this 
family. 
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TRANSIMINATION REACTION BETWEEN 


DODECYLAMINE AND AMINO ACIDS 
PYRIDOXAL-5 ' -PHOSPHATE SCHIFF BASES WITH 


M. A. VAZQUEZ, F. M U ~ ~ O Z  AND J .  DONOSO* 
Dpt. de Quimica, Facultat de Ciencies, Universitat de les Illes Balears, 07071 Palma de Mallorca, Spain 


AND 


F. GARCIA BLANCO 
Dpto. de Quimica Fisica, Facultad de Farmacia, Universidad Complutense, 28040 Madrid, Spain 


Some transimination processes were studied using an intermolecular model formed by pyridoxald' -phosphate (PLP) 
an amino acid and dodecylamine (DOD) in an aqueous medium. All the kinetic constants for the reversible reaction 
were determined. The results show that in these cases transimination proceeds through an addition-elimination by 
forming a diamine geminal intermediate. Equilibria are always shifted to dodecylamine-PLP Schiff base formation. 
Differences between the stability of this Schiff base and the e-aminocaproic Schiff base cannot be explained only on 
the basis of  the different nucleophicities of amine groups and therefore differences in the imine double bond 
environment must be taken into account to explain this behaviour. 


INTRODUCTION 


It is generally accepted that the first reaction catalysed 
by a pyridoxal-5 '-phosphate (PLP)-dependent enzyme 
is one of transimination, viz. one involving the displace- 
ment of the amino group of lysine in the enzyme by an 
amino group in the substrate. This reaction converts 
amines into imines and vice versa 


From a chemical point of view, transimination is a 
symmetrical, reversible process that can take place via 
two reaction pathways (Scheme l ) . 1 -3  One involves 
free PLP and two carbinolamines (CA-E and CA-L) as 
intermediates, whereas the other involves only one 
intermediate (a geminal diamine, GD, which is struc- 
turally analogous to  a carbinolamine). Some workers 
claim that transimination takes place via a geminal 
diamine4-' whereas others believe it involves a twofold 
addition-elimination. 8 9 9  This fast, reversible process is 
of great biochemical interest insofar as it plays a crucial 
role in cellular reactions. lo  


Studies on this type of reaction in enzyme systems 
are made extremely difficult by its high rate and 
complexity. lo 


Non-enzymatic transimination has so far been 
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studied by using intramolecular and intermolecular 
chemical model systems. The intramolecular displace- 
ment reaction can be used as a reliable model in con- 
formational studies on  enzyme active sities. In fact, 
geminal diamines have been used as model compounds 
in a number of UV and NMR spectroscopic 
studies "-'* which have allowed the determination of 
the rate and equilibrium constants of various cycliza- 
tion and tautomerization processes involving geminal 
diamines as intermediates. Acid-base catalysis and the 
effect of the solvent on the proton transfer involving 
the geminal diamine have also been studied in this 


The bimolecular displacement reaction has the 
advantage of being slow enough for UV spectroscopic 
monitoring. In addition, the concentration of the 
intermediate geminal diamine is usually so low that its 
actual occurrence cannot be confirmed by UV spectros- 
copy. However, it poses problems arising from the 
great similarity of the UV spectra of the Schiff bases of 
a number of amines and/or amino acids. This problem 
can be circumvented by using hydroxylamine or a 
semicarbazide as attacking amine in order to  obtain 
a reaction product absorbing at a different wave- 
length. 1 5 ~ 2 1 - 2 3  However, the low basicity of these 
amines makes them poor enzyme Weng 
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and L e u ~ s i n g ~ ~  used Zn(I1) to  resolve the spectrum of 
the Schiff base of ethylamine from that of a n  a-amino 
acid, the latter of which was complexed by the metal 
ion to  form a chelate that absorbs at  a different wave- 
length. This type of kinetic study is complex owing to  
the large number of solution equilibria involved. 


We recently used an enzyme-PLP model in an 
aqueous medium formed by the Schiff base of P L P  
with dodecylamine, the UV spectrum of which is 
different from those of the Schiff bases of P L P  
and a-amino acids and amines. 2 5  Our kinetic studies 
revealed a significant increase in the rate of formation 
of the Schiff base and a decrease in the rate of hydro- 
lysis, both as a result of the dual hydrophilic- 
hydrophobic character of the system in question. 26 On 
the other hand, the analysis of the UV spectral bands 
showed enol tautomers to prevail over their keto 
counterparts over wide pH ranges. 25 


In this work we carried out a kinetic study on  trans- 
imination by using an intermolecular model formed by 
PLP,  an amino acid and dodecylamine in an aqueous 
medium in order to establish the mechanism of the 
process and to  determine the influence of pH on its rate 
constant and whether the different protonatable groups 
in the Schiff base exert any catalytic effects. This is the 
first reported model system made up of amines and 
amino acids of similar basic strength that allows the 
transimination process to be studied without the need to 
use a metal ion. 


EXPERIMENTAL 


Materials. L-Leucine, glycine, c-aminocaproic acid 
and dodecylamine were purchased from Sigma and 
were used without further purification. All other chemi- 
cals were supplied by Merck. The ionic strength was 
kept a t  0.1 M by using either an acetate or a HEPES 
buffer. 


PLP stock solutions (ca 3 x lo-’ M) were prepared 
daily in an appropriate buffer and stored in the dark. 
Their exact concentrations were determined from 
absorbance measurements after dilution with 0.1 M 
HCI. 27 


Amino acid solutions were also prepared daily by 
diluting the appropriate volumes of the concentrated 
solutions with buffer and adjusting the p H  with HCl or 
NaOH as required. Their concentrations ranged 
between 1 x and 8 x lo-’ M. Dodecylamine 
solutions were prepared from the hydrochloride as 
described elsewhere. 25 


p H  measurements were made with a Crison pH- 
meter. As checked in every experiment, the initial and 
final p H  values in the reaction cell never differed by 
more than 20 .03 .  


A Uvikon 940 spectrophotometer furnished with 
thermostated cells of 1 cm light path was used to  obtain 


UV spectra. The temperature was kept constant at 
25.00 2 0.05 C throughout the experiments. 


Methods. The Schiff base of P L P  and the amino acid 
was pre-formed in solution by adding to the already 
buffered P L P  solution the amino acid at the desired 
pH. In order t o  shift the equilibrium as much as poss- 
ible towards imine formation, the initial amino acid 
concentration was 500-1000 times higher than that of 
PLP. 


The transimination reaction was started by adding a 
few millilitres of the dodecylamine solution to  a cell 
which already contained the pre-thermostated Schiff 
base solution in the same buffer and at the same pH. 
The dodecylamine concentration in the measuring cell 
was 200-800 times higher than that of the Schiff base. 
The reaction was monitored by measuring the decrease 
in the absorbance at  420 nm. 


Transimination between a Schiff base and an amine 
takes place according to the following reaction: 


lCHzNCHR3 RICH = NR2 + R3NH2- kz W k i  


+ RzNHz 


which is second order in both directions. However, 
since RzNH2 and R3NH2 were in excess with respect to 
the Schiff bases under the experimental conditions used, 
both can also be considered to  be of pseudo-first order. 
Thus, on the basis of the Beer-Lambert law, the rate of 
the process can be expressed by 


h(Ao - Am)/(A - Am) = kobrf (1) 


kobs = kl a + k2b ( 2 )  
where a and b are the initial concentrations of dode- 
cylamine and the amino acid, respectively, and Ao,  A ,  
and A are the absorbances at time zero, infinity and t ,  
respectively. 


Constant kobs was obtained from the slopes of the 
plots of In(A - A,)  vs time. The correlation coefficient 
obtained in the fitting was always 20.999.  The koh, 
values thus obtained were in turn used to calculate the 
rate constants kl and kz. 


The overall rate constants of hydrolysis and for- 
mation of the aldimine can be described in terms of the 
rate constants for the individual ionic species involved 
in each case. 


Scheme 2 shows all the possible chemical species of 
the Schiff bases of P L P  with an amino acid (BL) and 
dodecylamine (BD). Subscripts denote the number of 
net negative charges of the different molecules. As the 
working p H  ranged between 3 . 3  and 8.5, the fully 
deprotonated species, which occurs above p H  11 only, 
was excluded from the study. Species BLI was only con- 
sidered in relation the Schiff base PLP-CA, in which 
the pK of the carboxyl group is 4 (that of the carboxyl 
group of the Schiff bases with a-amino acids ranges 
between 2.1 and 2.2). According to Scheme 2, species 
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BD-,  can also be attacked by the monoprotonated 
amino acid (CA). Constants k{ (i = - 1,0, 1, 2 or 3) are 
the specific rate constants for the transimination 


k i  (i = - 1, 0, 1 or 2) and ki" are their counterparts 
for the Schiff base of BD with an amino acid. 


The rate of transimination of the Schiff base of an 
amino acid (BL) with dodecylamine is given by 


Schiff base of dodecylamine (BD) and an amino acid 
(L) is given by 


between the Schiff base of BL with dodecylamine, while uz = ki- ' [BD-l ]  [Lo] + [LII 2 ki[BDil 
i =  - 1 


= k z [ B D l ~ [ L ] r  (4) 


The equilibrium constant, K p ~ ,  can be expressed as 
3 


U I =  [Do] C k'l[BLi] = ~ I [ B L I T [ D O D ] T  (3) 
i =  - 1 


where T denotes the total concentration of all suecies. 
On the other hand, the rate of transimination -of the Taking into account the equilibrium in Scheme 2 ,  


K3BL 11 


BL2 


KlBL f j  


k23 


k l '  


BDo 


K - l D  
R-NH~+ R-NH, 


D- I DO 


K-1L  KO, 
HOOC-CHR-NH,',----, -OOC-CHR-NH3'-= 'OOC-CHR-NH, 


L -1 LO L i  


Scheme 2 
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equations (3)-(5) can be readily transformed into 


h4 
h 3  + k ; '  


KZBLKIBLKOBL KZBLKIBLKOBLK- I B L  


kz = 


k: + k: - + k! 
h h 2  


K ~ B D  KZBDKIBD 


h 
KOL KOLK-IL 


+ h Z  + 
KZBDKIBD KZBDK~BDKOBD 


(7) 


h h 
1 +-+ 


(9) 


where h is the proton concentration. 
Experimental data for kl,  k2 and K P ~  were fitted to 


the corresponding theoretical equations by means of a 
non-linear regression method and minimizing the 
function U;: 


(10) 


where subscripts e and t refer to experimental and 
theoretical data, respectively. 


Uj = C(l0g k,,, - log k;,,)' 


RESULTS AND DISCUSSION 


Transimination between a Schiff base of P L P  (BE) and 
an amine or amino acid can take place through two 
different pathways (see Scheme l ) ,  namely, addi- 
tion-elimination via an intermediate geminal diamine 
(GD) and twofold addition-elimination yielding two 
carbinolamines (CA-E, CA-L) and free PLP.  


As noted in the Introduction, the main difficulty 
encountered in studying transimination reactions on 
intermolecular model systems lies in the similarity 
between the UV spectra of the Schiff bases of PLP with 
amines and amino acids. lo  Figures I(A) and (B) show 
the analysis of the bands yielded by the mono- 
protonated species of the Schiff bases of P L P  with 
L-leucine and dodecylamine. 25928 As can be seen, there 
are major differences in molar absorptivity between the 
two in the regions of 335 and 425 nm throughout the 
p H  range, which allows the process involved to be 
studied kinetically. 


As stated in the Experimental section, the kobs values 
of the transimination process can be obtained from 
fitting experimental absorption results to  equation (1). 
Different values of this parameter can be obtained when 
the initial concentration of dodecylamine and/or amino 
acid is changed [equation ( 2 ) ] .  Table 1 gives some 
values of kobs at  different p H  values for the transimina- 
tion reaction between the Schiff base of glycine and 
P L P  and the dodecylamine, and also kl and kz values 
obtained from fitting the experimental kobs to equation 
(2). Values of kl and k2 obtained in every case from this 
kind of fitting present errors similar to  those shown in 
Table 1, but they were never more than 4% of the total 
value. 


Figures 2 and 3 show the second-order rate constants 
of transimination for the Schiff bases of P L P  with 
amino acids (BL) and dodecylamine (BD). The symbols 
denote experimental values and the theoretical curves 
were obtained from equations (6) and (7 ) ,  respectively, 
and the data listed in Tables 2 and 3. Such rate 
constants are always larger than the corresponding 
hydrolysis rate constants, which range between 0-5  
and 0.005 min-'. This behaviour indicates that 
transimination in our model system must take place via 
a geminal diamine. 


The rate constant kl increases with increasing pH as 
a result of the increase in the unprotonated DOD con- 
centration ( p K 1 ~  = 10.63) up to  p H  7-8, above which 
log kl remains constant despite the increase in the free 
amine concentration. This behaviour can be ascribed to 
the variation in the deactivating power of the pyridine 
ring with the degree of protonation. Since the pyridine 
nitrogen is deprotonated at p H  6 . 5 ,  the electrophilic 
character of the imine double bond is diminished as a 
result. This varying reactivity has also been observed in 
imines from P L P  analogues, the pyridine nitrogen of 
which was found to  decrease the reactivity of the imine 
bond by a factor of 40-600 on deprotonation. 
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On comparing the values of k2 with those of the 
reverse process (k l ) ,  it is seen that the former are con- 
siderably smaller. Such a great difference in the rate 
constants cannot be explained by taking into account 
only the differences in the nucleophilicities of the dif- 
ferent amines, as discussed below some aspects must be 
pointed out. 


We recently showed that the different possible 
chemical species of the Schiff base of PLP with dode- 
cylamine (BD) occur preferentially in their enol forms 
(Scheme 3), in which the imine double bond lies in a 
hydrophobic environment made up of the non-polar 
residues of the dodecylamine chain. 25*26 On the other 
hand, as can be seen in Scheme 4, which shows the pre- 
dominant tautomers of the different chemical species of 
the Schiff bases of PLP with amino and 
bearing in mind the data in Table 2, the imine nitrogen 
was always protonated and hence highly electrophilic 
and polar throughout the pH range studied. 


On the other hand, and according to other workers, 
the rate-determining step of the transimination process 


is the addition-elimination of the less basic amine. l o  
Therefore, k2 must correspond to the addition and kl to 
the elimination of the amino acid to the Schiff base of 
dodecylamine in the glycine and leucine cases. 


f-Aminocaproic acid and dodecylamine present very 
similar ionization constants (see Table 2), and therefore 
similar values must be expected for kl and k2 in this 
case. Nevertheless, kl is very much higher than k2, 
which can be explained by assuming that the dode- 
cylamine Schiff base is embedded in a very hydrophobic 
environment where the imine double bond is protected 
from the attack of amino acid and the small values 
obtained for k2 in all the cases studied must therefore 
be due to the low accessibility of the imine double bond 
to the polar amino acid molecule since the imine lies in 
a non-polar environment. 


The variation of log kz with pH is in principle anom- 
alous since, as with log k l ,  log k2 should increase 
with increasing pH as a result of the increase in the 
free amine concentration. However, log k2 initially 
decreases sharply between pH 3 and 5-5-6,  then 
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Figure 1 .  Absorption spectra of rnonoprotonated ionic species of the Schiff bases, (A) PLP and leucine and (B) PLP and 
dodecylamine, in aqueous solution fitted with log-normal distribution curves 
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Table 1. kobr values obtained by fitting experimental absorption data to equation (1) for the 
transimination reaction between the PLP and glycine Schiff base and dodecylamine, and best 


kinetic constants kl and k2 obtained by fitting experimental values to equation (2) 
~~~ ~ ~ ~~ 


Glycine 
concentration DOD concentration 


PH (lo-’ M) kobs (min-l) M) Parametersa 


6.26 3.47 


8.15 2.82 


~~ 


4.76 4.99 4.48 
5.93 
7.38 
8.83 


10.28 
11.73 
13.19 
10.75 
14.23 
17.86 
21.42 
24.97 
28-52 
32.07 
14.21 
18.80 
23.37 
27.96 
32.54 
37.11 
41.68 


6.10 
7.93 


10.3 
12.1 
14.3 
15.9 
18.2 
5.93 
8.01 


10.2 
12.3 
14.1 
16.0 
18.1 
6.08 
8.03 


10.6 
12.5 
14.3 
16.7 
18.4 


ki = 721 ‘45 
k2= 1 .77 
p =  0 *999 
6 =  0 .I226 


k l =  1765.8 
k2= 1.51 
p =  1.000 
6 =  0.231 


kt = 2205.9 
k2= 23.39 
p = 0.999 
6 =  0.485 


* p  is the correlation coefficient and 6 is the standard deviation of fitting to equation (2). 


3.5 I 


3 4 5 6 pH 9 


Figure 2. Variation of log kl as a function of pH for the transimination of Schiff bases of PLP-amino acids and dodecylamine. 
Amino acids: ( ) glycine; ( A ) leucine; ( + ) c-aminocaproic acid. Symbols are experimental values and continuous lines are the 


theoretical fitting to equation (6) 


increases above pH 7.  This behaviour can be explained 
on the basis of the PK;BD value of each chemical species 
involved. Thus, P K ~ B D  for the pyridine nitrogen in the 
Schiff base of P L P  with DOD (Scheme 4) is 3.64, i.e. 
much lower than that of the Schiff base of P L P  with an 
amino acid (BL, p K l e ~  = 6.5).’6*29 This deprotonation 
at such a low p H  value results in a decrease in the elec- 
trophilic character of the carbon atom in the imine 


double bond and hence in a decrease in the rate con- 
stant, despite the increase in the free amine concen- 
tration. The subsequent deprotonation of the Schiff 
base (phosphate group, pK = 7.91) and the increase in 
the free amine concentration result in an increase in the 
rate constant. On comparing the log kZ values for the 
transimination of leucine and glycine, both of which 
feature the same basic strength (pK  = 9-76), it is seen 
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Figure 3.  Variation of log k2 as a function of pH for the transimination of Schiff bases of PLP-dodecylamine and ( ) glycine, 
( A ) leucine and ( + ) c-aminocaproic acid. Symbols are experimental values and continuous lines are the theoretical fitting to 


equation (7) 


Table 2. ionization constants of glycine (Gly), L-leucine interaction with the dodecyl group. Above p H  7, the k2 
(Leu), c-aminocaproic (CA) and dodecylamine (DOD) and value for CA is smaller than it is for glycine and leucine 
their Schiff bases with PLP (BL and BD, see text), taken from as a result of the greater basic strength of the amino 


Refs 25, 26 and 29 group and hence the lower free amine concentration 
available. 


Scheme 5 shows the intermediate geminal diamines Constant GIY Leu CA DOD 


PK~BL 
PKZLIL 
PKIBL 
PKOLIL 
PK- I B L  


PKOL 
PK-IL  
PKzeo 
PKIBD 
PKOBD 
PK- I B D  


PKOD 


11.35 11.61 11.70 
6.36 6-65 6.42 
5.46 5.68 5.69 
2.84 2.83 3.93 
2.16 2.25 2.99 
9-76 9-76  10.45 
2.37 2.31 4.07 


11.31 
7.91 
3-64  
2 .96  


10.63 


that leucine yields greater values as a result of the pres- 
ence of a non-polar carbon residue (isopropyl), which 
makes this amino acid more accessible than glycine to 
the hydrophobic environment of the imine double 
bond. 


The kl values for the transimination of E- 


aminocaproic acid above p H  4 are greater than those 
for other amino acids despite the greater basic strength 
of its amino group (pK = 10.4). This behaviour can be 
ascribed to  the fact that the carboxyl group in E- 
aminocaproic acid (CA) is more distant from the amine 
group and its pK (4.07) is higher than those of a-amino 
acids. Thus, below p H  4, the carboxyl group is pro- 
tonated and must favour the addition of the amino acid 
by providing a non-polar environment from the carbon 
residue. With a-amino acids the carboxyl group is 
always deprotonated throughout the p H  range studied, 
thereby inducing some polarity that disfavours the 


involved in the transimination process. The attack of 
dodecylamine (DOD) on the Schiff base of an amino 
acid begins with a rapid addition of the dodecyl residue 
to  the Schiff base (BL) to yield a highly polar geminal 
diamine (GDI) that is converted into another geminal 
diamine (GD2) by proton transfer. This latter has a 


Table 3. Best kinetic constants and KM values obtained from 
fitting of experimental values of kl (I mol-' min-') and k2 
(I mol- ' min-I) to equations (6)-(8) for the transimination 


of PLP Schiff bases 


Parameter I PLP-GI~ PLP-Leu PLP-CA 


- 


3.52 
7.63 
8.35 


10.53 
- 


0.013 
- 


0.85  
3.41 
5.95 
8.01 


0.008 


2.67 
0.022 


- 


- 


3.23 
7.18 
7.99 


10.26 
- 


0.010 


0.66  
3.35 
6 .20  
8.34 


0.007 


2.57 
0.018 


- 


- 


- 


3.01 
6.95 
7.45 
9 .02  
9.78 
0.017 
- 


1.43 
3.88 
6.43 
8.93 


12.72 
0.010 


1.58 
0.029 


" 6 ( i )  is the standard deviation of fitting of the respective equation 
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Scheme 2. The k {  values increased with decreasing pH 
for all the Schiff bases studied. The Brernsted plots of 
log k'; against the pK values of the Schiff bases of BL 
were fitted to a straight line of slope 0.8 with a high 
correlation coefficient. This indicates that the more 
protonated species, with lower pK values, react more 
rapidly and/or the presence of acid catalytic effects, 
which in this case seems to be improbable. 


On the other hand, the largest specific constants were 
obtained for the transimination of the Schiff base of 
glycine, which can be attributed to the higher polarity 
of this amino acid compared with the others studied. 
On comparing the specific rate constant for each 
chemical species of the three Schiff bases studied, it 
is seen that the trend is identical with that of the 
pH-dependent overall rate constants as a result of their 
similar pK values. 


The specific rate constants (ki) for the attack of the 
different amino acids on the Schiff base of BD confirm 
the assumption that the attack of an a-amino acid on 
the imine double bond is disfavoured by the non-polar 
environment of the imine. As can be seen in Table 2, 
the addition of an amino acid to any of the chemical 
species of the Schiff base of dodecylamine is always 
faster for CA than it is for an a-amino acid. Accord- 
ingly, at any pH, the greater the distance between the 
carboxyl and amino groups the readier the addition of 
the latter to the imine double bond will be. It should be 
noted that the rate constant for the attack of the mono- 
protonated species of CA (with a protonated carboxyl 
group), ki- ' ,  on species BL-1 is larger than that of the 
unprotonated species of CA by about four orders of 
magnitude. This supports our previous assumption that 
the nucleophilic attack on the double bond of BD is 
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Table 4. Logarithms of equilibrium constants (log KP" ) of the overall transimination 
reaction between some P L P  and amino acid Schiff bases and dodecylamine at several 


pH valuesa 


PLP-Gly PLP-Leu PLP-CA PH 
~ 


3.33 1.69 2 0.09(1.73) 1~10f0~10(1~12) 0.71 f O.lO(0.58) 
3,72 1.89 f O.OS(1.86) 1.23 f 0.12(1.26) 1.04 f O.lO(1.05) 
4.10 2.11 f 0.09(1.91) 1.50f 0.09(1.49) 1.52 f O.OS(1.52) 
4.41 2.34 f 0.07(2.33) 1.76 f 0.09(1.73) 1.75 f 0.07(1.78) 
4.76 2-61 2 0*06(2.60) 2.05 f 0.09(2-02) 1.81 f 0-07(2.02) 
4.92 2.75 f O.Og(2.72) 2.19 f 0*06(2.15) 2.05 ? 0.09(2.14) 
5.28 2.93 f 0.06(2.95) 2-40 2 0.08(2.42) 2.20 f 0.09(2.39) 
5.63 3.04 f 0.08(3.08) 2.60 f 0.07(2-62) 2.44 f 0.06(2.56) 
5.82 3.10 2 O.OS(3.12) 2.65 f 0.09(2.69) 2.63 f 0.09(2.61) 
6.26 3.06 f O.lO(3.07) 2.76 2 0.07(2.75) 2.61 2 0.05(2.62) 
6.59 2.91 f 0.07(2.92) 2.68 2 0.07(2.68) 2.48 2 0.08(2.50) 
6.91 2.74 f O.OS(2.73) 2-53 f O.lO(2.54) 2.33 f O.OS(2.31) 
7.27 2.47 f O.lO(2.48) 2.33 ? 0.09(2.33) 2.08 f O.lO(2.08) 
7.57 2.32 f O.lS(2.28) 2.16 f 0.13(2.16) 1.892 O.ll(1.88) 
8.02 2.05 2 O.ll(2.05) 1.902 0.13(1.94) 1.65 f 0.15(1.64) 
8.15 1.99 2 0.16(2.00) 1.82 f 0.14(1.89) 1.60f 0.13(1.59) 
8.46 1.92 f 0.15(1.92) 1.75 2 0.14(1.82) 1.51 2 0.13(1.51) 


'The intervals ( 2 )  are the standard errors for the 95% confidence level Values in parentheses 
calcutated as the ratio between the formation equilibrium constants of the Schiff bases BD and 
BL (Fee text) taken from Refs 26 and 29 
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Figure 4. Variation of log KP" as a function of pH for the transimination of Schiff bases of PLP-amino acids and dodecylamine. 
Amino acids: ( H ) glycine, ( A ) leucine and ( + ) c-aminocaproic acid. Symbols are experimental values and continuous lines are 


the theoretical fitting to  equation (8) 


favoured by the presence of uncharged andfor non- 
polar molecules. 


The specific kinetic constants of transimination ( k l )  
to the Schiff base of dodecylamine (BD) also increase 
with decreasing pH. The Brsnsted plots are highly cor- 
related; however, there are some deviations in the spe- 
cific rate constants of the most protonated chemical 
species, which may arise from the fact that the enol 
form accounts for 67% of species BDo and for 95% of 
all other chemical species. '' The greater contribution of 
the zwitterionic form of BDo results in a much larger 
increase in ki  than one would expect if the initial pro- 
portion were to be maintained. Overall, the specific rate 
constants of transimination of the Schiff bases of PLP 
and DOD (BD) are considerably smaller than those of 
the Schiff bases of PLP with amino acids (BL). This 
must be ascribed to the prevalence of enol forms in the 
former, where the imine double bond lies in a non-polar 
environment that reduces the electrophilic character 
and accessibility of the imine carbon. 
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ACID-CATALYSED DEPURINATION OF DI-, TRI- AND 
POLYDEOXYRIBONUCLEOTIDES: EFFECT OF MOLECULAR 
ENVIRONMENT ON THE CLEAVAGE OF ADENINE RESIDUE 


HARRI HAKALA, MIKKO OIVANEN AND EIJA SALONIEMI 
Department of Chemistry, University of Turku, SF-20500 Turku, Finland 


ANDRE1 GOUZAEV 
Joint Biotechnology Laboratory, University of Turku, SF-20500 Turku, Finland 


AND 


HARRI LONNBERG* 
Department of Chemistry, University of Turku, SF-20500 Turku, Finland 


First-order rate constants for the acid-catalysed cleavage of adenine base from 2 '-deoxyadenosine, its 3 '- and 5 ' -  
monophosphates, various dinucleoside monophospbates, trinucleoside diphosphates and hexameric 2 ' -deoxyadenylic 
acid were measured by the method of initial velocity. The results obtained were compared with the effect that 
heteroassociation with caffeine has on the pre-equilibrium protonation and rate-limiting heterolysis of 2 ' - 
deoxyadenosine and its isosteric analogue, 1-(2-deoxy-~-~-erythro-pentofuranosyl)benzimidazole. The kinetics of the 
depurination of poly(dA-T), poly(dA) and a mixture of poly(dA) and poly(T) were determined, and the rate variations 
observed are discussed on the basis of the known structures of these polymers. 


Cleavage of the purine bases adenine (Ade) and guanine 
(Gua) from DNA by acid-catalysed hydrolysis of the 
N-glycosidic bond of purine 2 ' -deoxyribonucleoside 
residues ( la and b) is one of the central chemical 
reactions of nucleic acids. It is encountered as a 
harmful side-reaction during chemical synthesis of 
oligodeoxyribonucleotides; removal of the sugar moiety 
protecting groups under acidic conditions is accom- 
panied by partial depurination of the oligomer.' The 
same reaction has also been suggested to be a potential 
source of spontaneous mutagenesis;2 an apurinic site in 
DNA may result in an error in replication. Mechanistic- 
ally the reaction involves a rapid initial protonation of 
the base moiety and rate-limiting unimolecular rupture 
of the N-glycosidic bond (Scheme l), as originally 
shown by Zoltewicz et al. and subsequently supported 
by several lines of e ~ i d e n c e . ~  The kinetic results 
available, however, refer only to monomeric 
nucleosides, and no attempts have been made to deter- 


mine the depurination rate of 2' -deoxyribonucleosides 
incorporated in oligonucleotides. This paper is aimed at 
partly filling this gap. Rate constants for the cleavage of 
adenine base from 2'-deoxyadenosine (dA, la),  its 3'- 
and 5'-monophosphates (3'-dAMP, 2a; 5'-dAMP, 
2b), various dinucleoside monophosphates (3a-e), 
trinucleoside diphosphates (4a and b) and hexameric 
2 '  -deoxyadenylic acid (5a) were determined by the 
method of initial velocity. Moreover, depurination of a 
copolymer, poly(dA-T) (5d), and a homopolymer, 
poly(dA) (5b), in the absence and presence of poly(T) 
(k), was studied. The results obtained are compared 
with the effect that heteroassociation with caffeine (6) 
has on the pre-equilibrium protonation and rate- 
limiting cleavage of dA and its isosteric analogue, I-(2- 
deoxy-0-D-erythro-pentofuranosy1)benzimidazole (7). 


As can be seen from Table 1, dinucleoside 
monophosphates derived from either 3 ' -dAMP or 
5 ' -dAMP (3a-e) are less susceptible to acid-catalysed 
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Ade Gua 


la: d A ,  B = A d e  
b: dG , B=Gua 
C: dC . B=Cvt 


"'"aAde 0 R1 


0 
0+0- O D +  


d H  


3a: B1=Ade, B2=Thy 
b B1=Thy, B2=Ade 
c: B1=Ade, B2=Cyt 
d:B1,Cyt , Bf=Ade 
e: B1=Ade, &Ade 


0 
0-e-0- Bf 


OYOY 
I 
CH3 


6 


I 
OH 


7 
0 


depurination than dA. The relative depurination rates 
compared with dA at pH 2 and 303.2 K are dApT (3a) 
0.30, TpdA (3b) 0-35, dApdC ( 3 ~ )  0-21, dCpdA (3d) 
0.35 and dApdA (3e) 0.26. On going to trinucleoside 
diphosphates the depurination is further decelerated, 
the relative rates being TpdApT (4a) 0-10 and dAp- 
dApdA (4b) 0.19. A considerable part of these rate 


ka:B1=ThY* *2=Ade 
61, B2 = Ade 
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retardations may be attributed to phosphorylation of a value of 3'-AMP is known to be equal to that of adeno- 
sugar hydroxyl function; the depurination rate of both sine ( 3 . 6  at 298.2 K, Z = O - 1  m ~ l d m - ~ ) ,  and 5'-AMP 
3'-dAMP and 5'-dAMP is about half that of dA. The is even slightly more basic (pK, = 3.8 at 298.2 K, 
latter retardation results from destabilization of the Z = 0.1 mol dm-3). 5,6  


oxocarbenium ion intermediate rather than from The origin of the higher hydrolytic stability of 
decreased basicity of the base moiety, since the pKa dinucleoside monophosphates (3a-e) and trinucleoside 


Table 1. First-order rate constantsa for the acid-catalysed depurination of 2 '-deoxyadenosine, its monophosphates and various 
di-, tri- and oligonucleotides 


3'-dAMP (La) 


5'-dAMP (2b) 


dApT (3a) 


TpdA (3b) 


dApdC (3c) 


dCpdA (3d) 


dApdA (3e) 
TpdApT (4a) 
dApdApdA (4b) 
dAp(dAphdA (5a) 
Poly(dA) (5b) 
Poly(dA) + poly(T) (5b + 5c) 
Poly(dA-T) (5d) 


303.2 
303.2 
363.2 
303.2 
303.2 
303.2 
303.2 
303.2 
303.2 
363.2 
303.2 
303.2 
363.2 
303.2 
363.2 
303.2 
363.2 
303.2 
303.2 
303.2 
303.2 
303.2 
303.2 
303.2 


2.0Oh 
4.55' 
4.71' 
2.00 
4.55 
2.00 
4.55 
2.00 
4.55 
4.71 
2.00 
4.55 
4.71 
2.00 
4.71 
2.00 
4.71 
2.00 
2.00 
2.00 
2.00 
2.00 
2.00 
2.00 


22.3 t 0 ~ 6 ~  
0.136 t 0.003 


45.3 2 0.6 
13.4 2 0.3  


0.052 +_ 0.003 
12.5 5 0.4 


0.059 k 0.003 
6 . 7  2 0.3 


0.036 2 0.003 
14.2 f. 0.3 
7.7 f 0.3  


0.035 k 0.002 
16.8 t 0 . 3  
4 .6  t 0.5  


17.3 f. 0.1 
7 . 8 2  1.2 


21.9 t 0 . 6  
5.9 2 0.8  
2.3 t 0.1 
5.3 5 0.1 
4.3 2 0.1 


0.10 2 0.05 
25 2 3 


3.2 2 0.4 
~~ ~ 


"Obtained by the method of initial velocity. 
hAdjusted with hydrogen chloride, I =  0 .  I rnoldm-' with sodium chloride. 
'Adjusted with an acetic acid-sodium acetate buffer, f = O . 1  moldm-' with sodium chloride 
'Standard deviation of mean of 12 samples. 


Table 2. First-order rate constants for the acid-catalysed depurination of 2'-deoxyadenosine ( la )  and 1-(2-deoxy-P-~-erythro- 
pentofuranosy1)benzimidazole (7), and the pKa values of N-1-protonated 2'-deoxyadenosine at various concentrations of caffeine 


(6 ) 


[6]/mol dm-' k,b,(1a)/10-4 s - Ia  k,b,(Ia)/10-6 S K I '  kobS (7)/ S -  


- 2.70 ? 0.03e 1.25 2 0.07 0.64 5 0.04 3.66 
0.0125 2.54 t 0.02 1.21 2 0.07 0.87 k 0.05 3.49 
0.025 2-56 t 0.02 1.14 k 0.07 0.94 t 0.05 3.41 
0,050 2.35 t 0.03 1.05 k 0.06 0.87 t 0.07 3.30 
0.075 2.44 2 0.04 0.97 t 0.06 1.07 2 0.05 
0.100 2.31 2 0.01 0.92 t 0.06 - 3.17 


~~ 


a In hydrochloric acid (0.1 moldni-') at 303.2 K. 
h l n  acetic acid-sodium acetate (0.5 and 0.1 moldm-', respectively) buffer at 313.2 K. 
' I n  hydrochloric acid (0.1 moldm-') at 313'2 K .  
'At 298.2K; I = O . 1  moldm-' with sodium chloride. 
'Standard deviation of mean of 12 samples. 
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diphosphates (4a and b) compared with 3'-dAMP and 
5'-dAMP is of considerable interest. Factors that may 
affect the depurination rate include intramolecular base 
stacking and/or intramolecular electrostatic interac- 
tions. With dApT (3a), TpdA (3b) and TpdApT (4a), 
the thymine base (Thy) remains uncharged under the 
experimental conditions employed, ' and hence the elec- 
trostatic interactions between the base moieties may be 
ignored. The population of the stacked form of 
dinucleoside monophosphates has been estimated to 
vary from 20 to 40% at 293 K, except for uridylyl- 
(3 ' ,5 ')uridine, the stacked population of which is 
less than lo%.* To elucidate the effect that base 
stacking may have on the pre-equilibrium protonation 
and rate-limiting departure of the adenine ring, the pK, 
values of dA and the first-order rate constants of its 
depurination were determined at various concentrations 
of caffeine (6). The results obtained are summarized in 
Table 2. 


Caffeine is known to stack efficiently with adenine 
derivatives, the association constant with adenosine, for 
example, being 39 dm3mol-' at 298-2 K . 9  Accord- 
ingly, dA may be expected to be largely stacked at a 
caffeine concentration of 0-1  moldm-'. As can be seen 
from Table 2, the pKa, value of dA, which refers to N-1 
protonation,' is markedly decreased with increasing 
caffeine concentration, suggesting that stacking of the 
adenine ring with caffeine reduces its basicity, and 
hence retards depurination. The observed first-order 
rate constant is also decreased with increasing caffeine 
concentration, but considerably less than the equi- 
librium constant of the initial protonation. In other 
words, base-stacking interactions appear to retard the 
initial protonation and facilitate the departure of the 
protonated base moiety, the former influence being 
more marked. To verify this conclusion, the effect of 
caffeine concentration on the hydrolysis of 1-(2-deoxy- 
P-D-erythro-pentofuranosy1)benzimidazole (7) was 
studied. This compound reacts in principle by the same 
mechanism as dA." However, it contains only one 
potential site of protonation, and hence the hydrolysis 
rate becomes independent of pH at pH < pKa 
(pK, = 3.9 at 363.2 K)." Under these conditions, the 
observed first-order rate constant is equal to the rate 
constant for the unimolecular heterolysis of the pro- 
tonated substrate, which may be regarded as a model of 
the rate-limiting stage of dA depurination. The data in 
Table 2 show that the presence of caffeine indeed accel- 
erates the heterolysis of the conjugate acid of 7 by 
about 50%. Accordingly, the conclusion that base 
stacking retards the protonation of dA, and that this 
rate retardation is partly compensated for by acceler- 
ation of the rate-limiting heterolysis, appears to be 
valid. 


Since intermolecular stacking of dA with caffeine 
reduces its depurination rate by only about 20%, it 
appears evident that intramolecular base stacking may 


have only a slight effect on the hydrolytic stability of 
dApT (3a). TpdA (3b) and TpdApT (4a). The stacking 
population of the latter compounds is undoubtedly less 
than 40%,* and hence the rate retardation may be 
expected to be of the order of 10%. Consistent with this 
view, the relative depurination rates of 3a and 3b com- 
pared with dA are not markedly increased with tem- 
perature, although the stacked population at elevated 
temperatures (350 K) is only about half of that at room 
temperature. * The relative rates observed at 303 2 and 
363.2 K are 0.26 and 0.31 with 3a and 0.26 and 0.37 
with 3b. 


With dApdC (3c), dCpdA (3d) and dApdA (3e), 
both of the base residues are positively charged at pH 2; 
adenine bears a proton at N-1 and cytosine at N-3. The 
log& value for the formation of diprotonated ApA, 
the rib0 analogue of Sc, was observed to be 6.8 k 0.1 
at 298.2 K ( I=O. l  m ~ l d m - ~ ) .  The pK, value of the 
diprotonated form is thus 3.2, assuming that the pKa 
value of the monoprotonated species is equal to that of 
adenosine (3 -6) .  Accordingly, protonation of one of 
the base moieties reduces the basicity of the remaining 
adenine residue by 0.4 unit. This effect is large enough 
to account for the increased hydrolytic stability of 3c-e 
compared with 3 '-  and 5'-dAMP. Trimeric (4b) and 
hexameric 2 ' -deoxyadenylic acids (5a) are depurinated 
only slightly more slowly than the corresponding dimer 
(3e 1. 


The depurination rate of copolymer poly(dA-T) (5d) 
does not differ markedly from that of the corre- 
sponding trimer, TpdApT (4a). It has been shown" 
that this polymer has a single-stranded structure under 
acidic conditions, and hence the result is expected. In 
contrast, poly(dA) (5b) adopts a double stranded 
helical structure at pH 2.12,13 It is interesting that the 
depurination rate of this double-stranded polymer is 
only 3% of that of the single-stranded copolymer 5d. 
However, the data available do not allow one to decide 
whether the high hydrolytic stability is a general feature 
of double-stranded helices. Surprisingly, poly(dA) is 
depurinated in the presence of one equivalent of 
poly(T) (5c) over 200 times as fast as in the absence of 
5c. According to hypochromicity measurements, 
poly(dA) is unable to complex with polyuridylic acid at 
pH < 3. l3 This finding strongly suggests that poly(dA) 
would also be unable to complex with poly(T) at pH 2. 
However, the exceptionally high depurination rate 
cannot be understood without assuming some kind of 
interaction between poly(dA) and poly(T). 


In summary, adjacent nucleoside residues have only 
a moderate effect on the rate of acid-catalysed 
depurination of 2 ' -deoxyadenosine residues of small 
oligodeoxyribonucleotides. The effect of electrostatic 
interactions between adjacent bases appears to be more 
important than base stacking. At the polymeric level 
inter-strand interactions may either accelerate or 
decelerate the depurination by one order of magnitude. 
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EXPERIMENTAL 


Materials. The trinucleoside diphosphates (4a and b) 
and hexameric oligo(dA) (5a) were prepared by the 
manual phosphite-triester method, using 3 *O pmol of 
the appropriately derivatized CPG support (Sigma, type 
I), 0.1 mol dm-’ 5 ‘  -O-dimethoxytrityl-2’-deoxy- 
nucleoside 3 ‘ -(2-cyanoethy1)diisopropylamidophos- 
phite and 0*4m0ldm-~  tetrazole on a Cruachem PS 
100 DNA synthesizer. After deprotection, the oligo- 
nucleotides were purified by ion-exchange high- 
performance liquid chromatography (HPLC) on a 
Synchropak AX-300 column [250 x 4.6 mm id . ;  
flow-rate 1 a 0  cm’min-I; eluent A, KH2P04 
(0.03 m ~ l d m - ~ )  in 50% aqueous formamide (pH 5.6); 
eluent B, KHzP04 (0.03 mol dm-’) and (N&)zS04 
(0-6 moldm-’) in 50% aqueous formamide (pH 5 . 6 ) ] ,  
desalted (Alltech Maxi-Clean CIS cartridge) and evapor- 
ated to dryness. All the other nucleosides, nucleotides 
and polynucleotides were commercial products from 
Sigma. They were used as received, after checking their 
purity by HPLC. The preparation of I-(Z-deoxy-& 
D-erythro-pentofuranosy1)benzimidazole has been 
described previously. lo Caffeine was a product of 
Aldrich (9970). 


Determination of pK,  values. The pK, values were 
determined by the potentiostatic method described 
previously. l4 


Kinetic measurements. First-order rate constants of 
the depurination were obtained by the method of initial 
velocity. The progress of the reaction was followed by 
withdrawing aliquots from the reaction mixture as long 
as about 10% of the adenine residues were released. 
The composition of the samples was analysed by the 
HPLC technique described previously, and the 


adenine content of each aliquot was compared to that 
observed after complete depurination of the starting 
material. The initial substrate concentration was about 
5 x mol dm-’, expressed as the amount of adenine 
released in complete hydrolysis. Chromatographic 
separations were carried out on a Hypersil ODS column 
(250 X 4.6 mm i.d., 5 pm), using aqueous ammonium 
acetate (0-1 m ~ l d r n - ~ )  containing 5% (v/v) of 
acetonitrile as eluent. 
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The application of computational techniques to biology, chemistry and physics is growing rapidly. Quantitative 
structure-activity relationships (QSAR) have been used widely to relate biological activities and physicochemical 
properties to molecular structural features. A difficulty in this approach has been non-uniformity of parameter sets 
resulting in the inability to examine contributions across properties and data sets. Linear solvation energy relationships 
(LSER) developed by Kamlet and Taft successfully utilize a single set of parameters to correlate a wide range of 
biological, chemical and physical properties. The empirical LSER solvatochromic parameters have been replaced with 
theoretically determined parameters to permit greater ease in a priori property prediction. These TLSER descriptors 
have given good correlations and interpretations for some biological activities. This paper discusses the application 
of these descriptors to six physicochemical properties involving equilibria, kinetics and spectra. The results show good 
correlation and physical interpretation. 


INTRODUCTION 


Quantitative structure-activity relationships (QSAR) 
have been used extensively to correlate molecular struc- 
tural features of compounds with their known bio- 
logical properties (activities). QSAR assumes that there 
is a quantitative relationship between microscopic (mol- 
ecular structure) features and a macroscopic (empirical) 
property (particularly biological activity) of a com- 
pound. Analogously, quantitative structure-property 
relationships (QSPR) apply to chemical and physical 
properties. Once a relationship has been found for a 
particular property, it can be used to predict that prop- 
erty for any compound from its molecular structure. ’ 
One such equation is based on the linear free energy 
relationship (LFER). Burkhardt’ and Hammett 
reviewed the existence of LFERs in 1935 and in 1937 
Hammett4 proposed the equation that bears his name. 
A recent (1988) survey of LFER and a clear discussion 
of the background for its use was given by Exner.’ 


LINEAR SOLVATION ENERGY 
RELATIONSHIPS 


An enormous number of descriptors have been used to 
increase the ability to  correlate biological, chemical and 
physical properties. Once of the most successful sets has 
been used in the correlations of Hansch6 and Kamlet, 


0 1992 by John Wiley 8c Sons, Ltd. 
0894-3230/92/070395-14$12.00 


Taft and co-workers,’ who extended the LFER of 
earlier workers8 to involve solute-solvent interactions. ’ 
This Linear solvation energy relationship (LSER) 
employs the empirically based solvatochromic (LSER) 
descriptor set and has the general form shown in the 
equation 


Property = bulk/cavity term + dipolarity/polarizability 
term(s) + hydrogen bonding term(s) + constant (1) 


The property is often the logarithm of a measured prop- 
erty (involving solute-solvent interactions) which, in 
turn, can be related to  a free energy consistent with the 
LFER concept. The bulk term uses the solute molecular 
volume, V1, the dipolarity terms use the solute 
dipolarity parameter, K*, and the solute polarizability 
correction, 6, while the hydrogen bonding terms employ 
a solute acidity descriptor, a ,  and a solute basicity 
descriptor, p. Early work used the molar volume (Vm) 
while V1 is computed. Usually not all the terms in 
equation (1) are statistically significant. 


These LSER terms can be interpreted in microscopic 
(energetic, bonding) and macroscopic (thermodynamic) 
terms. The bulk term is a measure of the energy needed 
to overcome the cohesive solvent-solvent molecule 
interactions (endoergic) to  form a cavity for the solute 
molecule. The dipolarity-polarizability terms are 
measures of the energies of solute-solvent dipole and 
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induced dipole interactions (exoergic) which contribute 
to solution formation. Hydrogen bonding terms 
measure the energy of interaction (exoergic) when a 
solute-solvent complex is formed. Respectively, 
hydrogen bond acceptor basicity (HBAB) and hydrogen 
bond donor acidity (HBDA) refer to  accept- 
ing/donating a proton fromlto a neighbor molecule 
in keeping with the Breasted-Lowry acid-base 
definitions. 


Thermodynamic interpretation can be inferred from 
work by Abraham et a/.," who correlated thermo- 
dynamic quantities for the distribution of a set of 
solutes between water and hexadecane with the LSER 
descriptors. The volume term (bulk) is related to  the 
difference in energy needed to  create a solute molecule- 
sized cavity in the two solvents; it is endoergic in each 
solvent. If the energy is greater in the water it will make 
the standard enthalpy change for the process more 
exothermic. The cavity formation seems to involve 
general dispersive forces also; these will be more 
exoergic and exothermic in a non-polar solvent than in 
water, again contributing to a more exothermic overall 
change. The dipolarity and polarizability terms seem 
not to  be as easily interpreted thermodynamically; how- 
ever, greater dipolarity implies a greater tendency to  
form solute-water dipole-dipole interactions which are 
expected to be exoergic. The hydrogen bonding terms 
involve the difference between the exothermic 
solute-water interaction and the much less exothermic 
solute-hexadecane interaction, resulting in an overall 
endothermic enthalpy of transfer. However, the 
entropy change from the formation of solute-water 
bonds will be less than that for solute-hexadecane 
bonds, resulting in an overall positive entropy change. 


A strong point of these solvatochromic (LSER) 
descriptors is their very successful correlation of a wide 
range of chemical and physical properties involving 
solute-solvent interactions in addition to biological 
activities. The coefficients of the descriptors in the 
correlation equation also can provide an insight into the 
nature of the solute-solvent interactions as typified by 
the discussion in the previous paragraphs. 


However, the LSER descriptors are limited in their 
ability to  make apriori predictions because they are 
empirical. Although there are tables of LSER par- 
ameters and predictive relationships to  help in their esti- 
mation, LSER values for complex molecules are not as 
easily found. Attempts to  correlate computationally 
derived structural and electronic descriptors with the 
solvatochromic parameters have met with moderate 
degrees of success. I' 


THEORETICAL LINEAR SOLVATION ENERGY 
RELATIONSHIPS 


In the past, theoretical chemistry has been used to  
provide descriptors for QSAR. I 3 - I 6  Ford and 


Livingstone pointed out advantages of computa- 
tionally derived descriptors over extra- 
thermodynamically derived descriptors such as  7r and 6. 
These descriptors are not restricted to closely related 
compounds, as is often the case with group theoretical, 
topological and other variables. Also, they describe 
clearly defined molecular properties, making the in- 
terpretation of QSAR equations more straightforward, 
and they may be useful for prediction of biological 
activity. Further, their values are easily obtained; 
no laboratory measurements are needed, thus saving 
time, space, materials, equipment and alleviating safety 
(toxicity) and disposal concerns. 


Based on the LSER philosophy and general struc- 
tures a new, theoretical set of parameters of correlating 
a wide variety of properties has been developed. 
Termed the theoretical linear solvation energy relation- 
ship (TLSER) descriptors, these parameters are deter- 
mined solely from computational methods permitting 
a priori prediction of properties. The TLSER descrip- 
tors were developed so as to give optimum correlation 
with the LSER descriptors, to give TLSER equations 
with correlation coefficients, R ,  and standard devi- 
ations, SD, close in value to those for LSER, and to be 
as widely applicable to solute-solvent interactions as 
the LSER set. 


The TLSER bulk/steric term is described by the mol- 
ecular van der Waals volume, V,,,, in cubic instroms. 
The dipolarity/polarizability term uses the polarizabi- 
lity index, r1, obtained by dividing the polarizability 
volume by the molecular volume to produce a unitless, 
size-independent quantity which indicates the ease with 
which the electron cloud may be moved or polarized. 
Aromatics rank high and alkanes low on the scale. 


The hydrogen bond acceptor basicity (HBAB) is 
composed of  covalent, Q,, and electrostatic, q - ,  basicity 
terms. Analogously, the hydrogen bond donor acidity 
(HBDA) is made up of covalent, pa, and electrostatic, 
q + .  acidity terms. Increasing and Eb values indicate 
decreasing acidity and basicity, respectively. The cova- 
lent HBAB parameter, Eb, is the magnitude of the 
difference between the energy of the highest occupied 
molecular orbital (HOMO) of the solute and the lowest 
unoccupied molecular orbital (LUMO) of water. The 
result is divided by 100 for convenience of presentation 
and comparison of coefficients; the units are hectoelec- 
tron volts (heV). Analogously, the covalent HBDA par- 
ameter, ca, is the magnitude of the difference between 
the energies of the LUMO of the solute and the HOMO 
of water, again scaled like the covalent HBAB with the 
same units. The water energies are included for 
aesthetic reasons; the smaller these differences are, the 
greater is the ability to  form a hydrogen bond with 
water. The electrostatic contribution to  the HBAB is 
the magnitude of the largest negative formal charge, 
q - ,  on an atom; units are atomic charge units (acu). 
The corresponding HBDA descriptor is the formal 
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charge, q + ,  on the most positively charged H atom (in 
acu) . 


anesthetics" and with the molecular transform, a topo- 
logical descriptor, which had been applied to  this same 
set of compounds by Kier and Hall. " Good correlation The generalized TLSER equation is 


SsP = SsPo + avmc + bsr + c&b -t dq- + f?&a + fq+(2) 
where SSP represents a solute-solvent interaction prop- 
erty; this is generally taken as the logarithm of a 
measured quantity. For a given property and set of 
compounds, the coefficients, SSPO and a-f are deter- 
mined using multilinear regression analysis to fit the 
data. 


The TLSER descriptors gave good correlations and 
physically reasonable interpretations for a set of five 
non-specific toxicities and a wide range of represen- 
tative compounds. l9 The results compared very favor- 
ably with the LSER correlation standard deviations, 
SD, correlation coefficients, R ,  and number in the data 
set, N, the coefficients had the same signs and the same 
magnitudes, indicating qualitative agreement in the 
physical interpretation between the two methodologies. 


The TLSER descriptors also correlate well with the 
minimum blocking concentrations of a set of local 


also resulted for the opiate receptor activity of some 
fentanyl-like compounds and suggested an insight into 
the nature of the receptor sites.22 


PROCEDURE 


In this study the TLSER descriptors were applied to 
include six physiochemical properties (Table 1) and 
compound sets (Tables 5-10) that involve solute-sol- 
vent interactions. Included are charcoal a d ~ o r p t i o n , ' ~  
high-performance liquid chromatographic (HPLC) reten- 
tion indices, 24 octanol-water partition coefficients, '' 
rate constants for the hydrolysis of organ- 
ophosphonothiolates, 26 acidities in water (pKa)27328 
and electronic absorption of a pyridinium ylide. z9 


Molecular geometries were optimized and TLSER 
descriptors were calculated using the MNDO algorithm 
contained in ~ V ~ O P A C . ~ ~ . ~ '  The molecular volume for 


Table 1. Physiochemical properties used in this study 


Property Reference 
(type of process) Symbol Units data 


Charcoal absorption A 1 g- '  19 
(Distribution equilibrium) 
HPLC retention index K," None 20 
(Distribution equilibrium) 
Octanol-water partition K O ,  None 21 


(Distribution equilibrium) 
Rate constant for hydrolysis koH 1 mol-' min-' 22 


of phosphonothiolatesb 


Solute (aq.) + solute (charcoal) 


Solute (methanol-water) + solute (column) 


coefficient 
Solute (as.) + solute (octanol) 


(Chemical reaction) 
Acid equilibrium constant K, None 23,24 
(Dissociation equilibrium) 


RP(OR')(O)(SOR") + OH- + products 


HA (aq.) + H2O + H,O+ (aq.) + A- (aq.) 
Electronic absorption of EA cm-' 25 


pyridinium ylidesc 
(Electronic transition) e-  (ylide-solvent, Gr) + e -  (ylide-solvent,  EX)^ 


a x is the percentage of methanol in water. 
b 


R O  
\ / /  


P 
/ \  


KO SR" 
H H  
c = c  C (0) OR 
/ \  / 


HC N' - C 
\ \  // \ 
c - c  C (0) OR 
H H  


Gr = ground state and Ex = excited state for ylide-solvent complex. 
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Table 2. TLSER correlations: SSP = SSPO + nVm,/lOO + brl + c.% + dq- + eca + f q ,  


SSP” Symbol SSPO a b C d e f N R S D  


Charcoal absorption, A 


HPCL retention index, K50 


Octanol-water partition 
coefficient, KO, 


Rate constant for 
phosphonothiolate hydrolysis, 
KOH 


Acid equilibrium constant, K ,  


Electronic absorption of 
pyridinium ylides, EA 


Log A -6.68 2.46 5.78 n/sb 
(1-statistic) (-5.08) (14.2) (4.53) n/s 


LogKso -0.459 1-83 n/s n/s 
(t-statistic (-2.71) (11.8) n/s n/s 
LogKow n/s 3.14 n/s n/s 


(2-statistic) n/s (28.7) n/s n/s  
LogKoH 7.09 n/s -13.1 n/s 


(t-statistic) (13.6) n/s (-2.98) n/s 
PKa n/s n/s n/s n/s 


([statistic) n/s n/s n/s n/s 
EAc 26420 n/s -37617 n/s 


(t-statistic) (36.0) n/s (-6.24) n/s 


-4.66 n/s 
(-4.41) n/s 


-3.05 n/s 
(-10.9) n/s 


-5.92 n/s 
( - 1 5 . 5 )  n/s 


n/s -6.11 


n/s (-40.2) 
n/s 127 
n/s (11.3) 
1945 n/s 


(3-01) n/s 


n/s 33 0.955 0.24 
n/ s 


-5.52 21 0.980 0.12 
( -  2.96) 


n/s 67 0.974 0.45 


n/s 35 0.990 0.12 
n/ s 


n/s 
-41.1 42 0.941 2.82 
(-6.69) 


7613 22 0.972 239 
(8-36) 


‘SSP = solute-solvent interaction property. 
’nnjs, Not significant at the 0.95 level. 
‘The logarithm is not used as it is an energy. The logarithm of the other properties can be related to a free energy. 


Table 3. Compounds with TSLER descriptorsa 


No. Compound V,‘/ 100 *I Eb 4- €a 4 +  Abbreviationb 


1 Propane 
2 Butane 
3 Pentane 
4 2,2-Dimethylpropane 
5 Hexane 
6 Cyclopentane 
7 Cyclohexane 
8 Dichloromethane 
9 Trichloromethane 


10 Tetrachloromethane 
12 Trichloroethene 
13 Tetrachloroethene 
14 l,l,l-Trichloroethane 
15 1,2-Dichloroethane 
16 I-Chloropropane 
17 1,2-Dichloropropane 
I 8  1,3-Dichloropropane 
19 1-Chlorobutane 
20 Methanol 
21 Ethanol 
22 Propan-1-01 
23 Propan-2-01 
24 Prop-2-en-1-01 
25 Butan- 1-01 
26 Butan-2-01 
27 2-methylpropan-I -01 
28 2-methylpropan-2-01 
29 Pentan-1-01 
30 Pentan-3-01 
3 1 2,2-Dimethylpropanol 
32 2-Methylbutan-2-01 
33 3-Methylbutan-2-01 


0.653 
0.836 
1.002 
1.000 
1.200 


1.056 
0.603 
0.753 
0.916 
0.862 
1.010 
0.941 
0.773 
0.812 
0.773 
0.963 
0.930 
0.365 
0.542 
0.713 
0.721 
0.648 
0.898 
0.897 
0.894 
0.891 
1.074 
1.068 
1.070 
1.065 
1.080 


0-895 


0.103 
0.097 
0.100 
0.099 
0.099 
0-102 
0.106 
0.104 
0.113 
0.116 
0-116 
0.121 
0.111 
0.106 
0.101 
0.106 
0.105 
0.108 
0.086 
0.093 
0.097 
0.096 
0.101 
0.098 
0-098 
0.098 
0.098 
0.100 
0.100 
0-099 
0.100 
0.099 


0.148 
0.177 
0.163 
0.176 
0.175 
0.175 
0.167 
0.179 
0.184 
0.187 
0.161 
0.162 
0.182 
0.179 
0.175 
0.179 
0.177 
0.175 
0-169 
0.167 
0.167 
0.166 
0.155 
0.167 
0.166 
0.167 
0.166 
0.167 
0.166 
0.167 
0.166 
0.166 


0.035 
0-020 
0.081 
0.126 
0.022 
0.017 
0.01 1 
0.161 
0.112 
0.070 
0.072 
0.024 
0.117 
0.185 
0.217 
0.185 
0.199 
0.216 
0.329 
0.324 
0.325 
0.320 
0.324 
0.325 
0.322 
0.324 
0.318 
0.325 
0,323 
0.325 
0.322 
0.324 


0.157 
0-156 
0.156 
0.157 
0.155 
0.154 
0-154 
0.123 
0.115 
0.109 
0.117 
0.114 
0.116 
0.121 
0.131 
0.121 
0.126 
0.131 
0.162 
0.157 
0.156 
0.155 
0.132 
0.155 
0.154 
0-154 
0.156 
0.154 
0.153 
0.154 
0.154 
0.152 


0.005 
0.004 
0.045 
0.007 
0.045 
0.009 
0.006 
0.056 
0.088 
0.000 
0.109 
0.000 
0.036 
0.049 
0.030 
0.049 
0.044 
0.031 
0.193 
0.180 
0.180 
0.178 
0.181 
0.180 
0.177 
0.181 
0.177 
0.180 
0.179 
0.182 
0.177 
0.179 
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Table 3. Continued 


No. Compound 


34 Hexan-1-01 
35 Cyclohexanol 
36 2-Ethylbutan-1 -01 
37 3,3-Dirnethylbutan-2-01 
38 Octan-1-01 
39 2-Ethylhexan-1-01 
40 Propane-l,2-diol 
41 Propane-1,3-diol 
42 Propenal 
43 Propanal 
44 Butanal 
45 Pentanal 
46 Propanone 
47 Butan-2-one 
48 Pentan-2-one 
49 4-Methylpentan-2-one 
50 Hexan-2-one 
5 1 Cyclohexanone 
52 5-Methylhexan-2-one 
53 Pentane-2-4-dione 
54 1,l-Dichloropropanone 
55 Methoxymethane 
56 Ethoxyethane 
57 Propoxypropane 
58 2-Isopropoxypropane 
59 Tetrahydrofuran 
60 Methanoic acid 
61 Ethanoic acid 
62 Propanoic acid 
63 Propenoic acid 
64 Butanoic acid 
65 3-Methylpropanoic acid 
66 Pentanoic acid 
67 3,3-Dimethylpropanoic acid 
68 Hexanoic acid 
69 4-Methylpentanoic acid 
70 Heptanoic acid 
71 Octanoic acid 
72 Ethanedioic acid 
73 Propane-1,3-dioic acid 
74 Butane-l,4-dioic acid 
75 Pentane-l,Sdioic acid 
76 Hexane-1,6-dioic acid 
77 Heptane-1.7-dioic acid 
78 2-Heptylpropane-l,3-dioic acid 
79 Methyl ethanoate 
80 Ethyl ethanoate 
81 Propyl ethanoate 
82 Isopropyl ethanoate 
83 Butyl ethanoate 
84 Isobutyl ethanoate 
85 Ethenyl ethanoate 
86 Pentyl ethanoate 
87 Ethyl propanoate 
88 Propylamine 
89 Trimethylamine 
90 Ethyldimethylamine 


c, 4+ Abbreviationb 


1.211 
1.122 
1.254 
1.252 
1.591 
1.617 
0.793 
0.779 
0.566 
0.651 
0.824 
1.003 
0.639 
0,810 
1.001 
1.174 
1.171 
1.044 
1.360 
0.993 
0.948 
0.549 
0.897 
1.267 
1.262 
0-789 
0-350 
0.529 
0.703 
0.628 
0.879 
0.884 
1.058 
1 ,067 
1.252 
1-244 
1.426 
1.599 
0.583 
0.760 
0.928 
1.114 
1.298 
1.469 
2.991 
0.708 
0-889 
1.061 
1.074 
1.210 
1.230 
0.821 
1.415 
1.073 
0.785 
0.782 
0.972 


0.104 
0.107 
0.100 
0.100 
0.103 
0.101 
0.095 
0.097 
0.106 
0.097 
0.099 
0.101 
0.098 
0.101 
0.100 
0.101 
0.102 
0.107 
0.101 
0.102 
0.108 
0.094 
0.100 
0.101 
0.101 
0-103 
0.088 
0,095 
0,098 
0.105 
0.100 
0.099 
0.101 
0. 100 
0.100 
0.101 
0.102 
0.102 
0.100 
0.101 
0.103 
1.102 
0.103 
0.103 
0.116 
0.101 
0.102 
0.104 
0.102 
0.106 
0.104 
0.110 
0-104 
0.102 
0.097 
0.100 
0.100 


0.167 
0.164 
0.166 
0.166 
0.167 
0.165 
0.167 
0.165 
0.158 
0.163 
0.162 
0.162 
0.162 
0.161 
0.161 
0.161 
0.161 
0.160 
0.161 
0.162 
0.168 
0.165 
0.163 
0.163 
0.161 
0.162 
0.172 
0.170 
0.170 
0.162 
0.169 
0.169 
0.169 
0-168 
0.169 
0.169 
0.169 
0.169 
0.173 
0.172 
0.170 
1.170 
0.170 
0.168 
0.151 
0.169 
0.169 
0.168 
0.168 
0.168 
0.168 
0.152 
0.168 
0-168 
0.160 
0.150 
0.149 


0.325 
0.322 
0-323 
0.324 
0.325 
0-323 
0-332 
0.315 
0.301 
0.286 
0-289 
0.289 
0.287 
0.287 
0.284 
0.286 
0.284 
0.293 
0.287 
0.281 
0-224 
0.352 
0-342 
0-345 
0.355 
0.327 
0.370 
0.370 
0.370 
0.378 
0.370 
0.370 
0-370 
0.368 
0.370 
0.370 
0.370 
0.370 
0.320 
0.300 
0.361 
0.362 
0.362 
0.364 
0.218 
0.357 
0-357 
0.357 
0-340 
0-357 
0-357 
0.349 
0-357 
0-357 
0.274 
0-435 
0-451 


0.154 
0.152 
0.153 
0.152 
0.153 
0.152 
0.153 
0.154 
0.122 
0.130 
0.130 
0.130 
0.129 
0.129 
0.129 
0.129 
0.129 
0.129 
0.129 
0.126 
0.116 
0.158 
0.154 
0.153 
0.152 
0.153 
0.132 
0.130 
0.131 
0.121 
0.131 
0.131 
0-131 
0.132 
0.131 
0.131 
0.131 
0.131 
0.124 
0.126 
0.128 
0.129 
0.129 
0.130 
0.124 
0.131 
0.131 
0.131 
0.132 
0,131 
0.131 
0.127 
0.131 
0.132 
0.156 
0.147 
0.150 


0.180 
0.180 
0.179 
0.180 
0,160 
0.179 
0.185 
0.180 
0.061 
0.024 
0.024 
0.033 
0.023 
0.022 
0.023 
0.029 
0.023 
0.032 
0.033 
0.041 
0.069 
0.013 
0.007 
0.018 
0.017 
0.022 
0.216 
0.220 
0.220 
0-215 
0.220 
0.220 
0.220 
0.217 
0.220 
0.220 
0.220 
0-220 
0.230 
0.224 
0.221 
0.220 
0.218 
0.218 
0.196 
0,027 
0.026 
0.026 
0.027 
0.026 
0.027 
0.083 
0.026 
0.035 
0.094 


0.006 
- 0.036 


(continued) 
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Table 3. Continued 
~ ~ 


No. Compound V m d  100 TI Eb 4- Ea 4+ Abbreviationb 


91 Triethylamine 
92 Tripropylamine 
93 N-Methylpiperidine 
94 Acetonitrile 
95 Propionitrile 
96 Nitromethane 
97 Propane-1-thiol 
98 Sulfhydrylpropanone 
99 2-Aminopropanethiol 


100 Dimethyl sulfoxide 
101 Benzene 
102 Ethylbenzene 
103 Isopropylbenzene 
104 Propylbenzene 
105 Bromobenzene 
106 Chlorobenzene 
107 1,4-Dichlorobenzene 
108 Toluene 
109 2-Methyltoluene 
110 4-methyltoluene 
11 1 (Hydroxylrnethy1)benzene 
112 Phenol 
113 3-Methylphenol 
114 4-Methylphenol 
1 I5 2,4,6-Tri(tert-butyl)phenol 
116 4-Methyl-2,6- 


117 4-Chlorophenol 
118 Benzaldehyde 
119 Acetophenone 
120 Propiophenone 
121 Methoxybenzene 
122 Ethoxybenzene 
123 Propoxybenzene 
124 1,2-Dimethoxybenzene 
125 Ethyl benzoate 
126 N,N-Dimethylaniline 
127 N,N-Diethylaniline 
128 4-(Dimethylamino)toluene 
129 Nitrobenzene 
130 Pyridine 
13 1 Benzonitrile 
132 2-Naphthol 


di(tert-buty1)phenol 


133 HFzC(N02) 
134 H2CIC(NOz) 
135 HC12C(N02) 
136 CH3CS(N02) 
137 FzPO(0H) 
138 Dinaphthyl-PO(0H) 
139 Di(2-ethylhexyl)-PO(OH) 
140 CH3OPO(OH)z 
141 F~CPO(OH)Z 
142 HCIzCPO(0H)z 
143 CH3CHzPO(OH) 
144 Uric acid 
145 Purine 


1.333 
1.848 
1.200 
0-451 
0-632 
0,471 
0.847 
0.841 
0-970 
0.758 
0.846 
1.145 
1.381 
1.306 
1.054 
0.994 
1.146 
1.000 
1.232 
1.216 
1.082 
0.892 
1.099 
1.086 
3.007 
2-486 


1.060 
1.094 
1.191 
1.378 
1,090 
1.289 
1.472 
1.340 
1.462 
1-314 
1.658 
1.503 
1.017 
0.791 
0-997 
1.337 
0.537 
0.620 
0.773 
0.719 
0.719 
2,897 
3.277 
0.758 
0.791 
0.994 
0.872 
1.413 
1.313 


0.101 
0.103 
0.107 
0.094 
0-097 
0.110 
0.091 
0.092 
0-094 
0.100 
0.120 
0.124 
0.117 
0.123 
0.128 
0.124 
0.127 
0.123 
0.117 
0-119 
0.120 
0.126 
0.121 
0.123 
0.115 
0.116 


0.127 
0.124 
0.120 
0.118 
0.124 
0.120 
0.118 
0.123 
0.118 
0.125 
0.119 
0.125 
0.131 
0.122 
0.128 
0.141 
0.104 
0.116 
0.121 
0.102 
0.085 
0.154 
0.113 
0.102 
0.101 
0.117 
0.106 
0.136 
0.134 


0.149 
0.148 
0.150 
0.182 
0.180 
0.170 
0.152 
0.155 
0.153 
0-152 
0.148 
0.147 
0.147 
0.147 
0.150 
0.151 
0.153 
0.147 
0.147 
0.146 
0.147 
0.143 
0.143 
0.143 
0.145 
0.145 


0.146 
0.147 
0.151 
0.151 
0.143 
0.143 
0.143 
0.145 
0.152 
0.137 
0.147 
0.137 
0.158 
0.151 
0.153 
0.139 
0.175 
0.173 
0.176 
0-145 
0.171 
0.140 
0.152 
0.168 
0.172 
0.166 
0.161 
0.141 
0.137 


0.432 
0.436 
0.413 
0.115 
0-106 
0.335 
0.090 
0.284 
0.269 
0.720 
0.059 
0.088 
0.074 
0.088 
0.085 
0.112 
0.100 
0.101 
0.106 
0.095 
0-325 
0.248 
0.250 
0.247 
0.277 
0-279 


0.243 
0.292 
0.259 
0.281 
0.286 
0.282 
0.283 
0.285 
0.354 
0.415 
0.387 
0.421 
0.342 
0,230 
0.087 
0.248 
0.304 
0.312 
0.307 
0.289 
0.484 
0.643 
0.678 
0.636 
0.613 
0.625 
0.686 
0.251 
0.270 


0.148 
0.148 
0.150 
0.138 
0.138 
0.118 
0.140 
0.127 
0.139 
0.127 
0.159 
0.124 
0.125 
0.124 
0.121 
0.121 
0 .1  I6 
0.124 
0.124 
0.123 
0.124 
0.124 
0.124 
0.124 
0.122 
0.122 


0.120 
0.117 
0.121 
0.121 
0.125 
0.125 
0.125 
0.122 
0.120 
0.126 
0.124 
0.126 
0.110 
0.122 
0.117 
0.118 
0.112 
0.110 
0.107 
0.119 
0.063 
0.108 
0.112 
0.114 
0.096 
0.104 
0.113 
0.117 
0.122 


0 .006 
0.101 
0.012 
0.021 
0.029 
0.050 
0.017 
0.042 
0.096 
0.053 
0.059 
0.060 
0.060 
0-060 
0.074 
0.078 
0.085 
0.081 
0.081 
0.058 
0.183 
0.193 
0.192 
0.193 
0.188 
0.057 


0.197 
0.194 
0.065 
0.064 
0.075 
0.074 
0.075 
0.072 
0.067 
0.060 
0.071 
0.057 
0.095 
0.084 
0.074 
0.194 
0.114 
0.082 
0.114 
0.168 
0-000 
0.235 
0.215 
0-237 
0.241 
0.236 
0.223 
0.222 
0.214 


a See Table 4 for compounds used in rate of hydrolysis of phosphonothiolates. 
= Charcoal adsorption: h = HPLC retention; o = octanol-water distribution; p = acid strength; e = electronic absorption. 
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the optimized geometry was determined using the algor- RESULTS 
ithm of Hopfinger. 37 The in-house developed molecular 
modeling package MMADS, was used to construct and The correlation equations are summarized in Table 2. 
view all molecular structures. 33  Multilinear regression The compounds used and their TLSER descriptors are 
analysis [using MINITAB (Minitab, State College, PA, listed in Tables 3 and 4. Tables 5-10 list the compounds 
USA) or MYSTAT (Systat, Evanston, IL, USA)] was used together with the residuals for the properties. 
used to obtain the coefficients in the correlation Table 11 contains the variance inflation factors (VIF) 
equation. for the descriptor coefficients and the F-statistic values 


Table 4. Phosphonothiolates with descriptors 


Typea No. Ra 


Type I P1 
P2 
P3 
P4 
P5 
P6 
P7 
P8 
P9 
P10 
P11 
PI2 
P13 
P14 
P15 
P16 
P17 
P18 
P19 
P20 
P2 1 
P22 
P23 
P24 
P25 
P26 
P27 
P28 
P29 


Type11 P30 
P3 1 
P32 
P33 
P34 
P35 


V,, 


1.521 
1.699 
1.892 
2.060 
2.237 
2.427 
2.602 
2.769 
2.058 
2.229 
2.396 
2.599 
2.787 
2.964 
1-878 
2.059 
2.234 
2.421 
2.782 
2.066 
2.228 
2.414 
2.594 
1.903 
2.079 
2.434 
2.788 
3.138 
3.493 
2.105 
2.285 
2.639 
2.980 
3.341 
3.704 


T I  


0.117 
0.117 
0.115 
0.116 
0.115 
0.113 
0.112 
0.113 
0.114 
0.114 
0.114 
0.114 
0.111 
0.112 
0.115 
0.115 
0.113 
0.114 
0.111 
0.129 
0.128 
0.126 
0.124 
0.114 
0.114 
0.114 
0.111 
0.111 
0.112 
0.115 
0-116 
0.115 
0.115 
0- 114 
0.113 


Eb 


0.156 
0.155 
0.155 
0.155 
0.155 
0.155 
0.155 
0.155 
0.155 
0.155 
0.156 
0.155 
0.155 
0.155 
0.155 
0.155 
0.155 
0.155 
0.155 
0-149 
0.148 
0.148 
0-148 
0.152 
0.151 
0.151 
0-151 
0-151 
0.150 
0-185 
0-185 
0-185 
0.184 
0-184 
0-185 


4- 


0.624 
0.626 
0.597 
0.597 
0.598 
0.600 
0.626 
0.598 
0.623 
0.595 
0.626 
0.594 
0.628 
0.602 
0.624 
0.599 
0.628 
0.594 
0.628 
0.590 
0.592 
0.593 
0.593 
0.586 
0.591 
0.624 
0.629 
0.624 
0-588 
0.558 
0.565 
0.570 
0.568 
0,577 
0.571 


4+ 


0.105 
0.105 
0.104 
0.104 
0.104 
0.104 
0.105 
0.104 
0.105 
0.104 
0.105 
0.104 
0.105 
0.104 
0.105 
0.104 
0.105 
0.104 
0.105 
0.104 
0.104 
0.104 
0.104 
0.104 
0.104 
0.105 
0.104 
0.105 
0.104 
0.069 
0.070 
0.070 
0.071 
0.071 
0.071 


0.040 
0.045 
0.048 
0.050 
0.049 
0.047 
0.046 
0.048 
0.046 
0.047 
0.045 
0.047 
0.046 
0.046 
0.047 
0.048 
0.046 
0.048 
0.046 
0.068 
0.062 
0.061 
0.061 
0.048 
0.049 
0.046 
0.048 
0.046 
0.056 
0.094 
0-094 
0.093 
0.094 
0.093 
0.093 


Calculations for onium ions. Rate data for the salts. 
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[the VIF is defined as 1/ (1  - R'),  where R is the cor- 
relation coefficient of one independent variable against 
the others; 'large' values imply strong ~ o r r e l a t i o n ~ ~ ]  . 
Table 12 contains LSER correlation equations for pur- 
poses of comparison with the TLSER equations in 
Table 2. 


Results were chosen on the basis of the t-statistic of 
the descriptors, the correlation coefficients, R ,  the stan- 
dard deviations, SD, and the presence of outliers. Only 
terms significant at the 0.95 confidence level or higher 
were retained in the correlation equation. Data points 
with residuals greater than three standard deviations 
were classified as outliers. 


DlSCUSSION 


Examination of the results in Table 2 shows the general 
trends and good correlations (0.941 < R < 0.990) gen- 


Table 5. Charcoal absorption, A 


Log A 


No. a Compound" Calc. Exp. Residual 


17 
18 
21 
22 
23 
24 
25 
27 
29 
34 
35 
39 
42 
43 
44 
45 
46 
47 
48 
49 
50 
52 
56 
57 
58 
79 
80 
81 
82 
83 
84 
85 
86 


1,2-Dichloropropane 
1,3-DichIoropropane 
Ethanol 
Propan-1-01 
Propan-2-01 
Prop-2-en-1-01 
but an-1 -01 
2-methylpropan-1-01 
Pentan-1-01 
Hexan-1-01 
Cyclohexanol 
2-Ethylhexan- 1-01 
Propenal 
Propanal 
Butanal 
Pentanal 
Propanone 
Butan-2-one 
Pentan-2-one 
4-Methylpentan-2-one 
Hexan-2-one 
5-Methylhexan-2-one 
Ethoxyethane 
Propoxypropane 
2-Isopropoxypropane 
Methyl ethanoate 
Ethyl ethanoate 
Propyl ethanoate 
Isopropyl ethanoate 
Butyl ethanoate 
Isobutyl ethanoate 
Ethenyl ethanoate 
Pentyl ethanoate 


0.48 
0.82 


- 1.49 
- 0.84 
-0.85 
-0.77 
-0.33 
-0.33 


0.22 
0.79 
0.76 
1.61 


-0.57 
- 0.82 
- 0.26 


0.24 
-0.79 
-0.19 


0.23 
0.70 
0.77 
1.15 


0.67 
0.58 


-0.77 
-0.27 


0.27 
0.24 
0.75 
0.69 
0.05 
1.14 


-0.29 


0.57 
1.16 


- 1.35 
-0.83 
- 1.21 
- 0.89 
- 0.14 


0.32 
0.96 
0.17 
2.03 


-0.71 
- 0.16 


0.38 
-0.88 
-0.34 
-0.19 


-0.37 


- 0.63 


0.71 
0.64 
0.72 


0.84 
0.54 


- 0.64 
-0.11 


0.52 
0.20 
1.02 
0.60 
0.11 
0.82 


-0.26 


0.09 
0.34 
0.14 
0.01 


- 0-36 
-0.12 


0.19 
- 0.04 


0.10 
0.17 


-0.59 
0.42 


- 0.06 
0.11 
0.10 
0.14 


-0.09 
-0.15 
- 0.42 


0.01 
-0.13 
- 0.43 


0.03 
0.17 


0.13 
0.16 
0.25 


0.27 


0.06 


- 0.04 


- 0.04 


-0.09 


- 0.32 


"See Table 3 for descriptors by number and name. 


Table 6. HPLC retention parameter, Kso" 


Log Kso 


 NO.^ Compound Calc. Exp. Residual 


7 
8 
9 


10 
25 
29 
34 
35 
56 
80 


101 
102 
103 
104 
106 
107 
108 
110 
112 
114 
129 


Cyclohexane 
Dichloromethane 
Trichloromethane 
Tetrachloromethane 
Butan- 1-01 - 
Pentan-1-01 
Hexan- 1-01 
Cyclohexanol 
Ethoxyethane 
Ethyl ethanoate 
Benzene 
Et hylbenzene 
Isopropylbenzene 
Propylbenzene 
Chlorobenzene 
1,4-Dichlorobenzene 
Toluene 
4-Methyltol uene 
Phenol 
4-Methylphenol 
Nitrobenzene 


1.47 1.51 
0.25 0.13 
0.58 0.48 
1.08 0.93 


~ 0 . 0 4  -0.05 
0.21 0.32 
0.40 0.55 
0.29 0.24 
0.14 0.06 


0.94 0.66 
1.27 1.30 
1.65 1.57 
1.50 1.65 
0.94 1.01 
1.19 1.38 
0.98 1 .oo 
1.35 1.35 
0.19 0.02 
0.47 0.35 
0.19 0.47 


0.05 -0.08 


0.04 
-0.12 
-0.10 
-0.15 
- 0.01 


0.11 
0.14 


-0.04 
- 0.08 
-0.12 
-0.27 


0.04 
--0.08 


0.15 
0.07 
0.18 
0.02 


- 0.00 
-0.17 
-0.12 


0.28 


50% methanol-water. 
bSee Table 3 for descriptors by name and number 


erated by the TLSER descriptors. The three distribution 
equililbria have the same signs (+  for the volume and 
the formal charges ( - ) .  This is reasonable since the 
processes are similar. The volume is expected to be 
involved since it is a measure of the energy to form a 
cavity in the solvent while the positive sign indicates 
that larger molecules tend to  be in the less polar phase. 
The latter fact is consistent with greater dispersive 
forces on larger, less polar molecules. The negative sign 
on the charges is reasonable because greater charge 
would increase charge-dipole interaction, increasing 
solubility in the more polar solvent. The last three pro- 
perties in Table 2 depend only on electronic descriptors; 
in fact, each involves the HBDA. This is reasonable 
since these processes occur in a homogeneous phase so 
that a cavity does not have to  be formed. 


Comparison of Table 2 with Table 12 shows the 
qualitative agreement between the LSER and TLSER 
equations. The TLSER sample sets are subsets of the 
those used for the LSER work. For the distribution 
equilibria the volume term and HBAB terms have the 
same sign and magnitude for each set while the dipolari- 
ty/polarizability term was significant for LSER but not 
the TLSER. The HBDA term was only significant 
(barely so) for the JHPLC retention index in the 
TLSER case. The R and SD values are better for the 
LSER equations. For the electronic absorption peak for 
the pyridinium ylide, LSER and TLSER both indicate 
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Table 7. Octanol-water partition coefficient, KO, Table 7. (Continued) 


Log Kow Log KO, 


No." Compounda Calc. Exp. Residual No.= Compound' Calc. Exp. Residual 


1 
2 
3 
4 
5 
6 
7 
8 


10 
12 
13 
14 
16 
19 
20 
21 
22 
23 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
37 
43 
44 
46 
48 
50 
51 
5 5  
56 
59 
19 
80 
87 
89 
90 
91 
92 
93 
94 
95 
96 


100 
101 
105 
106 
108 
109 
I18 
119 


Propane 
Butane 
Pentane 
2,2-Dimethylpropane 
Hexane 
Cyclopentane 
Cyclohexane 
Dichloromethane 
Tetrachloromethane 
Trichloroethene 
Tetrachloroethene 
I ,  1, I-Trichlorethane 
1-Chloropropane 
1-Chlorobutane 
Methanol 
Ethanol 
Propan-1-01 
Propan-2-01 
Butan-1-01 
Butan-2-01 
2-Methylpropan-1-01 
2-Methylpropan-2-01 
Pentan-1-01 
Pentan-3-01 
2,2-Dimethylpropanol 
2-Methylbutan-2-01 
3-Methylbutan-2-01 
Hexan-1-01 
3,3-DimethyIbutan-2-01 
Propanal 
Butanat 
Propanone 
2-Pentanone 
2-Hexanone 
Cyclohexanone 
Methoxymethane 
Ethoxyethane 
Tetrahydro furan 
Methyl ethanoate 
Ethyl ethanoate 
Ethyl propanoate 
Trimethylamine 
Ethyldimethylamine 
Triethylamine 
Tripropylamine 
N-Methylpiperidine 
Acetonitrile 
Propionitrile 
Nitromethane 
Dimethyl sulfoxide 
Benzene 
Bromobenzene 
Chlorobenzene 
Toluene 
2-Methyltoluene 
Benzaldehyde 
Acetophenone 


1.84 
2.50 
2.67 
2.39 
3.63 
2.71 
3.25 
0.94 
2.46 
2.28 
3.03 
2.26 
1.26 
1.64 


-0.80 
-0.22 


0.31 
0.37 
0.89 
0.91 
0.89 
0.91 
1.44 
1.44 
1.43 
1.43 
1.47 
1.87 
2.01 
0.34 
0-90 
0.30 
1.46 
2.04 
1.66 


0.79 
0.54 
0.11 
0.68 
1.25 


- 0.12 
0.38 
1.62 
3.22 
1.32 
0.73 
1.36 


-0.36 


-0.51 
- 1.88 


2.30 
2.80 
2.46 
2.54 
3.24 
1.42 


2.36 
2.89 
3.39 
3.11 
3.90 
3.00 
3.44 
1.15 
2.83 
2.29 
2.88 
2-49 
2.04 
2.64 


-0.65 
-0.30 


0.28 
0.05 
0.99 
0.61 
0.76 
0.36 
1.48 
1.21 
1.34 
0.89 
1.28 
2.03 
1.48 
0.59 
0.88 


0.91 
1.38 
0.81 
0.10 
0-89 
0.46 
0.18 
0.73 
1.21 
0.16 
0.70 
1.45 
2.79 
1.30 


-0.34 
0.10 


-0.24 


0.52 
0-39 
0-72 
0.72 
0.27 
0.29 
0.19 
0.21 
0.37 
0.01 


- 0.15 
0.23 
0.78 
1 *oo 
0-15 


-0.08 
-0.03 
-0.32 


0.10 
-0.30 
-0.13 
-0.55 


0.04 
-0.23 
- 0.09 
-0.54 
-0-19 


0.16 
-0.53 


0.25 
-0.02 
-0.54 
-0.55 
-0.66 
-0.84 


0.46 
0.10 


-0.08 
0.07 
0.05 


0.28 
0.32 


-0.04 


-0-17 
-0.43 
-0.02 
- 1.07 
-1.26 


-0.35 0.16 
-1.35 0.54 


2.13 -0.17 
2.99 0.19 
2.84 0.38 
2.69 0.14 


1.48 0.06 
3.20 -0.04 


2.20 1.58 -0.62 


120 
121 
122 
123 
124 
125 
126 
127 
128 
131 


Propiophenone 2.66 2.20 -0.46 
Methoxybenzene 1.73 2.11 0.38 
Ethoxybenzene 2.37 2.51 0.14 
Propoxybenzene 2.94 3.18 0.24 


Ethyl benzoate 2.49 2.64 0.15 
N,N-Dimethylaniline 1.66 2.28 0.62 
N,N-Diethylaniline 2.91 3.31 0.40 


1.2-Dimethoxybenzene 2.52 2.21 -0-31 


4-(Dimethylamino)toluene 2.22 2.61 0.39 
Benzonitrile 2.61 1.56 -1.05 


"Table 3 for descriptors by number and name. 


dependence on electronic descriptors. The signs differ 
for the A term and the magnitude of the TLSER term 
is an order larger. The HBDA and HBAB are signifi- 
cant for both the TLSER and LSER relationship and 
have the same signs and similar magnitudes. The R and 
SD values are slightly better for the TLSER case. The 
phosphonothiolate study is an example of an advantage 
of TLSER; their solvatochromatic descriptors have not 
been measured. 


There are several contributions to the less than 
perfect fit and the presence of outliers. First, there is the 
possibility of error in the measured properties. Second, 
the TLSER descriptors may be inadequate on several 
counts. The calculations are performed on isolated gas- 
phase molecules; correlations with solution properties 
could introduce significant errors. A geometry other 
than the global minimum may be responsible in part or 
whole for the activity or property. 


Further confidence in the TLSER relationships comes 
from comparing the SD values, 0.12-2.8, with the 
expected experimental error in the logarithm, 
0.04-0-10. the SD is much larger than the error, sug- 
gesting that the equations are not artifacts. If  x is 
uncertain by 0.10 (10% a realistic value considering the 
nature of the measurements), the uncertainty in log x is 
0-043. The SD of 239 cm-' for the electronic absorp- 
tion is larger than the spectrometer resolution (a few 
cm-'1. 


Examination of the individual equations follows and 
shows the physically reasonable nature of the correla- 
tions. Interpretations of the relationships in Table 2 are 
based on the sign, magnitude and the t-statistic of the 
coefficients of each descriptor. 


Table 5 lists the compounds, experimental and calcu- 
lated values and with residuals for absorption on char- 
coal from water solution. Examining the TLSER in 
Table 2, several observations are evident. (1) The mol- 
ecular volume, V,,, increases absorption on charcoal; 
larger molecules would tend to be excluded from the 







404 G. R. FAMINI, C. A .  PENSKI AND L. Y.  WILSON 


Table 8. Phosphonothiolate hydrolysis rate Constant,  OH 


Typea  NO.^ R a  Calc. 


Type I P1 
P2 
P3 
P4 
P5 
P6 
P7 
P8 
P9 
P10 
P11 
P12 
P13 
P14 
P15 
PI6 
P17 
P18 
P19 
P20 
P21 
P22 
P23 
P24 
P25 
P26 
P27 
P28 
P29 


Type I1 P30 
P31 
P32 
P33 
P34 
P35 


Exp. Residual 
- 


0.82 
0.89 
0.82 
0.89 
0.92 
0.89 
0.89 
0.89 
1.00 
0.80 
0.89 
0.82 
0.92 
0.82 
0.85 
0.80 
0.89 
0.80 
0.89 
0.96 
0.85 
0.96 
0.92 
0.54 
0.55 
0.51 
0.55 
0.54 
0.57 


- 1.23 
- 1.23 
-1.30 
-1.33 
- 1.40 
- 1.28 


-. 


0.05 
- 0.02 
- 0.03 
-0.10 
-0.13 
-0-11 
-0.08 
-0.12 
-0.16 
-0.03 
- 0.06 
- 0-05 
-0.13 
-0.07 
-0,02 
-0.01 
- 0.07 
- 0.03 
-0.09 


0.01 
0.11 


- 0.02 
- 0.02 


0.19 
0.19 
0.28 
0.19 
0.22 
0.13 


-0.11 
-0.08 


0.02 
0.05 
0.12 


- 0.02 
_____ ~ ~~ _ _ ~  


a See Table 4 for descriptors by number and formula. 


aqueous phase. This is reasonable since larger mol- 
ecules have greater dispersive forces, which seem to 
influence lipophilic interactions. (2 )  The polarizability 
index, TI, increases absorption on charcoal. This also 
makes chemical sense since greater polarizability would 
permit greater interaction with 7r-electrons on the char- 
coal. (3) The electrostatic (HBAB) basicity decreases 
absorption on charcoal. Again this is reasonable, 
because greater charge would tend to  increase the 
charge-dipole interaction with the polar water mol- 
ecules. This would tend to  decrease the entropy and be 
more exothermic and exoergic; the equilibrium would 
favor the solute being in water. 


Table 6 lists the compounds, experimental and calcu- 
lated HPLC retention indices and residuals for HPLC 
retention in a 50% methanol-water mixture. Examin- 


ation of the TLSER in Table 2 leads to the following 
observations. (1 )  The volume term increases the reten- 
tion on the column as it did for charcoal adsorption. 
This reasonable since the larger molecules would tend 
to be excluded from the polar solvent [see comments 
under (1 )  for Table 5 for charcoal adsorption], (2) The 
electrostatic bonding descriptors decrease the retention. 
Again this makes sense because a larger charge on the 
solute molecule would lead to  a larger charge-dipole 
interaction with the polar methanol-water molecules. 
this is expected because the HPLC column is not as 
polar [see comments under (3) for Table 5 for 
charcoal]. The relationship for a 75% methanol-water 
solution has the same terms and signs and has 
R = 0 -  981. 


Table 7 lists the compounds, experimental and calcu- 
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Table 9. Acidity in water, K, 


PKa 


No. a Compounda Calc. Exp. Residual 


21 
22 
27 
40 
41 
51 
53 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
99 


112 
113 
116 
117 
132 
134 
135 
137 
138 
139 
140 
141 
142 
143 
144 


Ethanol 
I-Propanol 
2-Methylpropan- 1-01 
Propane- 1,2-diol 
Propane-1.3-diol 
Cyclohexanone 
Pentane-2.4-dione 
Methanoic acid 
Ethanoic acid 
Propanoic acid 
Propenoic acid 
Butanoic acid 
3-Methylpropanoic acid 
Pentanoic acid 
3,3-Dimethylpropanoic acid 
Hexanoic acid 
4-Methylpentanoic acid 
Heptanoic acid 
Octanoic acid 
Ethanedioic acid 
Propane-] ,3-dioic acid 
Butane-l,4-dioic acid 
Pentane-l,5-dioic acid 
Hexane-l,6-dioic acid 
Heptane-l,7-dioic acid 
2-Heptylpropane-l,3-dioic acid 
2-Aminopropanethiol 
Phenol 
3-Methylphenol 
4-Methyl-2,6-di(tert-butyl)phenol 
4-Chlorophenol 
2-Naph tho1 
HzCIC(N02) 
HClzC(N02) 
FzPO(0H) 
DinaphthyLPO(0H) 
Di(2-ethylhexyl)-PO(OH) 
CH3OPO(OH)* 
FKPO(0H)z 
HClzCPO(0H)z 
CHSHzPO(0H)z 
Uric acid 


11.23 
11.11 
10-80 
10.49 
10.85 
14-80 
13.98 
6.33 
5.89 
6.02 
4.99 
6.02 
6.02 
6.02 
6.29 
6.02 
6.02 
6.02 
6.02 
4-65 
5.19 
5.59 
5.76 
5.86 
5.99 
6.28 


12-99 
6.43 
6.48 


12.72 
5.72 
5.62 
9.99 
8.07 
7.98 
2.38 
3.85 
3-09 


-0.57 
1.83 
3.59 
4.14 


15.90 
16.10 
13.80 
14.90 
15.10 
16-70 
8.88 
3.75 
4.76 
4.87 
4.25 
4.82 
4.86 
4.86 
5.05 
4.88 
4.84 
4.89 
4.89 
1 -27 
2.84 
4.21 
4.34 
4.43 
4.48 
7.45 


10.81 
9.98 


10.10 
12-20 
9.42 
9.51 
7.20 
5-99 
1 .Ol 
0.74 
2.85 
1.54 
1.17 
1.14 
2.45 
8.40 


4.67 
4.99 
3.00 
4.41 
4.25 
1 -90 


-5.11 
-2.58 
-1.13 
-1.15 
-0.74 
-1.20 
- 1.16 
- 1.16 
- 1.24 
- 1.14 
-1.18 
-1.13 
-1.13 
- 3.38 
-2.35 
- 1.38 
-1.42 
- 1.43 
- 1.51 


1.17 
-2.18 


3.55 
3.62 


-0.52 
3.69 
3.95 


-2.89 
- 2.08 
-6.97 
- 1.64 
- 1.00 
- 1.55 


0.60 
-0.69 
-1-14 


4.26 


a See Table 3 for descriptors by name and number. 


lated partition coefficients and residuals for the distri- 
bution between water and octanol. Examination of 
Table 2 leads to the following observations. (1) The 
bulk/steric ( Vmc) term increases the distribution into 
octanol. This makes sense since the larger molecules 
would tend to be excluded from the more polar solvent 
[see comments under (1) for Table 5 for charcoal 
absorption]. (2) The more negative the formal charge, 
the lesser is the tendency to dissolve in octanol. This is 
reasonable since a larger charge would imply greater 


charge-dipole interaction with the polar water molecule 
(see the previous two distribution equilibria). 


Table 8 lists the compounds, experimental and calcu- 
lated rate constants and residuals for the hydrolysis of 
phosphonothiolates (for formula, see Table 1). Exam- 
ination of Table 2 makes the following observations 
evident. (1) The rate constant depends only on the elec- 
tronic descriptors; the bulk/steric term of the substi- 
tuents in this set of compounds was not significant. This 
could imply that the mechanism involves attack near 
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Table 10. Electronic absorption of a pyridinium ylide,” EA 


EA 


Table 11. More statistical parameters for Table 2 correlations 


Property VIFa Descriptor F-statistic 


No. Compoundb Calc. Exp. Residual Charcoal absorption 


8 
9 


10 
12 
15 
20 
21 
23 
25 
27 
29 
34 
35 
38 
46 
79 
80 
94 


101 
108 
121 
130 


Dichloromethane 
Trichloromethane 
Tetrachloromethane 
Trichloroethene 
I ,2-Dichloroethane 
Methanol 
Ethanol 
Propan-2-01 
Butan-1-01 
2-Methylpropan- 1-01 
Pentan-1-01 
Hexan- 1-01 
Cyclohexanol 
Octan- 1-01 
Propanone 
Methyl ethanoate 
Ethyl ethanoate 
Acetonitrile 
Benzene 
Toluene 
Methoxybenzene 
Pyridine 


23247 
23056 
22192 
23026 
23165 
25293 
24922 
24786 
24736 
2474 I 
24660 
24510 
24391 
24395 
23467 
23520 
23475 
23267 
22470 
22606 
22883 
22917 


23160 
23280 
21919 
22500 
23090 
25230 
24970 
25000 
24550 
24700 
24350 
24520 
24600 
24560 
23450 
23400 
23300 
23750 
22550 
22720 
23040 
23100 


- 87 
223 


- 282 
- 526 
- 75 
- 64 


48 
214 


- 186 
- 41 


-311 
10 


209 
165 
- 17 
- 120 
- 175 


483 
80 


114 
157 
183 


a See Table 1 for formula. 
hSee Table 3 for descriptors by name and number. 


the P-S bond away from the R groups, since groups 
with larger size near the reactive site would sterically 
interfere. (2) The rate decreases with increasing 
polarizability, implying that greater ease of distortion 
of the electron cloud interferes with the reaction site. i f  
the attacking group is the hydroxide ion, this further 
suggests that the electrons could be repelled from the 
reactive site, perhaps reducing the electron density 
below a minimum needed. (3) The rate increases with 
increasing hydrogen bonding acidity. This is reasonable 
since greater hydrogen bonding acidity implies greater 


HPLC retention index 


Octanol-water partition 


Rate constant for 


hydrolysis 
Acid equilibrium constant 


Electronic absorption of a 


coefficient 


phosphonothiolate 


pyridinium ylide 


1.2 
1.1 
1.1 
1.1 
1.5 
1.5 
4.1 
4.1 
1.0 


1.0 
10.6 
10.6 


1 . 5  
1.8 
1.4 


VmC 100 


4- 
VmC 141 
4 -  
4+ 
V,,, 598 
4 
TI 817 


TI 


c a  
Ca 153 
4+ 
XI 104 
4- 
41 


a Variance inflation factor for descriptor. 


ease in forming a complex with a base such as water or 
hydroxide ion. 


Table 9 lists the compounds, experimental and calcu- 
lated pK, values and residuals for the aqueous acidity. 
Examination of  Table 2 leads to the following obser- 
vations. (1) Only the electronic descriptors are signifi- 
cant (the hydrogen bonding terms); this is reasonable 
since the acidity involves interactions with water mol- 
ecules on the electronic level. (2) The signs for these 
electronic (HBDA) terms show that the pK, is modelled 
in the expected manner. 


The standard deviation is rather high; it amounts to 
determining Ka within a factor of Consequently, 
the regression equation in Table 2 has limited predictive 
value. The set of  compounds includes pKa values from 
1 to  17. Taft3’ suggested that compounds with large 
pK, values be excluded. When compounds with 
pK, values greater than 13 were excluded from the 


Table 12. LSER correlations” (for comparison with some TLSER equations, Table 2): SSP= SSP, + A V,/lOO + Bx* + Cp + DCY 
~ ~ ~~ 


SSP“ Symbol SSPo A B C D N  R SD 


Charcoal absorption, A LogA 1.93 3.06 0.56 -3.20 n/sb 37‘ 0.974 0.19 
HPLC retention index, KSO Log& -0.38 3.22 -0.44 -2-38 n/s 29d 0.997 0.04 
Octonol-water partition coefficient, KO, LogKO, 0.20 2.74 -0.92 -3.49 n/s 102e 0.989 0.17 
Electronic absorption of pyridinium ylides, EA EA 21834 n/s 1310 1001 1799 22f 0.967 262 


a VI or V,, molar volume, used; S term not employed. SSP= solute-solvent interaction property. 


‘Ref. 36. 
dRef. 37. 
‘Ref. 25.  
‘Ref. 38 (same data set as used in TLSER work) 


n/s, Not significant at the 0.95 level by Student’s t-test. 
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correlation, the result was the equation 


pKa = (29.4) - 155~b - 7.33q- + 55*4&a- 14.2q+ 
(&statistic): 


(9.33) (-9.05)(-3*90) (3.72) (-4.96) 
N = 3 9 ;  R z 0 . 9 5 0 ;  S D z 1 . 0 6 ;  F = 7 8  


The equation gives a better correlation, 0.950 vs 0-941, 
a much better standard deviation, 1-06 vs 2.82, but a 
poorer F-statistic, 78 vs 153. Moreover, the variance 
inflation factors were all 2 .0  or less, indicating a small 
cross-correlation for this data set. The pKa values are 
modelled by the electronic parameters as expected. The 
negative sign on q- can be rationalized by noting that 
the negative atom, oxygen or  nitrogen, will be 
accompanied by a more positive (more acidic) hydrogen 
in the neutral molecule. 


Despite the better parameters associated with 
equation (3), we used the correlation equation in 
Table 2 because of its wider pKa range. When only the 
19 caboxylic acids in Table 9 are used, the correlations 
improved with R = 0 * 9 8 5  and S D z 0 . 2 3 .  The elec- 
tronic descriptors, TI, q - ,  and q + ,  are significant and 
effect the pKa in the expected manner. 


The position of an electronic absorption peak (cm-') 
was examined for three pyridinium ylides in the solvents 
listed in Table 10; the best fit was for an ylide with two 
ethoxy groups (see Table 1). These are solvent descrip- 
tors whereas the first five correlations involve solute 
descriptors. Examination of Table 2 makes several 
observations evident. (1) The absorption peak position 
depends only on electronic descriptors; this is reason- 
able since it involves transitions in electronic states. 
(2) The polarizability index decreases the position of 
the absorption peak (a red shift). This implies an inter- 
action of the *-electrons on the ylide ring with the elec- 
trons of the solvent to  decrease the energy gap. (3) The 
electrostatic acidity (more statistically significant) and 
basicity increase the position of the absorption peak (a 
blue shift), which suggests an interaction of an acidic 
site on the solvent molecule with a basic site on the pyri- 
dinium ylide (maybe the negatively charged carbon next 
to  the nitrogen on the ring) increasing the energy gap. 
The basicity contribution can be interpreted anal- 
ogously with respect to  the negative nitrogen in the pyri- 
dine ring. The relationships for the two other ylides 
have the same terms and signs as above and R values of 
0.904 and 0.930. 


Outliers 


For charcoal adsorption two compounds were outliers, 
2-ethylbutan-1-01 and 2-methylpropan-2-01; however, a 
compound with a similar structure, 2-methylpropan-l- 
01, was not an outlier. The reason for this is not 
apparent. 


For the hydrolysis of the phosphonothiolates the only 


outlier was hexamethylphosphoramide. Based on its 
Vmc and q, values, its log KO, value should be much 
larger (1-91) than it is (0.29). This compound has been 
an outlier in other correlations. 


For the electronic absorption of the pyridinium ylide, 
acetonitrile was an outlier; however, it was retained in 
the correlation. Deleting it brought R to 0.983 and 
lowered the SD to 196, but then trichloroethaene 
became an outlier. Omitting the latter, R became 0-989 
and the SD became 153. Acetonitrile, which is small 
and polar, has been an outlier in other correlations. In 
this connection, acetonitrile and hexamethylphos- 
phoramide are molecules with portions of high charge 
density; the TLSER method does not handle this well. 


CONCLUSIONS 


Based on the application of the TLSER descriptors to 
the six physicochemical properties in this paper and the 
activities in Refs. 19, 20 and 22, the following points 
can be made. The TLSER descriptors have given good 
to very good correlations and physically reasonable 
interpretations. They have been applied t o  a wide range 
of properties and compounds. In addition, interpreta- 
tion of the correlation equations can suggest modes of 
interaction between solute and solvent molecules. 
Where common studies have been done the TLSER cor- 
relations compare favorably with LSER results. In most 
cases LSER descriptors give better correlations. It 
should be noted that LSER has been applied to far 
more properties than has the TLSER. 


Consequently, it appears that these computationally 
based TLSER parameters can be used in the same way 
as the empirically based LSER parameters. While 
LSER parameters can be estimated for new compounds 
from tables and predictive relationships, an attractive 
aspect of TLSER descriptors is that they are obtained 
from computation and not experiment. This permits 
near a priori prediction of properties and correlations 
for compounds for which the solvatochromic par- 
ameters are not readily available, such as the 
phosphonothiolates studied in this work. 


1. 
2. 
3. 
4. 
5. 


6. 
7. 


8. 
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SOURCE OF THE INTRAANNULAR HYDROGENS IN THE 
DEHYDROXYLATION OF CALIX [4] ARENE DIETHYL 


PHOSPHATE ESTER DERIVATIVES 


FLAVIO GRYNSZPAN AND SILVIO E. BIALI* 
Department of Organic Chemistry, Hebrew University of Jerusalem, Jerusalem 91904, Israel 


The different possible sources of the intraannular hydrogens in the dehydroxylated calixarenes obtained by reductive 
cleavage of the calm [4] arene diethyl phosphate esters 2 and 6 are analysed. Two calixarene diethyl phosphate esters 
(4 and 5 )  full deuterated in the ethyl groups were synthesized. Reductive cleavage of 4 and 5 (potassium-ammonia) 
resulted in the formation of the OH-depleted calixarenes 3 and 7, respectively, which did not incorporate any 
deuterium at the intraannular positions, as judged by integration of the NMR signals. Quenching with D20 of the 
reaction mixture of either 2 or 6 and potassium-ammonia did not result in any deuterium incorporation in the 
products. The labelling experiments rule out the possibility that the source of the intraannular hydrogens is the diethyl 
phosphate ester groups or the quencher. It is concluded that the most probable sources of the hydrogen atoms in the 
OH-depleted calixarenes is the ammonia molecule. 


INTRODUCTION 


Calixarenes are macrocyclic compounds which can be 
easily prepared by condensation of phenol derivatives 
and formaldehyde. ' The parent compound, p-t-Bu- 
calix[4]arene (l), exists in the solid state in a 'cone' 
conformation capable of including a small organic mol- 
ecule in its cavity.2 In addition to their 'host' proper- 
ties, calixarenes can behave as ligands by coordination 
of metal ions with the O H  groups.3 The OH-ligating 
groups of some calixarenes have been chemically 
modified in order to  alter or improve their binding 
~apabilities.~. '  


In their study of the reduction of phenols to  aromatic 
hydrocarbons, Kenner and Williams showed that phe- 


1-Bu 


1-Bu 


* Author for correspondence. 
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.Bu-t 


nolic O H  groups can be replaced with hydrogen via a 
two-step process involving the conversion of the O H  
into a diethyl phosphate ester, and cleavage of the resul- 
ting ester by treatment with an alkali metal dissolved in 
liquid ammonia. This reaction was later 
rein~estigated'~ and modified7b by Rossi and Bunnett, 
who showed that preparative aminodephosphata- 
tion (i.e. conversion of the diethyl phosphate ester into 
an amino group) can be achieved by adding KNH2 
to the reaction mixture. 7b The method is relatively 
insensitive to steric effects. For example, 2,6- 
dirnethylphenyl(diethy1 phosphate) can be converted to 
the corresponding aniline in one step in 78% (isolated) 
yield.7b The proposed reaction mechanism of the 
aminodephosphatation reaction' involves a transfer of 


1 Ri=R2=OH 
2 R' = R2 = OPO(OEt)2 


4 R' = R2 = OPO(OCD2CD& 
5 R' = OPO(OCD$D& ,R2 = OH 
6 Ri = OPO(0Et)Z ,R2 = OH 


3 R ' = R ~ = H  


7 R ' = H , R ~ = O H  
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e- I 0 - 4 - 0 +-OPO(OR), 


\ \ \ 


Scheme I 


the (solvated) electron to the phosphate ester molecule, 
and the rupture of the resulting radical anion into an 
aryl radical and diethyl phosphate ion. The aryl radical 
recombines with amide ion to form the radical anion of 


arene phosphate esters are solids, they were dissolved in 
a small amount of diethyl ether prior to their addition 
to the ammonia solution. 


aniline, which subsequently transfers an electron to 
another phosphate ester molecule. [Scheme 1 (metal 
counter ions have been omitted for simplification)] 
The mechanism was dubbed by Bunnett' SRNl. Evi- 
dence has been presented that two-electron pathways 
are operating in the solvent electron-mediated fragmen- 
tation of phenyl(diethy1 phosphate) esters'. 


The S R N ~  mechanism seemed an attractive route for 
the preparation of the aminocalixarenes. However, 
treatment of the p-t-Bu-calix [4] arene diethyl phosphate 
ester 2 with KNH2 in liquid ammonia at - 78 "C 
resulted exclusively in the replacement of the phosphate 
groups by hydrogen and yielded 3 quantitatively. lo 


Similarly, treatment of the octa(diethy1 phosphate ester) 
of p-t-Bu-calix [8] arene with KNHz-K-NH3 yielded a 
p-t-Bu- [ la ]  metacyclophane system. l o  Since both calix- 


POSSIBLE SOURCES OF HYDROGEN IN THE 
DEHYDROXYLATED CALIXARENES 


Several possibilities can be envisioned for explaining the 
absence of aniline products in the reaction of the calix- 
arenes diethyl phosphate ester derivatives with 
KNH2-K-NH3. In all cases it must be assumed that the 
reaction of the intermediate phenyl radicals (cf. Scheme 
1) with the amide ion is slower (probably owing to steric 
effects) than the reaction with the hydrogen atom donor 
or than its reduction to phenyl anion. Clearly, at some 
stage of the reaction a hydron or hydrogen atom must 
be abstracted by the radical or carbanionic inter- 
mediate. The most likely routes for this abstraction are 
(i) the phenyl radical abstracts a hydrogen from the 
diethyl ether molecule; (ii) the phenyl radical abstracts 


OPO(0Et)z 
I 


t-B" 


Scheme 2 
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a hydrogen from a neighbouring diethyl phosphate 
group (either attached to the molecule or already cleav- 
ed); (iii) the phenyl radical abstracts a hydrogen from 
the ammonia; (iv) the radical is further reduced by the 
solvated electron to phenyl anion, which is subse- 
quently hydronated with the quenching reagent 
(NH4Cl); (v) the phenyl anion is hydronated by the 
ammonia before the quenching takes place. These 
routes are summarized in Scheme 2. Rossi and Bun- 
nett,7a in their analysis of the mechanism of the dehy- 
droxylation of phenols concluded that the hydrogen 
atom originates either from the ether molecules (i.e. H 
abstraction by the phenyl radical) or by abstraction of 
a hydron of the ammonia by the aryl anion.' On the 
other hand, Shono et al." concluded from labelling 
studies that in the electrochemical dephosphatation of 
phenol diethyl phosphate esters about 40% of the 
hydrogen came from the substrate itself. 


ELIMINATION OF ROUTE (i) 


In our original procedure for the preparation of the 
dehydroxylated calixarenes, we used a small amount of 
dry diethyl ether in order to solubilize the calixarene 
diethyl phosphate ester before its addition to the liquid 
ammonia." In order to rule out the possibility that 
diethyl ether molecules are the source of the hydrogen, 
the diethyl phosphate ester 2 was dissolved in a 
minimum amount in ferf-butylamine (a solvent which is 
not a good hydrogen donor) and the reaction was 
carried out under the usual conditions (-78'C, 
KNH2-K-NH3). The product was the metacyclophane 
3, i.e. identical with the product obtained in the pres- 
ence of diethyl ether. It can therefore be concluded that 
even in the absence of diethyl ether the abstraction of 
hydrogen atoms or the reduction of intermediate phenyl 
radicals to phenyl anions is faster than the reaction of 


the phenyl radical with the amide ion. However, one 
cannot rule out the possibility that when present, the 
diethyl ether molecules are the source of the intraan- 
nular hydrogens. In order to rule out this possibility 
unequivocally, all the following reactions were carried 
out in the absence of diethyl ether using fert-butylamine 
for dissolving the calixarene phosphate esters. 


ELIMINATION OF ROUTE (ii) 


Pathway (ii) was ruled out by labelling experiments. We 
synthesized the two labelled calixarene diethyl 
phosphate esters (4 and 5 )  by analogy with the prep- 
aration of (unlabelled) diethyl phosphate esters 2 and 6. 


Reaction of Pels with CD3CD20D afforded 
DPO(OCD2CD3)2. l2 Reaction of the labelled phosphite 
with CC4 in the presence of triethylamine resulted, 
according to the literature procedure for the unlabelled 
compound, l3 in the formation of ClPO(OCDzCD3)2. 


Reaction of calixarene 1 with 
D P O ( O C D Z C D ~ ) ~ - C C ~ - E ~ ~ N  under the conditions 
described previously for the formation of the unlabelled 
disphosphate 614 resulted in the formation of the 
calixarene-dzo 5. Treatment of 5 with 
ClPO(OCD2CD3)2 and base in the presence of a phase- 
transfer catalyst resulted in the formation of 
tetraphosphate 4. The 'H NMR spectrum (methylene 
region) of the labelled 4 and unlabelled 2 are shown in 
Figure 1. The diethyl phosphate ester groups are 
enriched by >93% D, as judged by integration of the 
'H NMR spectrum. Reductive cleavage of the 
deuterated phosphates 4 and 5 (K-NH3) resulted in the 
formation of calaxiarenes 3 and 7, respectively, which 
did not incorporate any D at the intraannular positions 
as judged by integration of the NMR signals. 


These labelling experiments rule out the possibility 
that the intraannular hydrogens in the dehydroxylated 


I 


PPm 4.5 4.0 3.5 


Figure 1. 400 MHz 'H NMR spectra (CDCI,, room temperature, methylene region) of tetrakis(diethy1 phosphate)-p-t-Bu- 
calix[4] arene. Top: d40 ester (4). Bottom: unlabelled compound (2) 
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calixarenes originate from the diethyl phosphate ester 
groups. 


ELIMINATION OF ROUTE (iv) 


In order to find out whether this route is operating, the 
unlabelled phosphate esters 2 and 6 were reductively 
cleaved (K-NH3) and the reaction mixture quenched 
with DzO. According to  the 'H NMR the products (3 
and 7, respectively) did not contain intraannular 
deuterons. These results rule out the quenching reagent 
as the source of the hydrogens. 


By exclusion of the routes (i), (ii) and (iv), it can be 
concluded that the more probable source of the 
hydrogen atoms in the product is the ammonia. Our 
experiments d o  not allow us to  discern between routes 
(iii) and (v) and therefore ancillary information must be 
used. Rossi and Bunnett had presented evidence that 
the rate of abstraction of hydrogen by the phenyl 
radical is relatively slow. Since the presence of the 
solvated electron should reduce the phenyl radical into 
phenyl anion, we believe that the latter is the inter- 
mediate which abstracts the hydron from the ammonia. 


CONCLUSIONS 


The source of the intraannular hydrogens in the OH- 
depleted calixarenes is the ammonia. The rate of 
reaction of the intermediate phenyl radical with the 
amide ion is probably reduced owing to  steric effects. 


EXPERIMENTAL 


NMR spectra were recorded on a Bruker W P  200 SY 
and AMX-400 pulsed Fourier transform spectrometers. 
Melting points were determined on a Mel-Temp I1 
apparatus and are uncorrected. p-t-Bu-calix [4] arene 
was prepared by the literature procedure. Ethanol- d6 
(99% D incorporation) was purchased from Aldrich. 


Diethyl-dlo deuteriumphosphite. The compound was 
prepared according to  the literature procedure for the 
unlabelled compound. l2 A solution of phosphorus 
trichloride (2.5 ml) dissolved in diethyl ether (10 ml) 
was added slowly with stirring to 5 ml of ethanol-d6 
(99% D) at  0°C.  During the addition argon was 
bubbled into the mixture in order to  remove the DCI 
formed. After 30 min, ammonia was introduced, and 
the precipitated ammonium chloride was filtered. Evap- 
oration of the ether and low-pressure bulb-to-bulb dis- 
tillation of the residue yielded 1.5 ml of diethyl-dlo 
hydrogenphosphite. 


Diethyl-dlo chlorophosphate. The compound was 
prepared according to  the literature procedure for the 
unlabelled compound. l 3  Triethylamine (0-08 ml) was 
added dropwise under argon to  a stirred solution of 


diethyl-d,o hydrogenphosphite and carbon tetra- 
chloride (0-89 ml) cooled at 0 C. The mixture was kept 
at 0 "C for 2 h and then overnight at room temperature. 
The solid triethylammonium chloride was removed by 
filtration and the light-brown liquid was bulb-to-bulb 
distilled under reduced pressure to yield 0.5 ml of 
diethyl-d,o chlorophosphate. 


5 , I l ,  I7,23- Tetra-tert-butyl-25,2 7-dihydroxy-26,28- 
bis(diethyl-dl0 phosphoric acid ester)calix [4 ]  arene 
(5). The compound was prepared according to  the pro- 
cedure in Ref. 14. Reaction of p-t-Bu-calix [4] arene 
(0.4 g), diethyl-dlo hydrogenphosphite (0.33 ml), 
triethyIamine (0.36 ml) and CC4 (0.8 ml) in 50 ml 
of toluene afforded 140mg of 5 (24%). Chemical 
ionization mass spectrum: m/z 941.7 (MH +). 


5,11, I 7,23- Tetra- tert- bu tyl-25,26-2 7,28- tetrakis 
(diethyl-dto phosphoric acid ester)calix [ 4 ]  arene (4). A 
solution of 50% NaOH was added dropwise to  a stirred 
solution of 5 (90 mg), diethyl-dlo chlorophosphate 
(0.45 1) and tetrabutylammonium bromide (10 mg) in 
15 ml of dichloromethane. After 6 h of refluxing the 
solution was cooled t o  room temperature, the organic 
phase was separated, washed several times with brine, 
dried (MgS04) and evaporated. The oily residue was 
dissolved in methanol and water was added. The solid 
formed w,as filtered, yielded 40mg (34%) of pure 4, 
m.p. 207 C. Chemical ionization mass spectrum: m/z 
1234 (MH + ). 
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KINETICS OF DEPROTONATION OF 
TRIPHENY L(2-SUBSTITUTED-9-FLUORENY L)PHOSPHONIUM 


IONS IN 50% DIMETHYL SULFOXIDE-~OVO WATER. 
INTRINSIC RATE CONSTANTS, IMBALANCES AND EVIDENCE 


FOR CHANGES IN TRANSITION STATE STRUCTURE 


CLAUDE F. BERNASCONI* AND DOUGLAS E. FAIRCHILD 
Department of Chemistry and Biochemistry, University of California, Santa Cruz, California 95064, U.S.A. 


Rate constants (k? and k!?) for the reversible deprotonation of triphenyl(2-Z-9-fluorenyl)phosphonium ions (Z = H, 
Br, NO,) by piperidine, morpholine, n-butylamine, 2-methoxyethylamine, glycine ethyl ester, cyanomethylamine, 
OH- and water were determined in 50% Me2SO-50% (v/v) water at 20 ‘C. Brlansted a C H  (variation of carbon acid) 
and @B values (variation of amine), and intrinsic rate constants [log k~ = log kF/q when P K : ~  - pK.””+ log(p/q) = 0) 
were obtained. a C H  decreases with increasing basicity of the amine whereas @B decreases with increasing acidity 
of the carbon acid. These trends, which imply changes in the transition-state structure with reactivity, can be 
described by the interaction coefficient pXy = a/3,/apKFH = ~CZCH/  - apKfH = 0.03 (primary amines) and 0.01 
(piperidine/morpholine). a C H  is smaller than Be, indicating an imbalance due to a lag in the delocalization of the 
negative charge into the iluorenyl moiety at the transition state. The influence of the Ph,P+ group on the intrinsic 
rate constant is analyzed in terms of possible contributions by inductive/field (I), resonance (R), polarizability (P) and 
steric (S) effects. Using 9-carbomethoxyfluorene as a reference, it is shown that the stronger electron-withdrawing I 
effect of the PhlP+ group relative to the COOMe group enhances log ko substantially; the fact that the R effect of 
Ph3P+ is weaker than that of COOMe also contributes to an increase in ko, and so does the P effect of the 
phosphorus. All these increases are virtually completely offset by the rate-retarding S effect of the bulky Ph3P+ 
group. A similar analysis for the MezS+ derivative studied by Murray and Jencks [J .  Am. Chem. Soc. 112, 1880 
(1990)] leads to similar conclusions except that the still smaller R effect is probably one of the main reasons why k,, 
for the Me2S+ derivative is more than ten times higher than for the Ph3P+ derivative; another potential reason is a 
difference in the steric effect. 


INTRODUCTION reaction in the same solvent of Dhenvlnitromethane 
In contrast to proton transfers between electronegative 
atoms’*2 which show little variation of the intrinsic 
barrier (AGd) or intrinsic rate constant (ko) (For a 
reaction with forward and reverse rate constants kl  and 
k - , ,  AGJ is defined as AG$=AGf=AG’, when 
AGO = 0 and ko is defined as ko = ki = k-  1 when K1 = 1;  
in proton transfers, statistical factors3b are usually 
included.) with structure, the intrinsic barriers of 
proton transfer to or from carbon are very sensitive to 
structural variations in the carbon acid or carbanion. 
A recent compilation4 of about 40 examples shows vari- 
ations in log ko from ca 9.0 for the reaction of 1 with 
carboxylate ions in water5 to - 1 a22 and - 2.10 for the 


*Author for correspondence. 


. -  
with secondary alicyclic amines and carboxylate ions, 
respectively. 


The most important factor that affects these intrinsic 
rate constants is the ability or inability of the carbanion 
to delocalize the negative charge and have this charge 
solvated (for recent reviews, see Refs 4 and 7). The 
more effective this delocalization and solvation and 
the stronger the resulting stabilization, the lower is the 
intrinsic rate constant. This is because at the transition 
state the resonance and solvation is weak. This means 
that in the forward direction the rate is slow because the 
transition state benefits very little from the resonance 
and solvational stabilization of the developing carb- 
anion, and in the reverse direction it is slow because 
most of the resonance stabilization and solvation of the 
carbanion are lost on reaching the transition state. 
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1 2 3 


The intrinsic rate constants for the deprotonation of 
fluorene derivatives lie roughly midway between the 
extremes for 1 and PhCH2N02. For example, log ko for 
the deprotonation of 9-carbomethoxyfluorene (2) by 
primary amines is 2.84 in 50% Me2SO-50% water, and 
3-09 in 90% Me2SO-10% water;' for the deproton- 
ation of 9-cyanofluorene (3) by the same amines 
log ko = 3-62 in 10% MezSO-90% water, 3-76 in 50% 
Me2SO-50% water and 3.57 in 90% Me2SO-lOTo 
water;8 for the deprotonation of the dimethyl 
(9-fluorenyl)sulfonium ion (4-H ) by primary amines 
and oxyanions (mainly RCOO-) in water, log ko = 4 - 0  
and = 5 *O,  respectively. ' These results indicate that the 
resonance stabilization of the fluorenyl anion is sub- 
stantial but not nearly as strong as in the phenyl- 
nitronate ion. 


Q 9 -  0 0  
4-2 (2 = H, Br. NO9 5-Z (2 = H. Br. NOz) 


The data on 2, 3 and 4-H also suggest that the 9- 
substituent may affect ko in a significant way. A study 
of the deprotonation of the triphenylphosphonium ions 
5-2 should therefore help in further unraveling the 
possible interaction mechanisms by which the 9- 
substituent influences ko and this will be,a  major focus 
of this investigation. The main possibilities are induc- 
tive/field (1) effects, resonance (R) effects, steric (S) 
effects and, in the case of 4-2 and 5-2, polarizability (P) 
effects that can stabilize the negative charge of the 
ylide. ' Electron-withdrawing I effects should 
increase ko and S and R effects should decrease k ~ . ~ . '  P 
effects have not been considered before but it will be 
shown that they should increase ko. Murray and 
Jencks' concluded that the resonance effect of .x- 
backbonding from carbon to  d-orbitals of the sulfur in 
the ylide derived from 4-H affects ko only in a minor 
way, if at all; whether resonance effects contribute to  
the stabilization of the ylide is an unresolved issue." 
The deprotonation of 5-H may, however, show a more 
pronounced R effect on ko; ab initio calculations by 
Gassman and co-workers 12csd suggested that a- 
backbonding in the phosphonium ylides is stronger 
than in the sulfonium ylides. 


A second point of interest is the degree of transition- 
state imbalan~e ' . '~  that arises from the lag in the 
resonance development behind proton transfer. This 
imbalance can be investigated by comparing Brnnsted 
PB values determined from the dependence of the 
deprotonation rates on the pKaBH of the base with the 
B r ~ n s t e d  (YCH values obtained by varying the pK,CH of 
the carbon acid (5-2 with Z = H ,  Br and NO2). 


A third question we wish to examine is the extent by 
which the transition-state structure changes with the 
reactivity of the carbon acid and the base. Such changes 
can be described by the interaction coefficient 
pW = aBB/apK,CH = aacH/ - apK,BHI l 3  In proton trans- 
fers with very high intrinsic barriers, such as the depro- 
tonation of nitroalkanes, there is essentially no change 
in transition-state structure, i.e. pw = 0, but with lower 
intrinsic barriers such changes can be substantial, e.g. 
p,=O.O4 and 0.07 for the reaction of 4-2 with 
primary amines and oxyanions, respectively. Our 
results show similar but smaller changes in transition- 
state structure for the deprotonation of 5-Z by primary 
amines. 


RESULTS 


All measurementso were made in 50% Me2SO-50% 
(v/v) water at 20 C and an ionic strength of 0.5 M 
maintained with KCl. The pKZH values of 5-H, 5-Br 
and 5-NO2 were determined by standard spectro- 
photometric procedures, exploiting the large difference 
in the UV spectra of the triphenyl(2-substituted-9- 
fluoreny1)phosphonium bromides and their respective 
ylides. Typically the pK$" was obtained as the average 
of nine determinations according to  the equation 


pKZH = pH + log (;: -- y )  (1) 


where A c - ,  AcH and A are the absorbances at 
p H  9 pK,CH, p H  Q pKZH and p H  = pKZH, respect- 
ively. The measurements were carried out in 2- 
methoxyethylamine (5-H ), cacodylate (5-Br) and 
acetate buffers (5-NO2). The pK,CH values are reported 
in Table 1; they have an estimated uncertainty of 
2 0 . 0 3  pK, units. 


All rates were measured in a stopped-flow spectro- 
photometer. The reactions can be described by 


k y z o  + k :'H~o~ + k ?  I R] 


5-z , : 5-z- (2 )  
knlaH, + k H f " + k B ~ [ B H 1  
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where B represents primary aliphatic amines and 
piperidine and morpholine. Under pseudo-first-order 
conditions, which were used throughout, the first-order 
rate constant is given by 


kobsd = kP2' + kPHaoH- + k!!laH+ + kHfo 
+ k?[Bl + kB.7 [BHI (3) 


The individual rate constants were determined by pro- 
cedures detailed previously. l4 For a given base, kobsd 
was obtained at six amine concentrations, usually with 
a [B] : [BH] ratio of 1 :  1 and in numerous cases also 
with 4: 1 or 1 : 4  ratios. The raw data are summarized 
elsewhere.I5 The slopes of the plots of kobrd vs [B] 
afforded k , ( l  + aH+/K(,CH), which from their pH 
dependence allowed a kinetic determination of pKaCH. 
These kinetic pKaCH values are 9.32 2 0.05 for 5-H, 
7 .47  t 0.05 for 5-Br and 5.7620.05 for 5-NO2. 
They agree well with the spectrophotometric values 
(Table 1). 


The intercepts of the plots of kobsd vs [B] were 
approximated by kPHaoH- in the high-pH range and 
by kHiaH+ in the low pK range, and hence allowed a 
determination of kPH and kHI,  respectively. In con- 
junction with pKaCH, k!f0 and k?*' were then also 
obtained. 


All rate constants are summarized in Table 1 .  The 
estimated error in these rate constants is +4%. 


DISCUSSION 


Bransted correlations 


Figure I shows plots of log k ?  q and log k!?p vs 
ApK -k log(p/q), with ApK = p K i H  - pKZH (variation 
of amine), for the reactions of 5-H, 5-Br and 5-NO2 
with primary amines ( p  and q are statistical factors3b); 
Figure 2 shows the corresponding plots for the reactions 
with piperidine and morpholine (strictly these plots are 
'Eigen plots' rather than Brransted plots, but the slopes 
have the same meaning as in Brransted plots). The slopes 
yield ( 3 ~  and CQH, respectively, while the points where 
the lines cross correspond to log ko. These parameters 
are reported in Table 2, which includes standard devi- 
ations based on a least-squares analysis for the 
reactions with primary amines (Figure 1). 


Brransted plots for the variation of k ?  with the pK$" 
of the carbon acid are displayed in Figure 3 (primary 
amines) and Figure 4 (piperidine, morpholine, OH- 
and HzO). The CYCH values obtained from the slopes, 
and / 3 ~  = 1 - cxCr4, are summarized in Table 3. 


Changes in &j and acH 


PB decreases with increasing acidity of the carbon acid 
whereas O ~ C H  decreases with increasing basicity of the 
amine. There is, however, considerable experimental 
uncertainty in / 3 ~  for the primary amines which may 
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Figure 1 .  Brransted (Eigen) plots for the reaction of 
triphenyl(2-Z-9-fluorenyl)phosphonium ions (5-2) with 
primary amines (k?,  open symbols) and its 
reverse (k", solid symbols). The slopes yield PB and oIgti, 


respectively, and the point of intersection is log ko. (A) Z = H; 
(B) Z = Br; (C) Z = NO2 


cast doubt about how significant the dependence of ( 3 ~  
on pKZH really is. In fact, considering the standard 
deviations, the value of 0.49t 0.06 for 5-NO2 is, 
strictly, barely distinguishable from 0.61 t 0.05 for 







KINETICS OF DEPROTONATION OF TRIPHENYLPHOSPHONIUM IONS 413 


Table 2. Brmsted parameters, PB and (YBH, and intrinsic rate constants obtained from the dependence on pKfH 


Primary amines" Piperidinelmorpholine 


5-2 P B  CYBH Log ko P B  Q B H  Log ko 


5-H 0.61 4 0.05 0.39 ? 0.05 2.96 t 0.10 0.49 0.51 3.39 
5-Br 0.57 4 0.06 0.43 ? 0.06 2.66 t 0.16 0.48 0.52 3.11 
5-N& 0.49 2 0.06 0.51 4 0.06 2.45 t 0.23 0.45 0.55 2.77 
~~ ~ 


a Error limits are standard deviations. 
No standard deviations can be calculated on the basis of two-point Brmsted plots 
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Figure2. Brmsted (Eigen) plots for the reaction of 
triphenyl(2-Z-9-fluorenyl)phosphonium ions (5-Z) with sec- 
ondary amines (k?, open symbols) and its reverse (k", solid 
symbols) for 2 = H ( , ), Br ( A  , A ) and NO2 (0 ,o ) .  The 
slopes yield and CYBH, respectively, and the point of inter- 


section is log ko 
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Figure 3. Br~nsted plots for triphenyl(2-Z-9-fluorenyl) 
phosphonium ions (5-Z) showing the variation of k? (primary 
amines) with the pKFH of the carbon acid, for the reaction 
with n-butylamine ( ), 2-methoxyethylamine ( ), glycine 
ethyl ester ( 0 )  and cyanomethylamine ( 0 ) .  The slope of the 


lines is (YCH 
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Figure 4. Brmsted plots for triphenyl(2-2-9- 
fluoreny1)phosphonium ions (5-Z) showing the variation of ky  
with the pK:" of the carbon acid, for the reaction with 
hydroxide ion ( ), piperidine ( ), morpholine ( 0 )  and water 


( 0 ) .  The slope of the lines is (YCH 


Table 3. Bronsted parameters, CYCH and Pc, obtained from the 
dependence of the proton transfer rate constants on pK:H 


B CYCH a PC a 


OH- 
Piperidine 
Morpholine 


MeOCHzCHtNH2 
n-BuNHz 


EtOOCCHzNHz 
NCCHzNH2 
HzO 


0-25 t 0.02 
0.27 t 0.03 
0.29 t 0.02 
0.30 k 0.03 
0.33 t 0.04 
0.40 t 0.04 
0.46 t 0.01 
0.70 2 0.01 


0.75 4 0.02 
0.73 f 0.03 
0.71 4 0-02 
0.70 ? 0.03 
0.67 ? 0.04 
0.60 ? 0.04 
0.54 4 0.01 
0.30 f 0.01 


a Error limits are standard deviations. 


There are two features which demonstrate that the 
trend in PB is real, as follows. 


(i) Plots of log k?(Br) vs log k?(H)  and log k?(NO*) 
vs log k ? ( H )  (Figure 5) suffer from much less scatter 
than the Br~nsted plots (Figure I)  and have slopes of 
0-94 ? 0.03 and 0.81 ? 0.03, respectively. These 
slopes are significantly different from unity [log k?(H) 
vs log k?(H)] and from each other; they correspond to 
PB (Br)/PB (HI and PB (NO2 )/PB (HI, respectively 
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Figure 5. Plot for the reaction of triphenyl(2-Z-9- 
fluoreny1)phosphonium ion (5-Z) with primary amines, 
showing a comparison of log k y ( Z )  versus log k?(H),  where 


Z = H (0) .  Br (*), NO2 ( A  ) 


[PB(Br)/PB(H) =0'93 and ~ B ( N ~ ~ ) / P B ( H )  = 0.80 from 
the PB values in Table 21. 


(ii) The experimental error in the CYCH values (Table 
3) is much smaller relative to the range of the CYCH 


values, leaving little doubt about the authenticity of  the 
trend in CYCH. Since, by virtue of the cross-interaction 
coefficient pw = apB/apK,C'H = acuCH/ - apKaBH, l 3  a 
dependence of CYCH on pKaBH requires a corresponding 
dependence of pB on pK,CH, the observed trend in CYCH 


implies that the trend in PB is real. A plot of CYCH vs 
-pKfH is shown in Figure 6. It yields pw = 0-031 +. 
0.002, while pw determined from a plot of PB vs pKZH 
(not shown) yields pv = 0.031 _t 0.006. All pw values, 
including those for the reaction of 5-Z with piperidine 
and morpholine and for the reactions of 4-2 with 


I." 1 


- 1 2  - 1 0  - 8  - 6  - 4  - 
- pKZH 


Figure 6. Plot for the reaction of triphenyl(2-Z-9- 
fluorenyl)phosphonium ions (5-2) with primary amines, 
showing the variation of CYCH with the pK,BH of the protonated 
amine. The slope of the line is the interaction coefficient pry 


primary amines and oxyanions, are summarized in 
Table 4. 


p x y  as a measure of changes in transition-state 
structure 


The pw values for the deprotonation of the 4-2 are 
reported in Table 4. They are all positive and hence 
reflect qualitatively similar changes in transition-state 
structure. These changes can be understood on the basis 
of a reaction coordinate diagram with separate axes for 
CYCH and PB, as described by Murray and Jencks.'Such 
a diagram is shown in Figure 7, with the transition state 
for the reaction of 5-H with n-butylamine (CYCH = 0.31, 
PB = 0.61) indicated by the symbol $. This diagram pre- 
sumes that p~ can be regarded as some measure of 
proton transfer t o  the base and that CYCH is related to the 
progress of proton dissociation from the carbon acid. It  
is important to realize, though, that this does not imply 
a linear relationship between proton transfer and the 
Brernsted parameters, only that an increase in PB means 


Table 4. Cross interaction coefficients, pxr, for the deprotonation of 5-2 and 4-2 


Acid Base 
Log ko 


Solvent T ('C) PXY (X = W) 


5-z Primary amines 50% MezSO 20 0.03a'b 2.91 
5-2 Piperidine/morpholine 50% MezSO 20 O . O l a ~ '  3.39 
4-7, Primary amines HzO 28 0.04d -4.1' 
4-2 RCOO- HzO 28 0.07d -5.0 


"This work. 
h a a ~ H / - ~ ~ ~ : H = ~ . 0 3 ~  2 0.002, aPe/apK:H=o.03i 2 0.006. 


aa, - apK:H = 0.0085, ah/apK:H = 0.0096 2 0.0022. 
Ref. 9. 


'Re f .  9 gives 4'0, but our own  calculation based on the data in Ref. 9 yields 4.1 
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Figure 7 .  Energy-reaction coordinate diagram for the reaction 
of 5-H with n-butylamine, with the transition state indicated 
by the symbol $, as described in the text. A change to a more 
acidic carbon acid (e.g. 5-Br, 5-NOz) lowers the right-hand 
edge, as the carbanion is stabilized; the transition state moves 
toward the lower left-hand corner (arrow a,)  and the lower 
right-hand corner (arrow az); the result (arrow a) is a lower PB. 
A change to a less basic amine raises the upper right-hand 
corner, as BH+ is destabilized; the transition state moves 
toward that corner (arrow b), implying an increase in both D ~ C H  


and PB 


more protonation of the base and an increase in CYCH 


means a greater loss of the proton from the carbon acid 
(the meaning of PB and (YCH is considered further under 
Imbalance). 


With reference to  Figure 7,  a change to  a more acidic 
carbon acid lowers the right-hand edge of the diagram, 
because the carbanion becomes more stable. This 
induces the transition state to  shift along the reaction 
coordinate towards the lower left corner (arrow a l )  and 
perpendicular to the reaction coordinate towards the 
lower right-hand corner (arrow az). The resulting vector 
(arrow a) suggests that the transition state moves in the 
direction of less protonation of the base, implying a 
lower ,LIB as observed (Table 2). 


A change to  a less basic amine raises the energy of the 
upper right-hand corner because BH+ becomes less 
stable. This induces the transition state to  move 
towards this corner as indicated by arrow b. It implies 
a more product-like transition state in terms of both a 
greater degree of protonation of the base and more pro- 
gress in the dissociation of the proton from the acid, 
i.e. both CYCH and should increase. The increase in 
CYCH is clearly seen in Table 3; the increase in PB should 
manifest itself in a downward curvature of the plots of 
log(kr/q) vs ApK, + log(p/q). However, the relatively 


small pK,BH range (5.3 units) and small number of 
amines, coupled with experimental scatter, make detec- 
tion of this curvature impossible. Even in more 
optimum situations, such curvature is often difficult to 
detect. For example, in the reaction of 4-Br with eight 
primary amines spanning a pKFH range of 7.3 units, 
the data a t  best suggest but definitely d o  not clearly 
establish the presence of such curvature. 


The large difference in pxy for the deprotonation of 
5-2 by primary amines (0.03) compared with the 
reaction with piperidine and morpholine (0.01) is puz- 
zling. Murray and Jencks' also observed a substantial 
difference in pry when comparing the deprotonation of 
4-2 by primary amines (0.04) with that by oxyanion 
(0.07). Since there appears to be a tendency for pv to 
become larger with increasing intrinsic rate constants 
(see Introduction), the larger pv value in the reaction of 
4-2 with the oxyanions may possibly be attributed to 
the higher logko (ca 5.0  for oxyanions, ca 4.0 for 
primary RNHz). However, this explanation is not 
applicable to  5-Z because here the reactions with the 
higher log ko (piperidine/morpholine) are those with the 
smaller pv value (Table 2). In the absence of data for 
other systems which would more firmly establish 
whether pxu for secondary alicyclic amines is inherently 
lower than that for primary amines, it seems premature 
to speculate on  possible reasons for our results. It is 
also unclear a t  this point whether the difference between 
pry = 0.04 and 0.03 for the reactions of primary amines 
with 4-2 and 5-2, respectively, can be safely interp- 
treted as a reflection of the higher ko for the reactions 
of 4-2, especially in view of the different solvents used 
in the two studies. 


Imbalance 


The PB values are significantly larger than the CXCH 


values, indicating a charge imbalance at the transition 
state. We have usually taken the difference CXCH - ,LIB as 
a measure of such imbalance. ' In view of the relatively 
strong dependence of CXCH on pK,BH and of PB on 
pKZH, there is some question as to  how to define the 
imbalance in the present situation. For lack of a better 
method we shall use average (YCH and PB values 
( (YcH,&),  i.e. for the reactjons of 5-2 with primary 
amines we have GCH - PB = 0.37 - 0-56 = -0.19, 
with piperidinel morpholine (YCH - & = 0.28 - 0.47 = 
- 0.19. 


gpz 0 0  qcxz 
rf' 


6 7 
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The negative imbalances can be understood in terms 
of a difference in charge distribution between the tran- 
sition state (6) and the product (7). In 6 the developing 
negative charge is mainly localized on the carbon 
whereas in 7 it is strongly delocalized into the fluorenyl 
moiety, i.e. charge delocalization in the transition state 
lags behind charge or proton transfer. As a conse- 
quence, the charge seen by the Z substituent is further 
away in the transition state than in the product, which 
depresses (YCH. This interpretation presumes that PB can 
be viewed as at least an approximate measure of proton 
or charge transfer (this is the traditional view, i3b,’6 


although this view has been challengedi7) at the tran- 
sition state, while (YCH is clearly not such a measure. 


The kind of lag in the charge delocalization observed 
here is characteristic of systems that involve resonance 
stabilization of the p r ~ d u c t . ~  It is not restricted to 
proton transfers or even carbanion-forming reactions, 
but has also been observed in reactions involving 
resonance-stabilized olefins, carbocations and 
radicals. 


In many reactions for which requisite data are 
available, the imbalance is positive ((YCH - PB > 0). This 
is not because in these cases delocalization is ahead of 
charge transfer, but because the position of the report- 
ing substituent Z is such as to be closer to the charge in 
the transition state than in the product. This leads to an 
enhancement of CYCH. A well known example is the 
deprotonation of arylnitromethanes by secondary ali- 
cyclic amines for which (YCH = 1 a29 and PB = 0.56;21 8 
and 9 show the transition state and product ion, 
respectively. 


CH=NO; 
I 


Z @ 
9 


If Murray and Jencks’ data are analyzed in a similar 
way, the imbalance for the reaction of 4-2 with oxy- 
anions calculat_ed from their average CYCH and PB values 
yields (YCH - PB = 0-81 - 0.74 = 0.07. They did not 
report CYCH values for the reactions of 4-2 with amines. 
However, when such (YCH values are calculated from 
their k ? ( C B r ) / k  p(4-H) ratios, one obtains an average 
( ~ ~ ~ = 0 * 5 8  - and thus, with the average & 1 = 0 - 7 3 ,  
C V C H - P B = - O . ~ ~ .  This is close to our 
(YCH - = -0.19 for the reactions of 5-Z with amines. 


The positive value of (YCH - PB for the reactions of 
4-2  with oxyanions is surprising. There are three poss- 
ible rationalizations for this result. (i) These reactions 
constitute the first known exception to the rule that 
charge delocalization lags behind charge transfer at the 


transition state. In view of the large body of exper- 
imental evidence confirming this rule, including the 
reactions of 4-2  with amines, in addition to theoretical 
reasons why charge delocalization should lag behind 
charge transfer2’ (inasmuch as charge delocalization 
involves the breaking and making of bonds, the for- 
mation of a delocalized carbanion by proton transfer 
may be regarded as a multi-bond reaction; hence the 
factors that make it difficult for multi-bond reactions to 
be synchronousz3 are relevant here), this rationalization 
is unattractive. 


(ii) ?r-Backbonding from the carbon to the d-orbitals 
of the sulfur in the ylide (lob) may be important. This 
would decrease the negative charge in the fluorenyl 
moiety in the product and could lead to an enhanced 
CYCH value. If this were the correct explanation, it would 
be difficult to understand why the sign of (YCH - @ B  


changes when amines are used as bases. This expla- 
nation also contradicts Murray and Jencks’ conclusions 
regarding the unimportance of lob, and is inconsistent 
with our own analysis, presented below, of the relative 
importance of resonance effects of the MeZS+ and 
Ph3P’ groups. 


10a 10b 


(iii) The wrong sign of the imbalance may be an 
artifact resulting from the strong endoergicity of many 
of carbon acid-base combinations (range of 
PK,L’~ - pK,BH = 0-6  to 13.0) and the low curvature of 
the energy surface near the transition state (high p w ) .  
This endoergicity leads to highly unsymmetrical, 
product-like transition states located near the upper 
right-hand corner of the corresponding reaction coor- 
dinate diagram (Figure 7), where imbalances tend to 
become negligible (this is clearly seen from Figure 7, 
where the distance between the curved reaction coor- 
dinate and the diagonal dashed line represents the 
imbalance CYCH - PB). It is interesting that when only 
the reactions of 4-2  with the two most basic oxyanions 
[(CF3)2CHO- and AcO- ] are considered, which 
removes the most endoergic reactions from the 
correlation (range of pKZH - pKFH = 0.6 to 8.5), the 
average- (YCH is 0.66, which leads to 
(YCH - @B = 0.66 - 0.74 = -0-08, i.e. the expected 
negative value. This pK,CH-pKaBH range is close to 
that for the reactions of 4-2  with the primary amines 


By way of comparison, for the reactions of 5-Z with 
amines, pKZH - pKfH ranges from - 5-43 to 3.99 and 


(0-8-9.34). 
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for the reactions of arylnitromethanes with secondary 
alicyclic amines" pK,CH - pKEH ranges from - 1 * 2  to 
- 4.7, implying much more symmetrical transition 
states, consistent with @B values close to 0.5. These con- 
siderations suggest that meaningful imbalances can only 
be obtained from (YCH and @B when 1 pKaCH - pKaBH 1 is 
relatively small, ensuring a transition state that is not 
too far from the center of the reaction coordinate 
diagram (Figure 7). A 'permissible' I pKZH - pKfH 1 
range cannot be given in absolute terms, however, since 
i t  depends on how strongly the transition state changes 
as a function of pK,CH, i.e. low pxy  values allow a 
larger 1 pK,CH - pKEH 1 than high pxy values. In view 
of the high ~ X Y  values for the reactions of 4-2 with 
oxyanions, even the reactions with just (CF3)2CHO- 
and AcO- probably involve too large I pKaCH - pKEH 1 
values (up to 8.5) to produce a quantitatively mean- 
ingful imbalance, although the correct sign is obtained. 


Intrinsic rate constants 


Eflect of the base 


The log ko values for the deprotonation of 5-Z by the 
piperidine/morpholine pair are about 0.4 log units 
larger than for the reactions with the primary amines 
(Table 2). The lower intrinsic reactivity of the primary 
amines is a common phenomenon.7 It has generally 
been attributed to the stronger solvation of the primary 
amines in their protonated form, coupled with the 
assumption that the solvation of the incipient 
ammonium ion at the transition state lags behind 
charge development. 3b,24 In general, the difference in 
log ko between primary and secondary alicyclic amines 
is 0.7-1 .O log units, 14925 provided that there are no 
significant steric effects. For example, in the deproton- 
ation of 9-cyanofluorene in 50% Me2SO-50% water 
this difference is 0.82.' The relatively small differences 
of 0.3-0.4 in the reactions of 5-Z suggest the presence 
of a significant steric effect, as one might expect on the 
basis of the large size of the Ph3PC group. 


The presence of a substantial steric effect may also 
be inferred from a comparison of k values for specific 
amines with kPH for OH-. For example, 


/kPH = 4.59 x for 5-H, 6-47 x for 
5-Br and 7.18 x for 5-NO2. In contrast, the same 
ratios for 9-cyanofluorene and 9-carbomethoxyfluorene 
in the same solvent are ca 6 x and 1.37 x lo-', 
respectively, ' i.e. 10-30 times higher. The smaller 
k;-BuNHz /k PH ratios for 5-2 are easily explained if one 
assumes that it is mainly the reaction with the larger n- 
butylamine that is retarded by the steric effect of the 
Ph3Pf group. 


k n - BuNH, 


Effect of the 2-subsfitutent (Z) 


The log ko values decrease in the order 5-H > 5-Br > 
5-NO2. This decrease is a consequence of the difference 


in the charge distribution between the transition state 
(6) and the product (7) that manifests itself in (YCH 


being smaller than @B. Since Z is far removed from the 
developing charge in the transition state but closer to 
this charge in the product, the stabilization of the tran- 
sition state by an electron-withdrawing Z is dispro- 
portionately small compared with that of the product. 
Hence the increase in k ?  is small compared with the 
increase in the equilibrium constant (small CYCH ). As 
described in detail elsewhere, this is equivalent to a 
decrease in ko which can be related to the imbalance by 
the equation 


In the present case 6 log K:(Z), with I referring to the 
inductivelfield effect (in contrast to resonance effects), 
is given by pKaCH(H)-pKZH(Z). (It is assumed that 
the resonance effect of the nitro substituent is negli- 
gible. If resonance were important, the point for 5-NO2 
would show a substantial negative deviation from the 
Brernsted plots in Figures 3 and 4, as has been observed 
e.g., in the deprotonation of 4-nitrophenylnitro- 
methane by PhCOO- in M ~ z S O . ~ ~  Note that in the 
reactions of 4-2 no negative deviation from the 
Brernsted plots for 4-NO2 was observed either.' Note 
also that in a situation such as the deprotonation of 
arylnitroalkanes, where CYCH > @B, log ko increases for 
electron-withdrawing aryl substituents [CYCH - @B > 0 in 
equation (4)], since the closer proximity of the substi- 
tuent to the charge in the transition state (8) leads to a 
disproportionately large increase in k ?  compared with 
the increase in the equilibrium constant.) 


Plots of log ko vs pK,CH (not shown) yield (YCH - @B 


= -0.13 2 0.01 and = -0-17 +. 0.01 for the 
reactions of 5-2 (Z = H, Br, NO2) with primary amines 
and piperidine/morpholine, respectively. These imbal- 
ances are, within experimentaI error, the same as those 
obtained from the average CYCH and @B values (-0*19), 
since the experimental uncertainty in these latter values 
may be as high as 20.06 or higher. 


Effect of the Psubstituent (X) 


Data now exist on log ko for the deprotonation of four 
different 9-X-fluorenes (X = COOMe, CN, Me2S+ and 
Ph3P+), which are summarized in Table 5 .  The data for 
the dimethyJsulfonium derivative (4-H ) determined in 
water at 28 C are not strictly comparable with the bulk 
of the result: that were obtained in 50% Me2SO-50% 
water at 20 C. However, as seen with the CN and 
COOMe derivatives, log ko for these compounds 
depends very little on solvent. Assuming a similarly 
weak solvent dependence for 4-H and taking the slight 
temperature difference into account, one estimates 
log ko in 50% Me2SO-50Vo water at 20 "C to be ca 4.10 







418 C. F. BERNASCONI AND D. E. FAIRCHILD 


Table 5. pKFH values of 9-X-fluorenes and log ko for their deprotonation by primary aliphatic amines at 20 'C 


X 


COOMe (2)a 10.97 2.84 10.03 3.09 
Ph3P' (5-H)b 9.38 2.97 
CN (3)" 10.71d 3.62 9.53 3.16 8.01' 3.57 
MeZS' (4-H)' 13.7e -4.1' ( - 1 2 . 9 9  (-4.1)s 


"Ref. 8. 
hThis work.  


Ref. 9. 
" 10% MezSO-YOVo water. 
'At 28 ' C ,  see footnote e in 'Table 4 
' I n  Mer%>, pK,'" = 8.30.2' 


Estimated, see text. 


(see footnote e in Table 4). Table 5 also reports 
pKZH values. The pK,CH for 4-H in 50% Me2SO-50% 
water was estimated assuming the same solvent 
dependence as for the pKa of 3, i.e. pKzH(50% 
MeZSO) = pK,CH(H20) - 1.2. 


As indicated in the Introduction, the 9-X substituent 
may affect ko in four major ways: by inductive/field (I), 
resonance (R), polarizability (P) and steric (S) effects. 
We wish to estimate the contributions from these 
factors to the differences in log ko among the four 9-X- 
fluorenes in Table 5 .  We shall use 2 (X = COOMe) as a 
reference compound. For any of the other three 
fluorene derivatives one can then write 


log ko(X) = log ko(CO0Me) + 6 log kb(X) 
+ 6 log kOR(X) + 6 log kOp(X) + 6 log k;(X) ( 5 )  


With respect to the I effect, an electron-withdrawing 
substituent should increase and an electron-donating 
substituent should decrease ko because, in contrast to 
the Z substituent in the 2-position, the X substituent in 
the 9-position is closer to the negative charge in the 
transition state than it is in the product (see, e.g. 6 vs 
7). For a substituent with the same R, P and S effects 
as for COOMe, 6logkb(X) may be obtained from 
equation (6) [equation (6) is very similar to equation (4) 
except that in equation (4) the reference substituent is H 
and in equation (6) it is COOMe]. 


In analogy with equation (4) 6 log kk(X) can also be 
expressed by the equation 


(7) 


where 6 log K : ( X )  is the change in the equilibrium 
constant induced by the change in the I effect; since 
the other effects are assumed to cancel, 
S log K:(X) = pK:H(COOMe) - pKaCH(X>. a& is the 
Br~ns ted  01 value obtained by varying the I effect of X. 


Among the substituents in Table 5 ,  CN comes closest 


6 log kb(X) = (at,% - @ ~ ) 6  log K: ( x )  


to meeting the criteria for equation (6). On the basis of 
various sets of substituent constants, the resonance 
effects of CN and COOMe appear to be nearly the 
same, e.g. UR = 0 . 1 6  for COOMe, 0.18 for CN;28 
Au; = 0.28 for COOMe, 0.29 for CN;29 O K  = 0.34 for 
COOMe, 0.33 for CN;29 only the R- values2' suggest 
a slightly stronger R effect for C" (0-49) compared 
with COOMe (0.41) [In a previous paper* it was 
assumed that it is the COOMe group that has a larger 
resonance effect, as reflected in the u i  values3" (0.08 
for CN, 0.16 for COOR), but this now appears 
unlikely]. A slightly larger R effect for CN would 
slightly reduce ko(CN) and with it 6 log kb(CN) calcu- 
lated from equation (6), but this reduction would be too 
small to affect our conclusions significantly. 


With respect to  steric effects, the larger size of 
COOMe compared with CN does not appear to have 
a significant rate-retarding effect, as judged by the 
k ? - B U N H z / k ? H  ratios (see above); in fact, this ratio is 
slightly larger for the COOMe derivative but this is 
probably at artifact caused by some uncertainty in kYH 
for the cyano derivative.' Since no significant P effects 
are expected for CN or COOMe, we conclude that, to  
a good approximation, the difference of 0-92  between 
the observed log ko(CN) and log ko(CO0Me) values 
can be attributed entirely to  the stronger I effect of CN, 
i.e. 6 log kb(CN) = 0.92. This allows us to calculate 
O ~ ? H  from equation (7): with 6 log K:(CN) = 1-44 and 
the average PB value of 0.48 ( PB = 0.49 for 2, 0.47 for 
3') for reactions of 2 and 3 we obtain CYFH = 1 * 12 [this 
large 0 1 c ~  value is consistent with findings by Murdoch 
et aL3' for the reaction of 9-alkylfluorenes with (9- 
alkylfluoreny1)lithium in diethyl ether; it is reminiscent 
of O ~ C H  > 1 found in the deprotonation of 
nitro alkane^^'^^^ and indicates a dramatic difference 
between the charge distributions in the transition state 
and the product ion]. 


6 Log kb(X) for X = MezS' and Ph3P' can now be 
estimated. From 6 log K: (CN) = 1.44 above it follows 
that 6 log K'I(CN)/Gq(CN) = 5.54 with 6q(CN) = 
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UI(CN) - q(C0OMe) = 0.57 - 0.31 = 0 ~ 2 6 . ~ '  We now 
assume 6 log Ki(X)/6aI(X) = 6 log K :  (CN)/G~~(CN); 
from u~(MezS+) = 0*8930 one obtains 
6u1(MezS') = ul(MezS+) - oI(CO0Me) = 0.58 and 
6 log K:(MezS') = 3.21, and from u[(Ph3Pf) = 0-7630 
one obtains 6u1(Ph3P+) = u1(Ph3P+) - aI(CO0Me) = 
0.45 and 6 log K:(Ph,P+) = 2.49. These calculations 
are based on the premise that 6al(MezS+) and 
6u1(Ph3P+) are an acceptable approximation of the dif- 
ferences in the I effects relative to COOMe even if the 
R effects of Ph3P' and Me$+ differ from that of 
COOMe. [As shown below, the R effects of Ph3P' and 
COOMe are probably not very different so the above 
approximation should hold fairly well. On the other 
hand, the R effect of MeZS+ appears to be significantly 
less than that of COOMe. Since the R effect should 
reduce the I effect, the use of uI(Me2S+) to calculate 6 
log Ki(Me2S') may lead to an estimate of 
6 log Kj(Me2S') that is too low. However, this will not 
affect any of the qualitative conclusions.] 


With PB = 0.61 for Ph3P' and 0.70 for Me2S+, the 
average PB values used in equation (7) become 0-55 for 
Ph3P+ and 0.60 for Me2S'. Assuming the same ( Y ~ H  as 
found for X = CN (1 12) leads to 6 log kL(Me2S+) = 
1-67 and 6 log kA(Ph3P') = 1.42 (Table 6). These 
numbers imply that were it not for differences in R, P 
and S effects, log ko(Me2S') and log ko(Ph3P') should 
be larger than log ko(CO0Me) by ca 1 a67 and ca 1-42, 
respectively, owing to  the stronger polar effect exerted 
by the charged groups compared with that by COOMe. 


We believe that the estimated 6 log k; (X)  values for 
Ph3P+ and Me*S+ are reasonably accurate, probably 
within kO.4  log units or better. Reliable values for 
6 log k g ( X ) ,  6 log k g ( X )  and 6 Iog k ; ( X ) ,  whose sum is 


given in the equation 


c (X) = 6 log kOR(X) + 6 log kOp(X) + 6 log kOs(X) 
R.P*S = log ko(X)  - log ko(COOMe) - 6 log k6(X)  


(8) 
and reported in Table6, are more difficult to obtain, 
but interesting insights can be gained even from 
relatively crude estimates. The methods used for these 
estimates will be illustrated for X = Ph3P+. 


A first approximation for 6logk;(Ph,P+) may be 
obtained from the comparison of the k;-BuNH2 /k?" 
ratio for 5-H ( 4 . 5 9 ~  with that for 2 
( 1 - 3 7  x lo-') reported above. If it is assumed that 
only k ?-BuNH and not kPH is retarded by the larger 
steric bulk of Ph3P+, the equality 6 log kz(Ph3P') = 


must hold. If  kPH were also reduced by the steric effect, 
the above expression would underestimate the steric 
effect on log ko(Ph3P'). Hence we conclude that 


In estimating the R effect, 6 log k3(Ph3P'), we apply 
a recent model4 that derives from a proposal originally 
advanced by Kresge, 22a and which is briefly described 
in the Appendix. According to this model, 
6 log kt(Ph3P') is given by 


log(k y B u N H *  /k?H)5-H - log(k?-B"NH2/k?H)2 = - 1.47 


6 log kOS(Ph3P') < - 1.47. 


6 log koR(Ph3P') = (A; - P B ) ~  log K?(Ph,P+) (9) 
where 


( P B ) "  (10) 
6 log KY(Ph3P') is the difference in the resonance 
effect of Ph3P' and COOMe on logK1 and n has a 
value between 2 and 3. We shall use n =2.5 ;  with 


Table 6. Contributions of I, R, P and S effects to log ko(X) relative to log ko(CO0Me) 


X 


pK,CH(X) 
0 1  ( X I  
Log k o ( X )  
6 Log K ! ( X )  
6 Log k:(X)  


6 Log G ( X )  


6 log K Y ( X )  
6 Log KP(X) 
6 log kOR(X) 
6 log kOp(X) 


ER.P,S  ( x )  
6 Log KY(X)  + 6 Log K y ( X )  


10.97 
0.31 
2.84 
0 
0 
0 
0 
0 
0 
0 
0 
0 


9.53 
0.57 
3.76 
1.44 
0.92 
0 
0 
0 
0 
0 
0 
0 


9-38 
0.76 
2.97 
2.49 
1.42 


- 1.29 
6-1.47 
- 0.90 


< -0.90 
>O 
>0.29 
> O  


- 12-5 
0.89 


-4.1" 
3.21 
1.67b - -0.51b 


- - 4-74b 
< -4.74b 
> O  
>1.37b 
> O  


a See footnote e in Table 4. 
bIf the reduction in the I effect by the R effect for COOMe is taken into account, 6 log K!(MezS+) would be 
higher (see text). This would also make 6 log k6(Me2S') and 6 log kt(MezS') higher and ZR.S,P (Me2St), 6 
log KP(Me2S+) + 6 log Kr(Me2St) and 6 log b ( X )  more negative. 
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00 = 0.061 (Table 2) we obtain Xg - PB = -0.32. 
6 log KF(Ph3P') is difficult to estimate but the com- 
bined contribution of the R and P effects [P effect: 
6 log Kr(Ph3P+)]  to K1 can be obtained from a com- 
parison of the pKaCH values after subtracting out the I 
effect according to the equation 


6 log Kf(Ph3P') + 6 log KP(Ph3P') 
= pKzH(COOMe) - P K $ ~ ( P ~ ~ P + )  - 6 log Ki(Ph3P') 


This yields 6 log K:(PhjP+) + 6 log KP(Ph3P') = 
-0.90. Since the P effect of Ph3P+ is certainly larger 
than that of COOMe and hence 6 log Kf'(Ph3P+) has to 
be >0, this means that 6 log KP(Ph3P') < -0.90. 
With X g  - PB = -0.32, equation (9) yields 


Polarizability effects have not been considered in our 
earlier discussions of factors that affect ko. 4 p 7  Using the 
same model from which equation (9) has been derived, 
a formalism can be developed that relates 
6 log kg(Ph3P') to 6 log KT(Ph3P'). This formalism is 
outlined in the Appendix. It provides the equation 


(1 1) 


6 log koR(Ph3P') > 0.29. 


6logk$(X)=(X:!-flB)6 logKP(X) (12) 


where 


(13) 
[ P B  - ( X X  + XY)(PB)"Iz X 6  = 


1- 1 + x x  + XYIZ 
xx and XY are the negative charges on X and Y in the 
product ion [see equation (A6) in the Appendix; with a 
positively charged X such as Ph3Pf,  xx is the amount 
by which the positive charge has been reduced] and n 
has the same meaning as in equation (10). Since xx and 
xu are unknown, A:! cannot be calculated. However, it 
is instructive to  consider some limiting cases which give 
an insights into whether the P effect should be expected 
to enhance or lower ko. We shall again use n = 2 3  and 


Case I: xx + yy = 0. This case refers to  a situation 
where neither X nor Y is a a-acceptor. Equation (13) 
simplifies to X:! = (3; and X:! - = -0.24. Since 
6 log K f ' ( X )  > 0, this means that 6 log kE(X) < 0, i.e. 
the P effect lowers the intrinsic rate constant. 


Case II: xx + xy = 1. This case represents the other 
extreme from case I where the entire negative charge is 
delocalized and no charge is left on the carbon in the 
product. Equations (12) and (13) cannot be applied here 
since 6 log K f ' ( X )  = 0 and X p  = a, but qualitatively it is 
clear that since only the transition state benefits from 
the P effect, ko is enhanced. 


Case III: xx + x y = 0 . 5 .  This case, or one where 
xx + xy is larger than 0.5 but smaller than 1.0, may 
come close to the actual situation with 5-H. Here 
equation (13) gives A;=0.85 and hence 
X p  - PB = 0.24, i.e. ko is enhanced. These consider- 
ations clearly suggest that if the ylide is stabilized by a 
P effect this should lead to 6 log k$(Ph3P+) > 0. 


PB = 0.61. 


Further conclusions may be drawn about 
6 log k{(Ph,P') and 6 log k t (Ph3P+)  from their sum 
given by 


(Ph3P') = 6 log kt(Ph3P') + cT log kC(Ph,P+) 
R . P  


= (Ph3P') - 6 log k;(Ph$+) (14) 
R,P,S 


With C R , S , ~  (Ph3P') = - 1-29 and 6 log kg(Ph3P') 
< - 1.47 (Table 6), we obtain CR,P (Ph3P') 2 0.18. If 
- 1.47 were the actual value for 6 log kz(Ph3P') rather 
than an upper limit, the lower limit of 0.29 estimated 
above for GIogkF(Ph3P') would more than fully 
account for CR,P (Ph3P+), implying that the P effect is 
non-existent, or even slightly negative 
[6 log k$(Ph3P') f 01. This seems unreasonable and 
suggests that the steric effect is substantially larger, i.e. 
6 log k:(Ph,P') < - 1.47. For example, if 
6 log k:(Ph3P') were -2.47 this would give CR,P 
(Ph3P+)= 1-18;using X",/~B= -0 .32and X:!-PB= 
0.24, one obtains 6 log KP(Ph3P') = -2.50, 6 log KF 
(Ph3P') = 1.60, 6 log kg(Ph3P') = 0.38 and 
6 log k{(Ph3P') = 0.80. This example is meant to  illus- 
trate the effect of a more negative 6 log kOs(Ph3P') 
value rather than to imply that dlogkg(Ph3P') is 
indeed - 2.47. 


Similar conclusions are reached if the reaction of 4-H 
(X = Me2S+) is subjected to the same type of analysis 
even though the uncertainties in our various estimates 
are higher than with 5-H ( X  = Ph3P'). [There are two 
reasons for these additional uncertainties: (a) the 
log ko(Me2S') and P K ; ~ ( M ~ ~ S + )  values are not 
known in 50% MezSO-50% water and had to be esti- 
mated based on values in water; (b) as indicated earlier, 
q(Me2S') may underestimate the difference in the I 
effects between MezS' and COOMe, which would lead 
to an underestimate of 6 log K i  (MeZS') and uncertain- 
ties in parameters derived therefrom (see footnote b in 
Table 6).] With / 3 ~  = 0.70 one calculates Xg = 0.41 and 


- / 3 ~  = -0.29. By means of an equation analogous 
to  equation ( l l ) ,  6 log KP(Me2S') + 6 log KP(Me2S') 
= - 4.74 is obtained, from which 6 log Kf(Me2S') 
< - 4.74 is derived [assuming 6 log KT(Me2S') 2 01. 
With - PB = -0.29, one obtains 6 log k$(Me2SC) 
2 1.37. Assuming 6 log k:(MezS' ) = - 1-47 yields 


ER,p (Me2S+) = 0.96, i.e. the lower limit of 6 log kg 
(MeZS') of 1.37 would more than fully account for 
z~ ,p(Me2S+) ,  requiring that 6 log koS(Me2S') < 
- 1.47, as was inferred for 6 log kZ(Ph3P'). 


It should be noted that the much more negative 
6 log KP(Me2S') < -4.74 compared with 6 log KF 
(PhJP') ,< -0.90 is consistent with the notion that 
resonance stabilization of the ylide by Me2S+ is 
relatively unimportant and possibly altogether 
absent,9s12 but that with Ph3P+ there is probably a 
significant R effect. 
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The conclusions from our analysis of the I ,  R, P and 
S effects on log ko(X) (X = CN, Ph3P+, MezS') rela- 
tive to log ko(CO0Me) can now be summarized as 
follows. 


To a good approximation, the entire difference 
between log ko(CN) = 3.76 and log ko(CO0Me) = 2.84 
may be accounted for by the stronger electron- 
withdrawing I effect of CN. 


For Ph3P+ and MeZS+ all four factors, i.e. the I, R, 
P and S effects, contribute to the difference bet- 
ween log ko(X) and log ko(CO0Me). The first three 
enhance log ko(X), whereas the S effect lowers 
log ko(X). For X =  Ph3P+ the S effect almost exactly 
balances the other three factors, resulting in nearly 
equal log ko values for Ph3P+ and COOMe. For 
X = MezS+ there is a net increase of over one log unit 
in ko relative to COOMe or Ph3P'. The main factor for 
this increase appears to be the smaller resonance stabi- 
lization by MeZS+ [6 log k;(MezS+) > f, log k; 
(Ph3P+)]. There is also a small contribution from the 
slightly larger I effect [6 log kb(MezS+) > 6 log k: 
(Ph3Pf)]. Whether the smaller size of MeZS' contrib- 
utes to the larger ko value [i.e. 6 log k$(Me2S+) less 
negative than 6 log ki(Ph3P+)] cannot be ascertained 
from the data, but it is a reasonable hypothesis. 


Ph3P+ and Me2S' are likely to exert substantial 
ylide-stabilizing P effects. Since neither 6 log KT(X) nor 
the charge on the carbon of the ylide [ - 1 + xx + XU in 
equation (13)] is known, no numerical estimate of 
6 log kE(X) can be given, but we have shown that the 
effect should lead to an increase in ko. 


EXPERIMENTAL 


Compound 5-H. This was prepared as the bromide 
salt by reaction of Ph3P with 9-bromofluorene 
according to Johnson et a/. , 3 3  m.p. 289-291 "C (lit., 34 


289-291 "C). The ylide of 5-H was obtained by the 
method of Pinck and Hilbert,35 m.p. 264-266°C 
(lit.,33 258-260°C). 'H NMR (60 MHz, CDCl3); 6 
6.26-6.42 (m, 2H), 6.73-7-14 (m, 4H), 7.49-8.30 
(m, 17H), identical with that of P o ~ c h e r t . ~ ~  Mass spec- 
trum (MS); m/z 426 (M'). 


Compound 5-Br. The precursor, 2,9-dibromo- 
fluorene, was synthesized following the general strategy 
of Dickinson and Eaborn. 37 2-Bromofluorene (10.2 g 
41.5 mmol) and N-bromosuccinimide (7.42 g, 
41.7 mmol) were dissolved in 120 ml of cc14. Benzoyl 
peroxide (0.12 g 1 mol To) in 30 ml of C C ~ L  was added 
and the solution was stirred at reflux for 8 h. After 
standing for 13 h, a starch-iodide test was slightly posi- 
tive. The reaction mixture was chilled and the insoluble 
succinimide was separated by vacuum filtration. The 
filtrate was stripped of solvent and the crude p rody t  
recrystallized from 400 ml of hexane, m.p. 122-124 C 


(lit.,37a 123-125 "C). Conversion of 2,9-dibromo- 
fluorene into 5-Br (bromide salt) followed the pro- 
cedure of Johnson et ai.,33 m.p. 276-278 "C (lit,,33 
264-265°C). The ylide of 5-Br was obtained by the 
method of Pinck and H i l b e ~ ~ , ~ ~  m.p. 261-262°C 
(decomp.) (lit.,33 262-263 "C). 'H NMR (60 MHz, 
CDCl3): 6 6.22-6.49 (m, 2H), 6.87-7.12 (m, 3H), 
7.35-8.21 (m, 17H). MS; m/z 504/506 (M'). 


Compound 5-No2. The precursor, 9-bromo-2- 
nitrofluorene, was prepared from 2-nitrofluorene in a 
similar manner to 2,9-dibromofluorene. The crude 
product was dissolved in hot methanol and vacuum 
filtered; the filtrate was diluted with hot ethanol and 
allowed to cool, yielding an, orange product, m.p. 
136-140°C (lit.,38 142-143 C). Conversion of 9- 
bromo-2-nitrofluorene into 5-NO2 (bromide salt) was 
the same as for 5-H, m.p. 272-273°C [lit.,33 
281-282 "C (decomp.)]. The ylide of 5-NO2 was pre- 
pared in the same way as the others, m.p. 267-268 "C 
(decomp.) (lit.,33 276-277 "C). 'H NMR (60 MHz, 
CDC13): 6 6-40-6.60 (M, lH), 6.94-7-16 (m, 3H), 
7-35-8.38 (m, 16H). MS: m/z 471 (M+). 


Reagents. Buffer materials of analytical grade were 
obtained from Aldrich (unless specified otherwise) and 
purified as follows. Piperidine, morpholine, n- 
butylamine and 2-methoxyethylamine were refluxed 
over CaHz for 1 h and distilled under nitrogen. 
Cyanomethylamine hydrochloride and glycine ethyl 
ester hydrochloride were recrystallized twice from 1 : 1 
isopropanol-ethanol. Cacodylic acid (free acid, Sigma, 
98%), glacial acetic acid (Mallinckrodt, AR) and KC1 
(Mallinckrodt, AR) were used as received. All HCl and 
KOH solutions originated from 'DILUTE IT' ana- 
lytical concentrates (J. T. Baker). Dimethyl sulfoxide 
(Fisher, certified ACS) was distilled from CaHz and 
stored over 4A molecular sieves. Ultra-pure water was 
obtained from a Millipore Milli-Q Plus water system. 


Spectra and pK,CH measurements. The following 
spectral parameters were obtained in 50% MezSO-50To 
water at 20°C using a Perkin-Elmer Model 
559 UV-visible spectrophotometer. 5-H: A,,, 268 nm 
(log E 4*27), ylide X,,, 250 nm (log E 4.62), 285 nm 
(log E 4-47), 368 nm (log E 3.65, broad). 5-Br: A,,, 
272 nm (log E 4.33); ylide X,,, 253 nm (log E 4 .69 ,  
289nm (log€ 4.54), 385nm (log& 3.56, broad). 
5-NO2: X,,, < 250 nm (covered with the absorption by 
MeZSO) (log E > 4 . 9 ,  330 nm (log E 4 -  18); ylide A,,, 
270 nm (log E 4-30), 296 nm (log E 4-40), 340 nm (log E 
4 -  1 l),  390 nm (log E 4-06), 530 nm (log E 3 -26, broad). 
The ylides have a low solubility in 50% Me~S0-50Vo 
water and tended to precipitate. However, if spectra 
were taken within a few minutes after mixing, the pre- 
cipitation of phosphonium bromides could be avoided. 
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The pK$" determinations were carried out at 285 nm 
for 5-H, at  253 and 289 nm for 5-Br and at 396 nm for 
5-NO2. The pH measurements were conducted with an 
Orion Model 611 pH meter equipped with an Orion 
Model 910100 glass electrode and a Fisher Model 13- 
620-51 calomel reference electrode. The meter was cali- 
brated with HallC39 buffers. 


Kinetic measurements All kinetic determinations 
were carried out with a Durrum-Gibson stopped-flow 
spectrophotometer. The general methodology was as 
described p r e v i o u ~ l y . ~ ~ ~ ~ ~  The p H  of the reaction sol- 
utions was determined in mock mixing experiments. 
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APPENDIX 


We first consider the deprotonation of a carbon acid 
activated by one r-acceptor (Y) and another group (X) 
that may exert I, P and/or S effects but no R effect. 
This reaction is schematically represented by 


I 
I 
X 


BY + H<-Y 


It has been shown that 6 log k#(Y) ,  which is the change 
in log ko caused by the R effect of Y relative to a refer- 
ence compound, is given by the 


6 log koR(Y) = (k'; - P B ) ~  log K?(Y) (A21 
where 6 log K?(Y) is the contribution of the R effect of 
Y to the change in KI and X', measures the progress in 
resonance development at the transition state, defined 
as 


with 6 log k?(Y) representing the contribution of the R 
effect of Y to the change in kl. 


x', = 6 log k?(Y)/6 log KP(Y) ('43) 


On the basis of our model,4 the equations 


x'; = S Y / X  644) 


6Y = X ( 6 B ) "  (A51 
hold with the most likely value of n being between 2 
and 3 .  If we equate 6g with PB (this is the traditional 
view, 13h1-5  although this view has been challenged"), 
i t  follows that A', is given by 


(A61 
The above formalism may be extended to the situ- 


ation where X, too, is a r-acceptor, as represented in 
the equation 


X P  = (6s)" = ( P B ) "  


-1 + x x + x y  y x y  


BHv+' + -C<L (A7) 


Besides the 6 log kt(Y)  term given by equation (A2), 
there is now an additional term, 6 log kF(X), given by 


6 log kF(X) = (XE - P B ) ~  log KF(X) (A81 


-x, 


which contributes to the change in ko. In this situation 
the following relationships hold: 


6 Y  = X Y ( 6 B ) "  ('49) 


6 X  = X X ( 6 B ) "  (A10) 


x ; = 6 Y / X Y  = ( 6 B f n = ( P B ) '  (Al l )  


A'; = 6 X / X X =  (6B)"= ( P B ) "  (A 12) 
= XP and that A', is the same for 


reactions (Al) and (A7) may seem surprising because 
one would expect that the R effect of X would influence 
(decrease) the R effect of Y. According to our model, 
the influence of the R effect of X on the R effect of Y 
exerts itself through a change (decrease) in 6 log K?(Y) 
rather than a change in A',. 


The above model can also be used to estimate the P 
effect of X on ko. With reference to reaction (Al), 6 log 
k:(X) can be expressed by 


The result that 


6 log kOp(X) = ( A $  - P B ) ~  log K y ( X )  (A13) 
where 6 log K y ( X )  is the contribution of the P effect to 
the stabilization of the product ion relative to a refer- 
ence compound for which there is no P effect and A k  
measures the progress of P development at the tran- 
sition state. X 6, which is defined as 


(A141 A$ = 6 log kp(X)/6 log K p ( X )  


with 6 log k y ( X )  being the increase in log kl caused by 
the P effect on the transition state, may be estimated by 
assuming that the P effect is limited to the stabilization 
of the negative charge on the carbon directly adjacent 
to the substituent. This is a reasonable assumption since 
P effects fall off with the fourth power of d i~ tance .~ '  As 
P effects are proportional to the square of the charge,41 
the transition-state stabilization must be proportional 
to ( 6 ~ ) ~  and product stabilization to ( -  1 + x)' and 
hence A ?  is given by 


(A15) 
6:: 


( -  1 + XI2 
x:! = 


From 6c = 6~ - 6 ~ ,  equation (AS) and again equating 
6~ with PB, one obtains 


(A 16) 
[ P B -  X(PB)"]'  xp = 


(-  1 + X I 2  
Extension to reaction (A7) where X also exerts an R 
effect leads to 


6C = 6s  - 6x - 6y 


In combination with equations (A9) and (AIO), 
equation (A17) yields 


6c =SB - (XX + X Y ) ( ~ B ) "  =PB - (XX + XY)(PB)" (A18) 
and hence 


(A 17) 


(A191 
[PB - (XX 4- X Y ) ( P B ) " l '  xk = 


( -  1 + xx + XY )* 
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CYCLOADDITION OF HETEROFUNCTIONALIZED ALLENES 
WITH tert-BUTYLTHIOACRYLONITRILE. DETERMINATION OF 
ACTIVATION PARAMETERS FOR DIRADICAL INTERMEDIATE 


FORMATION AND THE DETECTION OF REVERSIBLE RING 
CLOSURE 


DANIEL J .  PASTO* AND WE1 KONG 
Department of Chemistry and Biochemistry, University of Notre Dame, Notre Dame, Indiana 46556, U. S.A. 


The cycloaddition reactions of 4-methylphenylthio-, methoxy-, 4-methoxyphenyl-, phenyl-, chloro- and cyanoallene 
with fert-butylthioacrylonitrile (BTA) in toluene-& solution were investigated. The relative reactivity sequence of 
these substituted allenes is 4-methylphenylthio - methoxy- > 4-methoxyphenyl- > phenyl- > chloro- > cyanoallene. 
Activation parameters were measured for diradical intermediate formation of BTA with 4-methylphenylthio-, 
methoxy- and 4-methoxyphenylallene, giving average values of E. and AS* of 14-2-16-8 kcal mol-’ and ca. -33 
eu, respectively. The relative reactivity sequence is consistent with a FMO allene-HOMO, BTA-LUMO dominant 
interaction for diradical intermediate formation. However, the regioselectivity of attack on the substituted allene 
appears to he thermodynamically controlled. The formation of the diradical intermediates in these cycloaddition 
processes appears to be irreversible. However, the ring closure of the diradical intermediates formed from 4- 
methylphenylthio-, methoxy- and 4-methoxyphenylallene is reversible under the conditions of the kinetic experiments. 
The kinetically controlled ring closure of the diradical intermediates is ally1 radical SOMO controlled, while the final 
cycloadduct distribution is thermodynamically controlled. 


INTRODUCTION 


Over the past decade, studies in the authors’ labora- 
tories have focused on several features of the two-step, 
diradical intermediate [2 + 21 cycloaddition reactions 
of substituted allenes. These include gaining an under- 
standing of the factors controlling the relative reactivity 
and regioselectivity of attack on the substituted allene 
in the diradical intermediate-forming process, the 
stereochemistry of formation of the diradical intermedi- 
ates, the possible reversibility of diradical intermediate 
formation, internal rotation processes in the diradical 
intermediates that result in the loss of stereochemistry 
originally present in the reactants and the regioselec- 
tivity and possible reversibility of ring closure. The 
overall mechanistic scheme for the [2 + 21 cycload- 
dition process is illustrated opposite, where the dashed 
arrows represent rarely observed processes. 


Although much information has been obtained on 
the factors governing the relative extents of the for- 
mation of the stereoisomeric diradical intermediates 2 
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and 3, ’ -3  much less has been learned about the factors 
governing the other aspects of the overall cycloaddition 
process. Reversibility in diradical intermediate for- 
mation has been observed so far only in two cases, 
those involving the cycloaddition of 1,1 -dimethylallene 
(1 1DMA) with diethyl maleate, which results in the for- 
mation of trans-diester products as the major products 
and isomerization of the diethyl maleate to diethyl 
fumarate (which does not occur in the absence of the 
13DMA), ’ and in the cycloaddition of enantioenriched 
1,3-dimethylallene (I3DMA) with 1 ,I-diphenylethene, 
which results in racemization of the 13DMA.4 In both 
of these reactions, highly sterically congested intermedi- 
ates are formed, resulting in steric congestion destabi- 
lization of the diradical intermediates. The studies that 
have been carried out in the authors’ laboratories have 
not detected reversible ring closure in the formation of 
the cycloadducts, although reversible ring closure has 
been reported in the cycloadducts derived from the 
cycloaddition of methoxyallene with acceptor-donor, 
1, I-disubstituted radicophiles, and activation par- 
ameters have been measured for the cycloadduct ring- 
opening process. ’ 


The factors controlling the regioselectivity of ring 
closure have not been apparent. FMO control predicts 
ring closure at C-1 (the substituted carbon atom of the 
ally1 radical portion of the intermediate), which 
possesses the largest coefficient in the SOMO, whereas 
thermodynamic control predicts that ring closure 
should occur at C-3.7 Steric effects might also play an 
important role. The regioselectivities observed in the 
ring closure of the diradical intermediates formed in the 
[2 + 21 cycloaddition reactions of selected alkyl and 
heterofunctionalized allenes with l,l-dichloro-2,2- 
difluoroethene, ‘ which occurs in competition with 
[2 + 21 cyclodimerization,‘ and the [2 + 21 cycload- 
dition with diethyl fumarate’ are given in Table 1. 
The regioselectivities of ring closure vary widely, both 
in the individual reactions of certain substituted allenes 
and between different reactions of a given substituted 
allene. Notable reversals of regioselectivity with an indi- 
vidual allene are evidenced in the diethyl fumarate 
cycloadditions reactions and in the cyclodimerization 
reactions of phenyl-, methoxy-, chloro- and 
phenylthioallene. Notable reversals of regioselectivity 
within the same type of cycloaddition reactions are 
exhibited by comparison of the regioselectivities of the 
cyclodimerization reactions of phenyl- and cyanoallene. 
(There is no evidence to indicate that the ring closure of 
the diradical intermediates formed in these reactions is 
reversible.) 


In an attempt to avoid the competitive cyclodimeriz- 
ation of the highly reactive heterofunctionalized 
allenes, a more reactive radicophile was sought in order 
to observe only the [2 + 21 cycloaddition process. For 
this study, tert-butylthioacrylonitrile (BTA) was 
selected. BTA reacts cleanly with methoxy-, 4- 


Table 1. Regioselectivities of ring closure of diradical inter- 
mediates formed in the [2 + 21 cycloaddition reactions of 
substituted allenes with 1 ,I-dichloro-2,2-difluoroethene (1 122), 
diethyl fumarate (DEF) and [2 + 21 cyclodimerization (CD) 


Allene 
c-l : c-3 


Radicophile ring-closure ratio 


CzHsCH=C=CH2 1122 17 : 83 
DEF 56 : 44 


(CH,)2C=C=CH2 1122 14 : 86 
DEF 13 : 87 
CD 17 : 83 


C6HsCHZC=CH2 1122 55 : 45 
DEF 15 : 85 
CD 1oo:oo 


CHsOCH=C=CH2 1122 30 : 70 
DEF 53 : 47 


CICH=C=CHz 1122 33 : 67 
DEF 16:84 
CD 53:47 


NCCH=C=CHz 1122 11:89 
CD 30 : 70 


C6HsSCH=C=CHz I122 38 : 62 
CD 65 : 35 


methylphenylthio-, 4-methoxyphenyl-, phenyl-, chloro- 
and cyanoallene to form only [2 + 21 cycloaddition pro- 
ducts. No cyclodimerization of the heterofunctionalized 
allenes is observed. The cycloaddition reactions of BTA 
with methoxy-, 4-methylphenyl- and 4-methylphenyl- 
thioallene occur with sufficient ease that the rates of 
reaction could be monitored by NMR spectroscopy, 
which also allowed for the detection of reversible ring 
closure and equilibration of the cycloadducts. 


RESULTS 


Cycloaddition of methoxyallene with tert- 
butylthioacrylonitrile (BTA) 


The cycloaddition of methoxyallene with BTA was 
carried out in toluene-& tolution in a sealed NMR 
tube. After heating at 120 C for 2 h, the NMR spec- 
trum of the reaction mixture showed the complete dis- 
appearance of the methoxyallene and the presence of 
peaks belonging only to the three cycloadducts 7-9. 
There was no evidence for the formation of any other 
product, or oligomerization of the reactants or the pro- 
ducts. The 7 : 8 : 9  ratio in the initial reaction mixture 
was 4.03 : 1.00: 6-77. After the reaction mixture had 
been further heated at 160°C for 36 h, only cycload- 
duct 7 was present. 


The attempted column chromatographic separation 
of the mixture of cycloadducts resulted in extensive 
decomposition. However, fractions containing only 7 
and 8, and 7 and 9 were obtained which allowed for the 
complete assignment of the NMR resonances of the 
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individual cycloadducts utilizing extensive decoupling 
and integration experiments. The structure of 7 was 
readily apparent from the appearance of only a single 
vinyl proton at low field in the NMR spectrum. The 
protons attached to the ring carbon atoms appeared 
as a complex multiplet. The assignment of the 
stereochemistry in 8 and 9 was made difficult because of 
the lack of vicinally related pairs of protons attached to 
the ring carbon atoms. The assignment of the 
stereochemistry was made on the basis of a conforma- 
tional analysis of 8 and 9. In the Z-cycloadduct (2  
being defined as having the two groups of highest 
polarizability attached to C-2 and C-3 on the same face 
of the four-membered ring) the two conformations 10 
and 11 should both be extensively populated; in each 
structure one of the larger groups (OCH3 or S-t-Bu) is 
oriented in the preferred pseudo-equatorial direction. 
In this case H-2 and H-3 will both extensively occupy 
the pseudo-axial and pseudo-equatorial positions in one 
of the two conformations, resulting in an expected 
small difference in their chemicaI shifts on a time- 
averaged basis. In contrast, in the E-cycloadduct 9, 
conformation 13 is expected to  much more extensively 
populated than 12, resulting in an expected large differ- 
ence between the chemical shifts of pseudo-axial H-2 
and pseudo-equatorial H-3 in 13. In 8 A6 is 0.17 ppm, 
whereas in 9 A6 between H-2 and H-3 is 0-49 ppm. Fur- 
ther, when a mixture of 7 and the Z-cycloadduct 8 is 
heated at 100 OC, 8 rapidly disappears with he concomi- 


Table2. Relative concentrations of 7, 8 and 9 derived on 
heating a mixture of 7 and 8 


~~ 


Cycloadduct 


Temperature (OC) Time (h) 7 8 9 


0 1.00 0.92 0.00 
100 2 1.00 0.76 0.16 
120 2 1.00 0.44 0.43 
120 40.5 1.00 0.18 0.38 
120 64.5 1.00 0.12 0.17 
120 131 1-00 0-00 0.10 


- 


tant formation of 9, which then more slowly undergoes 
isomerization to 7 (see Table 2). This is suggestive that 
8 has the Z-stereochemistry in which one of the larger 
groups must be oriented in the pseudo-axial direction 
which undergoes isomerization to  the more thermo- 
dynamically stable 9 in which both of the large groups 
are oriented pseudo-equatorially . 


The kinetics of the reaction of methoxyallene with 
BTA were monitored in the following manner. Sol- 
utions of methoxallene, BTA and an internal standard 
(for NMR integration purposes) in bromobenzene-ds 
were placed in NMR tubes. The contents of the tubes 
were triply freeze-degassed (liquid nitrogen) and the 
tubes were sealed under high vacuum. The NMR tubes 
were then placed in the NMR spectrometer which had 
been equilibrated at the desired temperature. NMR 
spectra were recorded periodically using a 1 PULSE 
KINETICS EXPERIMENT program. The individual 
NMR spectra were integrated and the concentrations of 
the methoxyallene and BTA were calculated. Excellent 
second-order kinetic plots were obtained. Figure 1 
shows a stacked-plot output of the NMR spectra for the 
kinetic run at 80 "C. Table 3 lists the rate constants 
determined at the various temperatures and Table 4 lists 
the activation parameters for the disappearance of the 
methoxyallene (formation of the diradical intermediates 
in the cycloaddition process). 


S-t-Bu 


S-t-Bu 


OCHi 
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Figure 1. A stacked plot of the NMR spectra taken during the course of the reaction of methoxyallene with BTA at 80 "C 


Table 3. Second-order rate constants for diradical inter- 
mediate formation in the cycloaddition reactions of MEOA, 


MPTA and MEPA with BTA 


Allene Temperature (OC)' 


MEOA 80.0 
90.0 


100.0 
110.0 


MPTA 80.0 
90.0 
100.0 
110.0 


MEPA 80.0 
90.0 


100.0 
110.0 


2.72 x 1 0 - ~  
5.15 x 


1.76x 10-3 
3.00 x 1 0 - ~  


1.56 x lo-' 
1.35 x I O - ~  
2.70 x 1 0 - ~  
3.60 x 1 0 - ~  
9.59 x 1 0 - ~  


6.17 x 


6.59 x 
8.32 X 


a Estimated uncertainty, f 0.5 OC. 


Table.4. Activation parameters for diradical intermediate for- 
mation in the cycloaddition reactions of MEOA, MPTA and 


MEPA with BTA' 


Allene E, (kcal mol-I) A H  * (kcal mol-') AS * (eu) 


MEOA 15.7 15.0 - 32.5 
MPTA 14.1 13.4 - 36.5 
MEPA 16.8 16.1 - 30.9 


"Estimated uncertainties ? 1.0 kcal mol-' and 5 eu. 


Cycloaddition of 4-methylphenylthioallene with BTA 


The reaction of 4-methylph~nylthioallene with BTA in 
toluene-& solution at  120 C cleanly produces only a 
mixture of the Jhree cycloadducts 14-16. After further 
heating at  160 C for 36 h,  only 14 was present. There 
is no evidence for any polymerization of the reactants 
or cycloadducts. Attempted chromatographic separ- 
ation of the mixture of cycloadducts resulted in exten- 
sive decomposition and loss of the cycloadducts; 
however, small amounts of fractions were obtained 
containing 14 and 15, and 14 and 16. 


Ar H H 


14 15  16 
A: = 4-CH&H& 


The structure of 14 was immediately evident from its 
NMR spectrum, which showed the presence of a single 
vinyl proton. The stereochemistry of 15 and 16 was 
assigned on the basis of the relative A6 values between 
H-2 and H-3, being 0.31 ppm in 15 and 0.42 ppm in 
16, and the observation that on heating the mixture of 
14 and 15, 15 undergoes rapid isomerization to 16, 
which undergoes further slower isomerization to 14. 
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This is similar to the behavior of the methoxy- 
allene-BTA cycloadducts and indicates that 15 
possesses the Z-stereochemistry and 16 the 
E-stereochemistry . 


When the isomerization of the mixtures of 14 and 15, 
or 14 and 16, was carried out in the presence of an 
excess of methoxyallene, there was no indication of the 
formation of any of the cycloadducts 7-9 derived from 
methoxyallene with BTA. This indicates that although 
the cycloadducts undergo ring opening to the initially 
formed diradical intermediates, the diradical intermedi- 
ates d o  not undergo cleavage to 4-methoxyphenylallene 
and BTA, the latter of which should have been trapped 
by the essentially equally reactive methoxyallene. 


The rate constants for the reaction of 4- 
methylphenylthioallene with BTA could be conve- 
niently determined at various temperatures by NMR as 
described above for the reaction of methoxyallene with 
BTA. The NMR spectra recorded at early times during 
the kinetic runs indicated the predominant formation of 
15 and 16, with subsequent isomerization of 15 to 16, 
and then 16 to 14. The rates constants are given in 
Table 3 and the activation parameters in Table 4. 


Cycloaddition of 4-methoxyphenylallene with BTA 


The reaction of 4-methoxy~henylallene with BTA in 
toluene-& solution at 100 C for 2 h resulted in the 
complete disappearance of the allene (by NMR) with 
the formation of only the three cycloadducts 17, 18 and 
19 in a ratio of 1.00: 1.16:0-48. The mixture of 
cycloadducts could not be separated by chromato- 
graphic techniques. However, the NMR spectrum of 
the mixture of the cycloadducts was well enough 
resolved that the NMR spectra of the three cyclo- 
adducts could be easily distinguished. The stereo- 
chemistry of 18 and 19 could not be assigned on the 
basis of the relative A6 values of H-2 and H-3. The 
stereochemistry was assigned on the basis of the relative 
chemical shifts of H-1 attached to  C-2, being at much 
higher field (6 4.29, pseudo-axial) in 19, in which the 
conformation similar to 13 should be overwhelmingly 
populated, compared with 6 4-95 (pseudo-equatorial) 
in 18. Further evidence for this assignment is derived 
from the stacked-plot NMR spectra from the kinetic 
runs, in which 18 anad 19 are preferentially formed at 
the beginning of the reaction, with 18 rapidly isomeriz- 
ing to 19 and further isomerization of 19 to  17. 


Ar H H 


The rate constants for the reaction of 4- 
methoxyphenylallene with BTA could be conveniently 
determined by the NMR techniques described above. 
The rate constants are given in Table 3 and the acti- 
vation parameters in Table 4. 


Cycloaddition of phenylallene with BTA 


The cycloaddition of phenylallene with BTA occurs 
considerably more slowly than do the reactions with the 
other substituted allenes described above. The reaction 
required heating the reaction mixture a t  160°C for 
several hours in order attain complete reaction of the 
phenylallene. Under these conditions, the reaction 
cleanly produces a mixture of only two cycloadducts, 
assigned structures 20 and 22, After further heating of 
the reaction mixture a t  160 C only 20 was present. 
There was no evidence for the presence of cycloadduct 
21 in any of the NMR spectra taken of the reaction 
mixture at intermediate degrees of  completion of the 
reaction. 


0 H H 


20 21 22  


The mixture of cycloadducts was partially separated 
into a pure fraction of 20 and a mixture of 20 and 22 
by column chromatography on silica gel. The structure 
of 20 was readily assigned on the basis of the appear- 
ance of a single vinyl proton in the NMR spectrum. The 
E-stereochemistry of 22 was assigned on the basis of the 
kinetic and thermodynamic properties of the E- and Z- 
stereoisomers of the ring-substituted cycloadducts 
described above. 


Cycloaddition of chloroallene with BTA 


The cycloaddition of chloroallene with BTA occurs 
very slowly, requiring heating for several hours at 
160 OC for completion, producing a 3.08 : 1 .OO mixture 
of  two cycloadducts assigned structures 23 and 25. 
Column chromatography on silica gel resulted in the 
isolation in low yields of a pure fraction of 23 and a 
mixture of 23 and 25. The structure of 23 was readily 
apparent from its NMR spectrum, which showed the 


9' H 


1 7  1 8  1 9  
Ar = 4-CH3@&.H4- 2 3  24 25 
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presence of a single vinyl proton. The stereochemistry 
of the cycloadduct assigned structure 25 is based on the 
relatively large A6 between H-2 and H-3 of 0.49 ppm, 
and the kinetic and thermodynamic observations 
described above for the other mixtures of cycloadducts. 


Cycloaddition of cyanoallene with BTA 


The cycloaddition of cyanoallene with BTA at 160°C 
for 4 h produced in high yield a single cycloadduct 
assigned structure 26 on the basis of the appearance of 
only a single vinyl proton in the NMR spectrum of the 
cycloadduct. 


CN 
I 


26 


DISCUSSION 


Analysis of the relative reactivities of the 
heterofunctionalized allenes 
The relative reactivities of methoxy-, 4- 
methylphenylthio- and 4-methoxyphenylallene can be 
assessed directly from their rate constants. For the less 
reactive substituted allenes phenyl-, chloro- and 
cyanoallene, whose rate constants for reaction with 
BTA could not be conveniently measured by the NMR 
techniques used for the rate measurements with the 
more reactive substituted allenes, an attempt was made 
to  measure relative reactivities by competitive reaction 
techniques; however, the NMR spectra of the resulting 
reaction mixtures were very complex, indicating that 
cross-cyclodimerization had occurred in addition to  the 
desired cycloaddition with BTA (self-cyclodimerization 
appears not to  have occurred by comparison of the 
NMR spectra of the reaction mixtures with those of the 
known cyclodimers). From the quantitative and 
qualitative observations, the relative reactivity sequence 
can be assigned as 4-methylphenylthio- - methoxy- > 
4-methylphenyl- > phenyl- > chloro- > cyanoallene. 


One of the objectives of this study was to  gain an 
understanding of the factors that control the relative 
reactivity and the regioselectivity in diradical inter- 
mediate formation. In a related study, the orbital ener- 
gies and coefficients of the HOMOs and LUMOs of  a 
number of substituted allenes were calculated for 
appropriate models of methoxy- and ArS-substituted 
allenes, and for chloro- and cyanoallene7 (no good 
simple model for phenylallene was found from the 
results of these calculations). ' The calculated values for 
the energies and the coefficients of the HOMOs and 


LUMOs in the substituted allenes used in this study are 
given in Table 5 .  


It must be noted that in chloro- and cyanoallene the 
largest coefficient in both the HOMO and the LUMO 
resides on C-I, whereas in the other heterosubstituted 
allenes the largest coefficients in the HOMOs and 
LUMOs reside on C-2. The results of these calculations 
suggest that if the regioselectivity of diradical inter- 
mediate formation were controlled by FMO inter- 
actions, C-C bond formation at C-1 should have been 
observed with chloro- and cyanoallene. In all cases 
C-C bond formation has occurred at C-2 of the 
heterofunctionalized allenes (it is possible that C-C 
bond formation at C-1 is kinetically faster and is revers- 
ible, thus not resulting in observable cycloadduct for- 
mation; however, this does not seem reasonable in the 
light of all of the results of our previous studies). A 
similar observation has been made in the free-radical, 
chain addition of benzenethiol to  the same heterosubsti- 
tued allenes, i.e. the benzenethiyl radical attacks exclu- 
sively at C-2 of the substituted a l l e n e ~ . ~  These 
observations were interpreted in terms of  thermo- 
dynamic, and not kinetic, control of intermediate for- 
mation, the more thermodynamically stable substituted 
allyl radicals being formed as intermediates instead of 
the corresponding substituted vinyl radicals which 
would be predicted to  be formed from chloro- and 
cyanoallene under FMO control.' This also appears to 


Table 5 .  HOMO and LUMO energies and Coefficients" for 
heterofunctionalized allenes and SOMO coefficients for 


heterofunctionalized allyl radicals 


Heterofunctionalized allenes 


Substituent EHOMO (eV) ELUMO (eV) C-1 C-2 


OH - 9-261 +5.409 0.492 0.542 
0.831 0.721 


SH - 8.909 +4.877 0.369 0.428 
0.818 0.721 


c1 - 10.156 +3.176 0.475 0.466 
0,801 0.766 


CN - 10.555 +2.963 0.522 0.440 
0.561 0.748 


Heterofunctionalized allyl radicals' 
~ 


Substituent C- 1 c - 3  


OH -0.703 +0.575 
SH -0.607 +0.440 
CI - 0.642 + 0.578 
CN -0.601 +0.636 


'Upper coefficients are of the HOMO and the lower coef- 
ficients are of the LUMO. 
bTaken from Ref. 7 .  
'The substituted allyl radicals having syn stereochemistry. 
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be the case in the formation of the diradical intermedi- 
ates in the cycloaddition reactions of the heterofunc- 
tionalized allenes with BTA described in this study. 


Although the regioselectivity of diradical inter- 
mediate formation is not FMO controlled, the relative 
reactivity sequence reflects orbital energy FMO control. 
There is a reasonable correspondence of the relative 
reactivity with the energy of the HOMO of the hetero- 
functionalized allene, the reactivity decreasing with the 
lowering in the energy of the HOMO (initially one 
might have argued that the energies of the LUMOs 
show a better correlation with the relative reactivities of 
the substituted allenes; however, if this were the case 
the reactivity sequence would be reversed). Thus, the 
relative reactivity sequence of the heterofunctionalized 
allenes toward diradical intermediate formation with 
BTA appears to be allene-HOMO, BTA-LUMO con- 
trolled, but the regioselectivity of attack is thermo- 
dynamically controlled (this is consistent with prior 
suggestions in the literature for reactions involving free- 
radical addition to substituted ethenes,8 and the results 
of theoretical calculations in the authors' laboratories 
on 1,l-disubstituted ethenes and comparison with their 
relative reactivities toward alkyl free-radical addition'). 
This suggests that the transition state for diradical inter- 
mediate formation is sufficiently well developed that 
thermodynamic and kinetic control both play important 
roles in determining the relative reactivity and 
regioselectivity of attack. This is reasonable considering 
the overall thermodynamics of the diradical 
intermediate-forming process. 


The formation of the diradical intermediates appears 
to occur irreversibly, as evidenced by the observation 
that in the studies on the equilibration of the cycload- 
ducts derived from 4-methylphenylthioallene carried 
out in the presence of the equally reactive methoxy- 
allene, no cycloadducts of methoxyallene could be 
detected at  the end of the equilibration reaction. The 
lack of reversibility in diradical intermediate formation 
is attributed to  the high degree of stability afforded the 
radical center by the cyano and tert-butylthio groups in 
the akyl radical portion of the intermediates, and the 
high positive heat of formation of the central allene 
carbon (34 kcal mol-')'' which is lost during diradical 
intermediate formation. 


Regioselectivity of ring closure of the diradical 
inter mediates 


The stacked-plot output of the NMR spectra in Figure 1 
shows some very interesting changes in the relative 
amounts of the three cycloadducts 7-9 during the 
course of the reaction. Initially, 8 and 9 are the pre- 
dominant cycloadducts formed. However, during the 
course of the reaction 8 rapidly undergoes isomeriza- 
tion to  predominantly 9, which is the more thermo- 
dynamically stable of the two. With longer reaction 


times 8 disappears and 9 undergoes a slow isomeriz- 
ation to  the most thermodynamically stable cycloadduct 
7. This is demonstrated even more clearly when the pure 
cycloadducts are heated. When a mixture of 7 and 8 is 
heated at 120 "C in toluene-& there is a fairly rapid dis- 
appearance of 8 with a concomitant increase in 9, which 
is then followed by a decrease in both the relative con- 
centrations of 8, and 9 relative to 7 (see Table 4). After 
heating at  160 C for several hours only 7 remained. 
Similarly, when the mixture of 7 and 9 was heated there 
was a small initial formation of 8 followed by the disap- 
pearance of both 8 and 9 with only 7 being present at 
the end of the reaction. These data indicate that 8 and 
9 are the kinetically favored products, and that 7 is the 
thermodynamically favored product. Similar results 
were observed in the stacked-plot output of the NMR 
spectra obtained during the cycloaddition reactions of 
4methylphenylthio- and 4-methoxyphenylallene with 
BTA. 


These observations are fully consistent with the 
results of the theoretical calculations carried out on the 
heterofunctionalized allyl radicals and the corre- 
sponding 1 -  and 3-substituted p r ~ p e n e s . ~  The results of 
the calculations on the substituted allyl radicals indicate 
that the largest coefficient in the SOMO appears a t  the 
heterofunctionalized carbon atom, except in the 1- 
cyanoallyl radical in which the largest coefficient is at 
C-3, thus predicting that in an FMO-controlled ring 
closure, ring closure should preferentially occur at C-1. 
This is what is observed in the ring-closure reactions of 
the diradical intermediates formed in the cycloaddition 
reactions of methoxy-, 4-methoxyphenyl- and 4- 
methylphenylthioallene with BTA. This is the first 
instance in which we have observed FMO control in a 
reaction of a heterofunctionalized allyl radical 
intermediate. 


The results of the calculations on the 1- and 3- 
substituted propenes indicate that the 1-substituted pro- 
penes are lower in energy than the corresponding 
3-substituted propenes. The isomerization of the 3- 
substituted propenes 8 and 9 to  the I-substituted 
propene 7 is consistent with a thermodynamically 
driven process. Similar behavior is observed with the 
cycloadducts derived from 4-methylphenylthio- and 4- 
methoxyphenylallene with BTA. The lack of obser- 
vation of such isomerization reactions of the 
cycloadducts derived from phenyl-, chloro- and 
cyanoallene with BTA precludes the drawing of any 
conclusions pertaining to  kinetic versus thermodynamic 
preferences in the ring closure of the diradical inter- 
mediates formed in those cycloaddition reactions. 


Analysis of the activation parameters 


One of the objectives of this study was to determine the 
activation parameters for diradical intermediate for- 
mation for comparison with the activation parameters 
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of a concerted [4 + 21 cycloaddition process. Of parti- 
cular interest was the effect of a concerted cycloaddition 
process versus a+two-step, non-concerted process on the 
E, and the A S -  values for the two different types of 
processes. One might have expected that in concerted 
processes the Ea values would be smaller because of the 
formation of two bonds versus one bond in the transi- 
tion state, and that the A S -  values for the concerted 
processes might be more negative because of the greater 
restrictions in motion of the reactants in approaching 
the transition state versus that for the non-concerted 
processes. 


The Ea values measured in this study for the [2 + 21 
cycloaddition of the heterofunctionalized allenes 
(13.4-16.1 kcal mol-') with BTA are slightly less than 
those measured for the gas-phase concerted cycload- 
dition reactions [it might be argued that a comparison 
between the results of the gas-phase studies cannot be 
compared with the results of the solution-phase studies 
described in this paper; it must be pointed out that a 
highly non-polar solvent (toluene-dg) was used as a 
solvent and low concentrations of the reactants were 
used]. The activation parameters have been measured 
for the gas-phase [4 + 21 cycloaddition reactions of 
acrolein with cyclopentadiene (Ea = 15.2 kcal mol-I, 
log A = 6.2), butadiene (Ea = 19.7 kcal mol-', 
log A = 6.2) and isoprene (E, = 18.7 kcal mol-I, 
log A = 6.0)." One wonders how this can be, in view 
of the fact that in the concerted [4 + 21 processes two 
a bonds are being formed with the loss of two T bonds, 
whereas in the two-step, diradical intermediate [2 + 21 
cycloaddition reactions of the substituted allenes only 
one IJ bond is being formed with the loss of two T 
bonds. However, in the diradical intermediate forma- 
tion process with a substituted allene, the very positive 
heat of formation of the allenic carbon atom (+ 34 kcal 
mol-')" is reduced to ca + 10 kcal mol-' for the vinyl 
carbon atom that is formed in the process, and a 
resonance-stabilized substituted allyl radical-containing 
intermediate is formed which must offset the energy 
gained by the formation of the second bond in the con- 
certed process. 


The similarity of the A S  values for the [4 + 21 con- 
certed and the two-step, diradical intermediate [2 + 21 
cycloaddition processes with substituted allenes also 
seems unusual. However, recent molecular modelling 
calculations on the conformations of the approach of 
1,3-dimethyIallene to the 1,2-disubstituted radicophiles 
N-phenylmaleimide and dimethyl fumarate, '* the 
monosubstituted radicophiles acrylonitrile and methyl 
acrylate l 3  and the 1,l-diubstituted radicophile 1,l- 
dichloro-2,2-difl~oroethene~ all proceed via reaction 
channels of highly constrained conformations of the 
two reactants in their approach to the activated com- 
plexes for diradical intermediate formation. That is, the 
orientation of the radicophile in space on approaching 
the allene is restricted, as is also the case in the con- 
certed [4 + 21 processes. 


CONCLUSION 


The transition states for the formation of diradical 
intermediates in the [2 + 21 cycloaddition reactions of 
the heterofunctionalized allenes involved in this study 
must occur sufficiently late along the reaction coor- 
dinate that the regioselectivity of initial bond formation 
is thermodynamically controlled, yet sufficiently early 
that the relative reactivity of the heterofunctionalized 
allenes is FMO HOMO-allene controlled. The 
kinetically controlled regioselectivity of ring closure of 
the diradical intermediates is FMO allyl radical SOMO 
controlled, but the final cycloadduct distributions are 
thermodynamically controlled. 


EXPERIMENTAL 


Synthesis of tert-butylthioarrylonitri/e (BTA). l4 
Sodium methoxide (0.4 g), 2-methyl-2-propanethiol 
(14-2 ml) and 2-chloroacrylonitrile (10 ml) were placed 
in 50 ml round-bottomed flask and stirred for 6 h at 
30 C. The mixture was transferred into a 250ml 
round-bottomed flask containing 17 g of potassium 
bromide in 120 ml of dimethylformamide. The reaction 
mixture was stirred overnight at room temperature. 
After continuing stirring for a further 4 h at 100 'C, the 
reaction was worked up by diluting the reaction mixture 
with water and extracting with three 20 ml portions of 
diethyl ether. The ether extract was washed three times 
with 20ml of saturated aqueous sodium sulfate and 
dried over magnesium sulfate. The solvent was removed 
on a rotary evaporator and the residte was distilled 
under reduced pressure at 46-47.5 C (3 mm HG) 
giving 5.2 g (28.3%) of a colorless liquid. 'H NMR 
(CDCI3): 6 1.42 (s, 9 H), 6.25 (d, J =  0.27 Hz, 1 H), 
6-42 (d, J=0 .27  Hz, 1 H). 


Cycloaddition reaction of methoxyallene with 
BTA. Methoxyallene'' (66 mg, 0.8 mmol), 150 p1 
(134 mg, 0.948 mmol) of BTA and 10 mg of hydro- 
quinone in 0.3 ml of toluene-& were placed in an NMR 
tube. The contents of the tube were triply freeze- 
degassed, and the tube was sealed under vacuum. The 
sealed NMR tube was heated at 120°C for 2 h. The 
NMR spectrum of the resulting reaction solution 
indicated the formation of 7, 8 and 9 in a ratio of 
4.03 : 1 *OO : 6.77. When the reaction mixture was 
heated at 160 "C for 30 h, only 7 was present. The vol- 
atiles were pumped off from the crude reaction mixture 
on a vacuum line and the residue was subjected to 
column chromatography on silica gel. Two fractions 
were obtained: a mixture of 7 and 8 in 6.4% and 5.5% 
yields, respectively, and a mixture of 7 and 9 in 10.2% 
and 30.3% yields, respectively. 
7: Colorless liquid. 'H NMR (CDCI3): 6 5.91 (m, 


Ja,,=2*3 Hz, I H), 3.6 (s, 3H) ,  3-52 (dddd, 
J =  15.85, 3.11, 0.89, 2*36Hz, 1 H), 3.43 (dddd, 
J =  15.05, 3.18, 0-91, 1-91 Hz, 1 H), 3.11 (dddd, 
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J =  15.86, 3.32, 0.48, 2.50 Hz, 1 H), 3.05 (dddd, 
J =  15.05, 3.20, 0.48, 2.28 Hz, 1 H), 1.48 (s, 9 H). 
EI-MS (on mixture of 7 and 8): no parent ion observed, 
major fragment ions at m / z  155(100), 124(26.2) and 
57(100). Cl-MS (isobutane): m / z  268 (M+ * + 57, 21 *O),  
212 (M" + 1, 100). 


8: Colorless liquid. 'H NMR (DCCI3): 6 5.30 (dddd, 
J = 0 . 9 5 ,  2.34, 2.30, 2.91, Hz, 1 H), 5-09 (dddd, 
J=0 .95 ,  2.51, 2.50, 1*80Hz, 1 H), 4.77 (m, 
Ja,,=2.56Hz, 1 H), 3.54 ( s ,  3 H), 3.20 (dddd, 
J =  15-73, 2.88, 2-35, 0-28 Hz, 1 H), 3.03 (overlap- 
ping with vinyl isomer, J =  15-76 Hz, 1 H), 1.47(s, 
9 H). 


9: Colorless liquid. 'H NMR (CDC13): 6 5.24 (dddd, 
J=0.88, 2.27, 2-28, 2.86Hz, 1 H), 5-05 (dddd, 
J = 0 - 9 0 ,  1.92, 2.63, 2.53 Hz, 1 H), 4.31 (dddd, 
J = 0 . 5 ,  2.1, 1-67 Hz, 1 H), 3 . 5 4 ( ~ ,  3 H), 3-27 (dddd, 
J =  15.47, 1.91, 2.34, 2*59Hz,  1 H), 2.78 (dddd, 
J =  15.46, 0.60, 2.76, 2-76Hz, 1 H), 1.47 (s, 9H) .  


Cycloaddition reaction of 4-methylphenylthioalIene 
with BTA. 4-Methylphenylthi~allene~ (154 mg, 
0.948 mmol) of was reacted with BTA (0.948 mmol) as 
described above at 120 "C for 2 h. The NMR spectrum 
of the reaction mixture showed the presence of only the 
three cycloadducts 14, 15 and 16 in a ratio of 
8.0 : 4.2 : 1 . 0. The volatiles were removed on a vacuum 
line and the residue was subjected to chromatographic 
separation on silica gel giving mixtures of 14 and 15 
(3.3% and 5.1%) and 14 and 16 (51.2% y d  28.1%). 
When the reaction was carried out at 160 C for 30 h, 
only 14 was present in the reaction solution. 


14: Yellow liquid. 'H NMR (from the mixtures of 14 
and 15 and of 14 and 16) (CDC13): 67.46-7.13 (m, 
4H) ,  6.07 (m, Ja,,=2-26Hz, 1 H), 3.58 (dddd, 
J =  16.31, 3.33, 1.61, 1.68 Hz, 1 H), 3.54 (dddd, 
J =  16.97, 1.68, 2.38, 3.43 Hz, 1 H), 3-19 (ddd, 
J =  16.35, 2.31, 3-01 Hz, 1 H), 3.13 (ddd, J =  16.97, 
3.17, 2.92 Hz, 1 H), 2.33 (s, 3 H), 1-49 (s, 9 H). HR 
EI-MS (on mixture of 14 and 15): calculated for 
CI~HZINSZ,  303-1115; found, 303.1120. 


15: Yellow liquid. 'H NMR (from mixture of 14 and 
15) (CDCI3): 6 7.15 (m, 4 H), 5-29 (m, J =  2-72, 2.43, 
2.60 Hz, 1 H), 5.14 (m, J = 2 . 1 1 ,  2.5 Hz, 1 H), 4.97 
(dddd, J = 2 * 7 2 ,  2.87, 3+26Hz,  1 H), 3.55 (m, 
J = 2 * 1 1 ,  2*43Hz, 1 H), 3.24 (dddd, J = 2 - 4 9 ;  2.5, 
1.88, 2-36 Hz, 1 H), 2-33 (s, 3 H), 1.56 ( s ,  9 H). 


16:' Yellow liquid. 'H NMR (from mixture of 14 and 
16) (CDCI3: 67.15-7.46 (m, 4H) ,  5.31 (ddd, 
J =  1-26, 2 . 5 5 ,  5-09 Hz, 1 H), 5.14 (ddd, J = 2 * 6 6 ,  
2.71 Hz, 1 H), 4-42 (q, J =  2-70 Hz, 1 H), 3.49 (ddd, 
J =  15.62, 2.5, 4.75 Hz, 1 H), 3.07 (dt, J =  13-41, 
2.67 Hz, 1 H), 2.34 (s, 3 H), 1.44 ( s ,  9 H). HR EI-MS 
(from mixture of  14 and 16): calculated for C I ~ H Z I N S Z ,  
303.1 115; found, 303- 11 14. 


Synthesis of 4-methoxyphenylallene. T o  4- 


methoxyphenylmagnesium bromide, prepared from 4- 
methoxyphenyl bromide (0.083 mol) and magnesium 
chips (4 g, 0-17 mol) in 25 ml of diethyl ether in a 
100ml round-bottomed flask, was added 0-24g of 
copper (I) bromide followed by 3.29 g (0.047 mol) of 
methyl propargyl ether in 20 ml of diethyl ether. The 
reaction mixture was stirred for 20 min at 5-15 "C.  The 
reaction was worked up by the slow addition of an 
aqueous solution of 0-75 g of potassium cyanide and 
7 - 5  g of ammonium chloride in 25 ml of water with vig- 
orous stirring. The ether layer was removed and the 
aqueous layer was extracted three times with 20 ml of 
diethyl ether. The combined ether solution was dried 
(MgS04) and the ether was removed on a rotary evap- 
orator. The residue was distilled (hip. 
71-75 "C/1.3 mm Hg) giving a colorless liquid. H 
NMR (CDCI3): 6 3.68 ( s ,  3 H), 5.02 (d, J =  6.81 Hz, 
2 H), 6.02 (t, J =  6.81 Hz, 1 H) and 6.76 and 7.12 
(AA'XX'  ms, 2 H each). HR EI-MS: calculated for 
CloHloO, 146-0732; found, 146-0729. 


Cycloaddition reaction of 4-methoxyphenylallene 
with BTA. 4-Methoxyphenylallene (70 mg, 
0.48 mmol), 0.948 mmol of BTA and 10 mg of hydro- 
quinone in 0.3 ml of toluene-ds in a sealed NMR tube 
were heated at  100°C for 2 h. The NMR spectrum of 
the reaction mixture showed the presence of only the 
three cycloadducts 17, 18 and 19 in a ratio of 
1 -00 : 1.16 : 0.48. Attempted chromatographic separ- 
ation of the mixture of cycloadducts on silica gel 
resulted in only the isolation of a mixture of the three 
cycloadducts. 


19: Colorless liquid. 'H NMR (from mixture of the 
three cycloadducts) (CDC13): 6 6-82-7.03 (m, 4 H), 
6.16 (quintet, Ja,,=2.40 Hz, I H), 3.64 (m, 1 H), 
3.58 (m, 1 H), 3.39 (ddd, J=3 .08 ,  3.08, 16.54Hz, 
1 H), 3.23 (ddd, J =  16.36, 2.65, 3.01 Hz, 1 H), 3.76 
(s, 3 H), 1 *46 (s, 9 H). El-MS: no parent ion could be 
detected. HR CI-MS (ammonia): calculated for 
C17H21NOS, 287-1344; found, 287.1346. 


18: 'H  NMR (CDC13): 6 6.88-7.32 (m, 4 H), 5 . 1 5  
(dddd, J =  0.82, 2.59, 1.88, 2.64 Hz, 1 H), 5.02 (m), 
4.84 (m), 3.78 (s, 3 H), 1-30 (s, 9 H). 


19: 'H NMR (CDC13): 6 6.88-7.32 (m, 4 H), 5.10 


J =  0.84, 2.65 Hz, 1 H), 4.29 (quintet, J,,, = 2-84 Hz, 
(dddd, J =  0.82, 2.56, 1.86, 2.73 Hz, 1 H), 4.95 (dq, 


1 H), 3.15-3.48 (s, 3H) ,  3-45 (ddd, 5=2 .13 ,  15-57, 
2.67 Hz, 1 H), 3.15 (ddd, J =  1.14, 15.68, 2.42 Hz, 
1 H), 1-40 (s, 9 H). 


Cycloaddition reaction of phenylallene with BTA . 
Phenylallene" (87 mg, 0.75 mmol) and 0.948 mmol of 
BTA were initially heated at 100°C for 2 h, then at 
120 "C for 2 h, and finally a t  160 "C for 4 h, whereupon 
the reaction had gone to completion. The NMR spec- 
trum of the reaction solution indicated the formation of 
only the two cycloadducts 20'and 22. Pure 20 was iso- 
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lated by column chromatography on silica gel in 14.6% 
yield. A mixture of 20 and 22 was also obtained 
(24.17% and 9.86% yield, rzspectively). When the 
reaction was carried out at 160 C for 30 h, only 20 was 
present. 


20: 'H NMR (CDCl3): 6 7-14-7.32 (m, 5 H), 6-27 
(m, J,,, = 2-22 Hz, 1 H), 3.84 (dm, J =  16.55 Hz, 
1 H), 3.66 (ddddd, J=16-37, 3-23, 1.66, 1-72, 
2.37 Hz, 1 H), 3.46 (ddd, J =  16.61, 3.0, 3.03 Hz, 
1 H), 3.29 (ddd, J =  16.33, 2.79, 2*79Hz, 1 H), 1-52 
(s, 9 H): HR EI-MS: calculated for C16HL9NS, 
257.1238; found, 257.1237. 


22: Colorless liquid. 'H NMR (from mixture of 20 
and 22) (CDCI3): 6 7-23-7.42 (m, 5 H), 5.17 (dddd, 
J=0*86, 2.58, 1.93, 2.71 Hz, 1 H), 5.02 (dddd, 
J=0.85, 2.14, 2.35, 3-03 Hz, 1 H), 4-39 (m, J = ) ,  
3.52, (dddd, J =  15.81, 1.73, 2.58, 3.09 Hz, 1 H), 
3.29(dddd, J =  15.65, 1*19,2-55,3*05 Hz, 1 H), 1-45 
6, 9 HI. 


Cycloaddition reaction of chloroallene with BTA . 
ChloroalleneL6 (62 mg, 0.87 mmol) and BTA were 
heated at 100 "C for 2 h. Analysis by NMR spectros- 
copy indicated that no rection had occurred. After 
furtber heating at 120°C for 2 h and then finally at 
160 C for 4 h, the NMR spectrum of the reaction sol- 
ution indicated the formation of only 23 and 25 in a 
ratio of 3.08 : 1 .OO. Pure 23 (6.05%) and a mixture of 
23 and 25 (32.5010 and 15*19%, respectively) were iso- 
lated by column chromatography on silica gel. 


23: Colorless liquid. 'H NMR (CDCl3): 6 5-94 (m, 
JaV, = 2.51, Hz, 1 H), 3-49-3.58 (m, 2 H), 3.10 (ddd, 
J =  17.3, 3.20, 3.26Hz, 1 H), 3.09 (ddd, J =  16.2, 
2.95, 2.96 Hz, 1 H), 1-49 (s, 9 H). EI-MS: no parent 
ion was detected. Cl-MS (isobutane): mlz 272 
(M*' + 57, 27), 216 (M+'  + 1, loo), 189 (63.9). 


25: Colorless liquid. 'H NMR (from mixture of 23 
and 25) (CDC13): 6 5.34 (dddd, J =  1.64, 2.45 2.64, 
3*26Hz, 1 H), 5.18 (dddd, 5=1*66, 2.55, 2.35, 
2.36 Hz, 1 H), 4.87 (ddd, J =  0.51, 2.62, 4.91 Hz, 
I H), 3.46 (dddd, J =  15.79, 2.57, 2.08, 2*69Hz, 
1 H), 2.97 (dddd, J =  15.79, 0.52, 2-65, 2-71 Hz, 
1 H), 1.51(s, 9 H). 


Cycloaddition reaction of cyanoallene with BTA . 
Cyanoallene" (43 mg, 0-69 mmol) was reacted with 
0.948 mmol of BTA at 100 "C for 2 h. The NMR spec- 
trum .of the reaction solution indicated that no reaction 
had occurred. After being heated at 120 "C and finally 
at 160°C for 4 h, the NMR spectrum of the reaction 
solution indicated the formation of only one cycload- 
duct, 26. 


26: 'H NMR (CDC13): 65.34 (quintet, 
Jav, = 2.48 Hz, 1 H), 3.77 (dddd, J =  17.86, 3-46, 
2.55, 2.47 Hz, 1 H), 3.66 (dddd, J =  17-76, 3.52, 
2.19, 2-12 Hz, 1 H), 3-35 (dddd, J =  17.87, 3.47, 
0.73, 2-86Hz, 1 H), 3.24 (dddd, J =  17.76, 3.38, 


0.76, 2-40 Hz, 1 H), 1.46 (s, 9 H). HR El-MS: calcu- 
lated for CIIHMNZS, 206-0878; found, 206-0876. 


Kinetic study. BTA (0.948 mmol), 1 molar equiva- 
lent of the allene, 10 rng of hydroquinone, an internal 
standard (anisole or dibenzyl ether, for NMR inte- 
gration purposes) and 0-3 ml of bromobenzene-ds were 
placed in an NMR tube. The contents of the tube were 
triply freeze-degassed (liquid nitrogen) and the tube was 
sealed under vacuum. The NMR tube was placed in the 
NMR spectrometer, which had been allowed to equilib- 
rate at the desired temperature. After a short delay to 
allow temperature equilibration of the sample, the 
NMR spectrum of the reaction mixture was periodically 
recorded using a 1 PULSE KINETICS EXPERIMENT 
program. The NMR spectra were integrated and the 
concentrations of the reactants were calculated. The 
estimated uncertainty in temperature is 20.5 OC. 
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0 - 1  7 NMR STUDIES ON a-DIAZOKETONES 
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Dipartimento di Scienze Chimiche, Universita, Via Ospedale 72, 1-09100 Cagliari, Italy 
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Itaiy 


AND 


ANTONIO SABA 
Dipartimento di Chimica, Universita, Via Vienna 2, 1-07100 Sassari, Italy 


The 0-17 NMR spectra of 13 a ‘-alkyl- and aryl-substituted a-diazoketones were measured. The results obtained show 
a clear discrimination between them. A good correlation in a series of para-substituted a-diazoacetophenones between 
0-17 chemical shifts and both up’ and dual substituent parameters indicated a greater contribution of resonance than 
inductive effects. 


INTRODUCTION 


In the past 50 years a-diazoketones have received con- 
siderable attention owing to their wide synthetic uses ’ 
and the method of formation of the two principal reac- 
tive intermediates available from a-diazoketones, i.e. 
a-ketocarbenes (carbenoids) and a-diazonium ketones, 
has been extensively studied. In this regard, EHMO 
calculations,’ ‘H, I3C and ”N NMR and IR spectra3 
indicate that the oxygen atom is the most negative site 
in the diazoketone group, suggesting an important con- 
tribution of the canonical formula a. Nevertheless, the 
site of complexation of metals or of attack by electro- 
philic agents to  obtain the highly reactive carbenoid and 
diazonium ketones species, respectively, still appears 
unclear.47s With the aim of acquiring a better knowl- 
edge of the electronic distribution in this complex func- 
tionality, we have measured the 0-17 NMR spectra of 
a series of a-diazoketones 1-13 (see Table 1). This tech- 
nique is a valuable tool for the study of structural 
effects on carbonyl group.6 0-17 NMR chemical shifts 
are very sensitive to  changes due both to steric and/or 
electronic factors. 


N SN 
R 


H 
a 


RESULTS AND DISCUSSION 


The structures of the compounds investigated are 
shown in Table 1 together with 0-17 NMR chemical 
shifts, molar concentrations and measured line widths. 
The data show that a-diazoketones are strongly 
shielded (about 110-140 ppm) compared with ‘normal’ 
ketones (e.g. 539 ppm for acetophenone). 0 - 1 7  NMR 
chemical shifts depend most on the paramagnetic term 
of the Karplus-Pople equation. ’ For a-diazoketones, 
canonical formulae such as a influence the charge 
density bond order matrix with an increased electron 
density and diminished T-bond order at the oxygen 
atom; the large value of the observed shielding is a good 
index of the importance of such resonance structures. 


We turn now to the much smaller differences in 
chemical shifts that can be noted within this class of 
compounds; a-diazoacetophenones are more shielded 
(by about 20 ppm) than aliphatic diazoketones, as are 
acetophenones compared with aliphatic ketones. This 
similarity helps to  rule out the coexistence of cis and 
trans conformations in a-diazoketones as a cause of 
this difference. It is known that all the a -  
diazoacetophenones exist in solution in the cis confor- 
mation, as d o  the aliphatic a-diazoketones with the 
exception of 2* and, possibly, 4. Moreover, the trans 
conformation is much less populated than the cis con- 
formation’ and if it relieves steric hindrance at  the car- 
bonylic group,’ this would cause an effect opposite to 


0894-3230/92/070424-05$07.50 
0 1992 by John Wiley & Sons, Ltd. 


Received 4 November 1991 
Revised 21 March 1992 







0-17 NMR STUDIES ON a-DIAZOKETONES 425 


Table 1. Oxygen-I7 NMR data for a-diazoketones, RCOCHN2 


Concentration 
Compound R (mol dm-') ~ ( ' ~ 0 )  


(ppm)" Others 6 (I7O) 


(ppm) Line width (Hz) 


1 
2 
3 
4 
5 
6 
I 
8 
9 


10 
11 
12 
13 


0.30 
1.00 
0-30 


D2 0.15 
0-60 
0.50 
0.60 
0.50 
0.90 
0.80 
0.80 
0.75 
1.00 


456.0 
454.5 
451-0 
450.5 
450.0 
445.0 
438.0 
438.0 
430.0 
429.5 
429.0 
425.5 
420.0 


47-5 


577 


59.3 


~ 


870 
350 
580 
160 
785 
575 
770 
640 
565 
470 
685 
760 
635 


a As defined under Experimental. 


that observed. All the aliphatic a-diazoketones have 
very similar chemical shifts, with 1 and 2 most 
deshielded and 6 most shielded. 


In the structure of 1, a phenyl group is close to the 
carbonyl (b) and the same situation is likely to occur for 
2 in the trans conformation (c) because of the greater 
steric requirement of the diazo group compared with 
hydrogen. Conversely, the chemical shifts of com- 
pounds 3, 4 and 5 are identical within experimental 
error. This steric deshielding is, however, smaller than 
that observed in passing from a-diazoacetophenones to 
aliphatic diazoketones, as already noted. Another dif- 
ference between aliphatic and aromatic groups is the 
existence of other canonical formulae for the a- 
diazoacetophenones, to be discussed later. The special 
behaviour of 6 in its acetolysis reaction lo  can help us to 


b 


0 


I 
Ph 


d 


explain its 0 - 1 7  NMR shift. Saba et al. l o  postulated the 
intermediacy of d. 


It is reasonable to think that for 6, before the 
nitrogen leaves, conformations such as e are important, 
where steric effects are slightly relieved so as to justify 
the observed difference in the shift. Let us now 
examine, in more detail, the behaviour of a- 
diazoacetophenones which, as already noted, are more 


C 


Ph 
e 
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:X 
f 


shielded than aliphatic diazoketones because of the 
existence of an additional canonical formula (f). 


As with a, f increases the electronic density and 
diminishes the a-bond order a t  the oxygen atom, so 
causing a further shielding. Its weight in determining 
the overall structure of a-diazoketones must be fairly 
minor compared with a, as reflected by the magnitude 
(ca 20 ppm against ca 120 ppm) of the variation in the 
chemical shift. 


It is interesting to compare the effect of para substi- 
tution in our compounds and in the closely related 
acetophenones '',IZ and a, a,  a-trifluoroaceto- 
phenones. l 3  We calculated the correlation of our 
substituent chemical shifts (SCS) both against up and 
UP' Hammett constants, I4*I5 obtaining correlation 
coefficients (r') of 0.859 and 0.963 respectively. The 
better correlation obtained with UP' is indicative of the 
enhanced interaction of donor substituents showing the 
relative importance of the resonance and polar terms. 


We analysed the data by the dual substituent 
parameters method (DSP) approach, obtaining 


6 0 -  17 = 10.25 (TI + 14.39 (T; 


SD = 0.6654; f = 0.077 


The data are normalized, SD is the standard deviation 
of the fit and f i s  the standard deviation divided by the 
root-mean-square size of the data. I 2 , l 6  The DSP pro- 
cedure is the general method of choice, and only in the 
special case when X = ( p ~ / p ~ )  is close to  unity d o  single- 
parameter methods approximate the DSP method. '* 


We can observe that pp, is larger than PI, with 
X = 1.40, indicating that resonance contribution is 
more important than inductive effects. This was not the 
case for acetophenones as reported in Ref. 12 
(X = 1.04), but the authors in that paper computed DSP 
also for the values in Ref. 11, obtaining X = 1.29, a 
value much closer t o  ours. Brownlee et al. l2 attributed 
this difference to a more precise determination of their 
data owing to the use of a low uniform concentration 
and to  the fact that nitro and carbonyl group 
resonances were not resolved in Ref. 11. Whereas the 
second point is clearly not our case, the first applies to 
both. We used concentrations only roughly constant 
(1-1.75 mol dm-') except, for solubility reasons, for 
compounds 8 and 11 (see Table 1) and 5-6 times greater 
than those used by Brownlee ef ai. Nevertheless, as 
shown in Figure 1, the statistical treatment is reason- 
able and we think that, as a better correlation was 


440 


s 420 


6 


410 


y = 429,78 + 1 2 . 1 8 2 ~  R A 2  = 0,963 


?-NO 


p-tau p - C I  


- 1  0 


+ values 
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Figure 1. Correlation between 0 - 1 7  chemical shifts and 0 ; .  


obtained with UP' than with up, it is possible to  deduce 
that resonance effects are more important than induc- 
tive effects. 


If we compare the effect of the para substituent for 
the three similar classes of compounds, a,a,a- 
trifluoroacetophenones, acetophenones and a- 
diazoacetophenones, a difference in their sensitivity can 
be observed, namely, the effect of the same substituent 
on  the carbonyl shift diminishes on passing 
from a,a,oc-trifluoroacetophenones to a- 
diazoacetophenones. This result can be compared with 
those reported by Dahn et a1." who already noted the 
difference between a,a,a-trifluoroacetophenones and 
acetophenones, and our compounds gave a p+ value 
close to that for methyl benzoate, another cross- 
conjugated system. 


The reason for this behaviour probably lies in the 
smaller weight of formulae type f for our compounds 
compared with a,a,a-trifluoroacetophenones, in agree- 
ment with what was observed by Liu et ~ 1 . ' ~  for the 
same type of compounds. The effect of the diazoaceto 
group on its para substituent, i.e. methoxy and nitro 
groups in 13 and 7, is evident. These groups have the 
same shifts as observed for p-cyanoanisole" and p -  
cyanonitrobenzene, l9 whereas the methoxy group in 4 
has a shift very similar to that of the parent anisole. 


While a correlation between En-** and 0-17 
chemical shifts is theoretically justified,20 there is no 
agreement as to whether this correlation is valid for ace- 
tophenones. ''*'' In the case of a-diazoacetophenones 
we obtained a good fit (rz = 0-929) between our 0-17 
NMR shifts and the literature UV data2' (Figure 2). We 
d o  not assert that this correlation demonstrates that AE 
makes the dominant contribution to the 0-17 nuclear 
screening for the para-substituted 
a-diazoacetophenones, but merely report a n  
experimental observation. 
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4 1 0  4 2 0  4 3 0  4 4 0  


0-17 chemlcel shifts ppm 


Figure 2. Correlation between UV frequencies and 0-17 chemical shifts 


On the other hand, St Amour et al. " did find a good 
correlation between IR and NMR data, although we do 
not, for a-diazoacetophenones. This result can be 
explained by the already mentioned decreased sen- 
sitivity to substituent effects of our compounds, which 
causes the differences in the observed IR frequencies3 to 
be smaller than the experimental accuracy. 


It may be concluded that our 0-17 NMR results are 
in agreement with the claimed importance of canonical 
formula a as also for the groups of a-diazoketones 
examined. Our data show a clear discrimination 
between aliphatic a-diazoketones and a- 
diazoacetophenones and a rationalization of the 
chemical shift differences within the former. 


In conclusion, despite the smaller SCS effect 
observed in the para-substituted a-diazoacetophenones 
compared with acetophenones and to a,a,a- 
trifluoroacetophenones, a good correlation between 
0-17 NMR chemical shift and both UP' and dual substi- 
tuent parameters has been obtained, further proving the 
usefulness of 0-17 NMR. 


Further spectroscopic work on the title compounds is 
in progress. 


EXPERIMENTAL 


All the substrates were prepared by treatment of the 
corresponding acyl chlorides with excess of 
diazomethane. Analytical and spectroscopic data were 
in accord with those reported in the literature.3 


NMR measurements. Oxygen-17 NMR spectra were 
acquired at 40.662 MHz using a Varian VXR-300 spec- 
trometer, equipped with a 10 mm broad-band probe. 
All spectra were acquired at natural isotopic abu2dance 
at room temperature (probe temperature=21 C )  in 
deuteriated chloroform. The signals were referenced to 


external deionized water. The concentrations varied 
typically in the range 0-1-1 mol dm-3. In two cases (2 
and 7) the spectra were run at different concentrations 
(0.1-1 or 0.9 mol dm-3, respectively) without signifi- 
cant changes in their chemical shifts. 


Typical sgectroscopic parameters were pulse length 
28 p s  (cu 90 ), pre-acquisition delay 100 ps, acquisition 
time 10 ms, spectral width 36 kHz, 740 data points and 
105-106 scans. The spectra were recorded with sample 
spinning and without lock and decoupling. The signal- 
to-noise ratio was improved by applying a 30 Hz 
exponential broadening factor to the FID prior to 
Fourier transformation. The data point resolution was 
improved to 0.08 ppm by zero filling to 16K data 
points. The reproducibility of the chemical shifts data 
is estimated to be 2 1.0 ppm. Statistical treatment was 
performed by the PARVUS" program on an IBM PS2 
computer. 
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MICELLAR EFFECTS UPON OXIDATION OF ORGANIC 
SULFIDES BY ANIONIC OXIDANTS 


RADU BACALOGLU, ANDRE1 BLASKO, CLIFFORD A. BUNTON* AND HOUSHANG FOROUDIAN 
Department of Chemistry, University of California, Santa Barbara, California 93106 USA 


Peroxymonosulfate ion (HSOC) rapidly oxidizes 2-chloroethyl phnyl sulfide (1). Dilute micelle-forming cationic 
surfactants slightly speed the reaction but the reaction rate decreases sharply with increasing surfactant concentration. 
Rate-surfactant concentration profiles in solutions of cetyltrimethylammonium hydrogensulfate can be treated 
quantitatively by estimating concentrations of 1 and HSOg at the micellar surface with allowance for competition 
between HSOC and HSOh . The second-order rate constant in the micellar pseudo-phase is lower that in water by a 
factor of cu 400. Similar rate-surfactant concentration profiles were observed for the oxidation of di-n-propyl sulfide 
by periodate ion in solutions of cetyltrimethylammonium bromide, chloride and mesylate, and second-order rate 
constants in the micellar pseudo-phases are lower than in water by factors of ca 400. These oxidations are slowed by 
a decrease in the water content of aqueous acetonitrile and solvent, and micellar rate effects are consistent with 
transition states in which positive charge builds up on sulfur. 


INTRODUCTION sulfate ion, HSOF , is not speeded by cationic micelles, 


Micellar rate effects on bimolecular aqueous reactions 
can generally be understood quantitatively in terms of 
pseudo-phase models that treat water and micelles as 
distinct regions. 1-4 The overall rate constant depends 
on the concentrations of the two reactants in each 
pseudo-phase and on the related second-order rate con- 
stants. Calculation of second-order rate constants in the 
micellar pseudo-phase depends on assumptions 
regarding the distribution of reactants between water 
and micelles and the nature of the reaction region at the 
micellar surface. However, for most bimolecular 
anionic reactions second-order rate constants at 
micellar surfaces are within approximately one order of 
magnitude of those in water. Variations in surfactant 
structure and concentrations of counter ions have 
minor effects on second-order rate constants at micellar 
surfaces. These generalizations also apply to reactions 
mediated by functional micelles' and by micro- 
emulsions of alcohol-modified micelles and synthetic 
vesicles. ' 


The concentrations of both reactants are the key 
factor in the acceleration of bimolecular reactions by all 


although both reactants should be concentrated at the 
micellar surfaces. Alkene bromination by Br is slow at 
surfaces of cationic micelles.' Both HSOF and BrF are 
anionic electrophiles, so we speculated that reactions of 
these types of anionic electrophiles with organic 
substrates might be very slow at micellar surfaces. On 
this hypothesis, periodate ion oxidation of organic 
sulfides should also be slower at micellar surfaces than 
in water. 


Reactions of periodate monoanion (10;) can easily 
be followed spectrophotometrically, '- l 1  so as the 
substrate we used di-n-propyl sulfide, PrzS, because it 
reacts at a convenient rate with 107 . ' '  Peroxymono- 
sulfate ion in aqueous solvents reacts very rapidly with 
many organic compounds, including sulfides, so we 
used 2-chloroethylphenyl sufide (1). The phenyl group 
deactivates sulfur towards oxidants, and its chro- 
mophore allowed us to follow the reaction spectropho- 
tometrically. Initial formation of a sulfoxide (2) is 
followed by a much slower oxidation of the sulfoxide 
that does not interfere with following the initial 
reaction. 


these colloidal assemblies. We observed qualitatively 
that oxidation of an organic sulfide with peroxymono- 0 


II 
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RESULTS 


Reaction of HSOS 
Oxone (2KHS05 -KHS04*K2S04) is the most conve- 
nient form of HSOF . It oxidizes many organic com- 
pounds, so we followed the oxidation of 1 in the 
absence of surfactant in aqueous acetonitrile. The first 
experiments were carried out with HSO; added as 
Oxone, and we estimated the rate constant in water by 
extrapolation (see Experimental). Reaction is inhibited 
by a decrease in the water content of the solvent. We 
also followed the reaction in aqueous acetonitrile with 
sufficient H2S04 to convert SO?- in Oxone into HSOT 
(see Experimental). The second-order rate constant for 
reaction in water, kw, is then 203 1 mol-'s-'. The 
value obtained by using Oxone is 260 1 mol-' s-', and 
the difference is probably due to different salt effects of 
SO?- and HSO;. 


There is almost no rate increase by cationic surfac- 
tants, and with increasing surfactant concentration the 
rates decrease sharply (Figure 1). The surfactants were 
cetyltrimethylammonium X [C1&3NMe,X, CTAX; 
X = NO3, OMS or (S04)0.~]. 


Quantitative treatments of micellar rate effects on 
bimolecular ionic reactions involve analysis of the com- 
petition between reactive and inert counter ions. 2 -4  


Solutions of Oxone contain SO:- and HSO; as inert 
anions, and competition also involves the surfactant 
counter ion (Figure 1). These inert anions compete with 
HSOF and it is difficult to account for competition 
involving such a mixture of inert mono- and dia- 
nions.2-4 We simplified the problem of ion exchange by 
using CTA(S04)0.5 and adding H2S04 to convert 
SO:-, derived from surfactant and Oxone, into H S O l ,  
so that ionic competition involved only HSO; and 
HSOF. Observed first-order rate constants with respect 


0.01 I I 
0.00 0.05 0.10 


[CTAX] ,  M 
Figure 1. Micellar effects on oxidation of 1 by HSOC in 
solutions of Oxone. Solid and open symbols 1.75 x lo-' and 
0.88 x lo-' M HSOS, respectively. X = *, 0 )  (so4)O.S; ( ) 


NO,; ( +  ) OMS 


to 1 are shown in Figure 2 (the solid lines are from a 
theoretical simulation). The rate data for reaction in 
solutions of CTA(HS04) (Figure 2) are qualitatively 
similar to those in solutions that contain mixtures of 
inert anions (Figure I ) ,  although we did not try to fit 
these data. Oxone reacts rapidly with Br- and slowly 
with CI-, so there is a limited choice of surfactant 
counter ion. 


Reaction of 104 


Oxidation of PrzS by I 0 4  is inhibited by a decrease in 


0.04 I I I I I I I I 


0.00 0.01 0.02 0.03 0.04 0.05 
[CTAHs041, M 


Figure 2. Oxidation of 1 by HSOi in solutions of CTAHS04. ( ) 5 X M HSOC; (*) 1 X lo-' M HSOP; ( A ) 2 x lo-'  M 
HSOT. The lines ( m )  are from a theoretical simulation. 







ANIONIC OXIDATION OF ORGANIC SULFIDES 173 


the water content of the aqueous acetonitrile solvents, 
in agreement with earlier work. I '  We estimated the rate 
constant for reaction in water by extrapolation and fol- 


ion, so the observed first-order rate constants are with 


rate constant of reaction in water is 3 - 2  1 mol-' s C 1  at 
25 *O "C. 


Reaction in micellar solutions has to be followed with 


nary ammonium salt, but we were able to use C1-, Br- 


inert to periodate ion. First-order rate constants with 
respect to periodate ion are shown in Figures 3-5. The 
lines are from a theoretical simulation. 


Quantitative treatments of micellar effects 


Micellar effects on rates of bimolecular reactions are 


that consider the distribution of both reactants, e.g. 


water and mice11es*'-4 


the equations 


lowed the oxidation with pr2S in Over periodate generally analyzed in terms of pseudo-phase models 


respect to [I04 ) (see Experimental). The second-order Organic substrate, s, and reactive ion, Ox-, between 


The distribution of dilute non-ionic substrate follows 


dilute periodate ion to avoid precipitation of the quater- [ s M l /  [STI = Ks P n l /  (1 + Ks P n l )  (1) 


(2) 
where subscripts M, W and T indicate material in 
micelles and water and the total material, respectively. 
Concentrations are written as molarities in terms of the 


and OMS- as surfactant counter ions, because they are [SWI / [STl = I/ (1 + Ks [Dnl) 


0.00 0.01 0.02 0.03 0.04 


L 


I L 


t5 
[CTACI], M 


Figure 3. Oxidation of Pr2S by periodate ion in solutions of CTAC1: (* ) 5 X ( ) 1 x ( A ) 2 x M Pr2S 


; 
t5 


[CTAOMs], M 
Figure 4. Oxidation of Pr2S by periodate ion in solutions of CTAOMs: (* ) 5 x (+) 1 x ( A )  2 x M Pr2S. Inset 


shows data in dilute CTAOMs 
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Figure 5 .  Oxidation of PrlS by periodate ion in solutions of CTABr: (*) 5 x W4; ( ) 1 x w3; ( A ) 2 x lo-’ M PrzS 


total volume of solution, and [D,] is the molarity of 
micellized surfactant (detergent), i.e. the total less the 
critical micelle concentration (CMC) under kinetic 
conditions. 


Hydrophilic ions compete a t  the micellar surface, as 
at ion-exchange resins, and the competition can be 
described by ion-exchange equations similar t o  those 
derived for ion-exchange resins. 2-4 This pseudo-phase 
ion-exchange (PIE) model has been used extensively to  
fit data, although it has limitations. An alternative 
treatment is based on the assumption that ionic distri- 
bution is governed by non-specific coulombic interac- 
tions and also by specific interactions of ions with 
micellar head groups. I 3 , l 4  These specific interactions 
neutralize the charge of an equivalent number of head 
groups and therefore reduce the coulombic attraction 
of counter ions and repulsion of co-ions. l3  


We used this method to calculate ionic distributions 
in terms of the cell model of solutions.’3-’5 The distri- 
bution of ions between the micellar surface and the cell 
wall is calculated by solving the Poisson-Boltzmann 
equation (PBE) in spherical symmetry with allowance 
for a specific ion-micelle interaction for polarizable 
low-charge density ions such as Br- or 10;. l 3  Specific 
interactions should be low for very hydrophilic, high 
charge-density ions whose interactions with micelles are 
largely coulombic. 


We allowed for the specific interactions of two com- 
peting counterions by writing the partial coverage, f, of 
the micellar surface in terms of a Langmuir isotherm: 


(3) 


where 6 is a specificity parameter and X-. is inert 


6x[xw[+6ox[ox,l 
f= 1 + 6X[X,] + 6O,[OX,] 


counter ion.13 If only one counter ion is interacting 
specifically with the micelle, it is convenient to use a 
Volmer isotherm, which is slightly better than the 
Langmuir form at  high surface occupancy. The Lang- 
muir isotherm is computationally simpler than the 
Volmer isotherm for two interacting counter ions, and 
the equations become equivalent at low occupancy, 
although the values of 6 differ by a factor of two.I6. 


Calculation of ionic distribution depends on the 
micellar surface electrical potential and therefore on the 
charge density, which is reduced by specifically bound 
counter ions. The charge density of a spherical micelle 
depends on the aggregation number, N, and the radius 
to the charged interface, a. Reasonable values of these 
parameters are known from direct measurement or by 
comparison with values for micelles of similar composi- 
tion. l 3  The observed first-order rate constant with 
respect to  an organic substrate for overall reaction is 
given by 


where k? (1 mol-’ s - ’ )  is the second-order rate con- 
stant with concentration written as molarity in a 
reaction region at the micellar surface. We write this 
region as a shell of thickness A ,  and fitting of rate data 
for reactjons of nucleophilic anions was based on 
A = 2.4 A,”  and that value being used here. The 
second-order rate constant k,, can be determined by 
direct measurement. 


Reactions of HSOC 


For reaction in CTAHS04 we assumed that a and N 
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would be similar to values for CTAC1,l3 and we took 
a = 20 A and N =  80. We took 6 ~ ~ 0 4  = 15 1 mol-’ and, 
on the assumption that HSOC should be slightly more 
polarizable, we took 6 ~ ~ 0 ~  = 20 1 mol-’. The fits of the 
kinetic data are reasonable (Figure 2). The CMC will be 
lowered by added electrolytes and apolar 
but the effect should be small in our experiments 
because reactants are in low concentrations. The 
pseudo-phase model, as generally written, involves the 
assumptions that reaction is in either the aqueous or 
micellar pseudo-phase, that there is no reaction in sub- 
micelles and that substrate does not affect formation of 
submicelles or the equilibrium between monomer and 
micelles. For many reactions the rates are so much 
lower in water than in surfactant solutions that these 
assumptions cause no problems, but the situation 
may be different for oxidation by HSOF, where there 
is very little increase in the rate of the overall reaction 
(Figures 1 and 2). The fitting parameters for oxidation 
by HSOC are given in Table 1. 


Reaction of periodate ion 


Equation (4) is written in terms of the first-order rate 
constant with respect to sulfide, l 3  but it is convenient 
experimentally to follow the micellar reaction with 
sulfide in excess over periodate ion,” where the 
observed first order rate constant, k+ is with respect to 
periodate ion and designated kp. We converted this 
first-order rate constant into a first-order rate constant 
with respect to sulfide, k S :  


( 5 )  


(6)  
Equation (6) is written with initial reactant concen- 
trations and Per represents periodate monoanion. The 
reactive species of periodate monoanion is IOd and 
equilibrium strongly favors it over the hydrated form, 
H4IOa. lo  Cationic micelles may change this equi- 
librium, but the effect seems to be small because there 
is no significant change in the strong absorbance at cu 
235 nm due to 104. 


rate = k P  [Per] = k s  [PrlS] 


k s  = kP [Per] / [PrzSI 


Table 1. Micellar effects on second-order rate constantsa 


Reactants Surfactant 10’kf (1 mol-’ sC1) kz”/k, 


HSOS + 1 CTAHSO: 50 0.0025 
10: + PrzS CTACl‘ 1.0 0.0031 
10; + PrzS CTABrd 0.60 0.0019 
10; + PrzS CTAOMse 0.65 0.0020 


”At 25.0°C with K , =  1000 and 3001mol-l for Pr2S and 1 ,  
respectively. 
b a = 2 0 A ,  N = ~ O , C M C = ~ X ~ O - ~ M .  
‘ a = 2 1  A, N = 8 0 , C M C = I . 4 X 1 0 ~ 3 M .  
d a = 2 4 A ,  N = 9 5 ,  C M C = 8 X 1 0 - 4 ~ .  
‘ a =  23 A, N= 85, CMC= 1 . 3  X lo-’ M .  


We fitted variations of ks [equation (6)] with changes 
in concentrations of surfactants and Pr2S to equation 
(4) with values of k? given in Table 1 and recalculated 
k P  (the observed rate constant with excess of PrZS) to 
obtain the plots shown in Figure 3-5. 


We based our fitting on values of (I and N (Table 1) 
used earlier in fitting data for micellar effects on 
reactions of nucleophilic anions.I3 The specificity par- 
ameters B B ~ ,  6c1 and 8 0 ~ ~  were 60, 7 - 5  and 10 1 mol-’, 
repectively [equation (3)] as used earlier.13 We took 
8104 = 50 1 mol-’ on the basis that periodate ion would 
interact strongly with cationic micelles, but small 
changes in this parameters do not significantly affect the 
simulations. 


DISCUSSION 


The pseudo-phase model fits micellar effects on oxida- 
tions by HSOF and periodate ion over a range of con- 
ditions, even though, except in dilute surfactant, 
reaction of HSOF is micellar inhibited, as is reaction of 
periodate with [surfactant] >0.01 M (Figures 2-5). 
Changes in the surfactant counter ion do not sig- 
nificantly affect k? for reaction of periodate ion (Table 
1). We could not make this comparison for the reaction 
of HSOT, but observed overall rate constants in sol- 
utions of micellized CTAHS04 are similar to those in 
solutions of CTANO3, CTAOMs and CTA(S04)o.s 
(Figures 1 and 2). 


Values of k?/k, are cu 0.0025 for reaction of HS03 
and are in the range 0-0019-0-003 for reaction of 
periodate, in marked contrast to values close to unity 
for many bimolecular reactions of anions. Values of 
kz”/kw depend on the value of A [equation (4)], but 
even if it varied by a factor of two, which is unlikely, 
the values of k?/kW would still be unusually low. 


Low values of kz”/kw are not typical of oxidations. 
For example, rate constants of chromic acid oxidations 
of alcohols are similar in water and at surfaces of 
anionic micelles,” and kP/kw = 1 for the oxidations of 
ferrocene derivatives to ferricenium ions by Fe3 + . l9 


Although for many bimolecular reactions the rate 
constants are similar in aqueous and micellar pseudo- 
phases, the situation is different for spontaneous 
reactions, where only distribution of the substrate has 
to be considered. Rate constants are often similar in the 
two pseudo-phases for bimolecular, water-catalyzed, 
hydrolyses, but they may differ sharply for unimole- 
cular reactions. 20,21 Spontaneous anionic decarb- 
oxylations, 22 depho~phorylations~~ and d e ~ u l f a t i o n ~ ~  
are faster at surfaces of cationic micelles than in water, 
by one to three orders of magnitude. Micelles inhibit 
S N ~  reactions and the inhibition is much larger in 
cationic than in anionic micelles. 21 Ruff and Kucsman ‘ I  


showed that medium effects on the periodate ion oxida- 
tion of sulfides are qualitatively similar to those on SN 
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reactions, which suggest that there should be 
similarities in micellar effects on these reactions. 


Solvent effects on the periodate oxidation of sulfides 
in aqueous ethanol fit the Grunwald- Winstein 
equation" with m = 0.72, ' I  so solvent sensitivity is less 
than that for an S N ~  reaction. The behavior is similar 
for oxidation of Pr2S in aqueous acetonitrile26 where 
m = 0.80. Dependence of m on substrate structure and 
the solvent pair is well known.25 The solvent effect 
on oxidation of 1 by HSOF also follows the 
Grunwald-Winstein equation, but m = 1.2 in 
aqueous acetonitrile, 26 and this high value suggests that 
there is considerable charge development in the tran- 
sition state of this reaction. 


Polarities at micellar surfaces are lower than that of 
water, based on comparisons of spectral shifts of 
probes in micelles and in organic solvents.27328 How- 
ever, there is a significant potential gradient at micellar 
surfaces which may influence reaction rates in this 
region. For example, an alkyl halide or sulfonate ester 
at a micelle-water interface will orient itself, on 
average, with the leaving group in the water-rich region. 
For an S N ~  reaction occurring in a cationic micelle, 
ionization generates a carbocation adjacent to quarter- 
nary ammonium centers and the coulombic interaction 
disfavors reaction. 21 The rate enhancements of anionic 
decarboxylations and dephosphorylations by cationic 
micelles can be ascribed to favorable coulombic interac- 
tions in the transition states and to polarity at the 
micellar surface. 22*23 


Electron-releasing substituents speed oxidations of 
sulfides by periodate ion and the reaction rate is 
increased by polar solvents. Reactions involve overall 
oxygen transfer to sulfur and the mechanism was 
written as' ' 


with build up of positive charge on sulfur in the tran- 
sition state. A similar mechanism can be written for 
HSO;: 


0-OSO, - P$O + HSO, 


Build-up up of positive charge on sulfur will be dis- 
favored by cationic micelles because organic substrates 
will bind in the vicinity of the cationic head groups. 


Many ionic substitutions have been described on the 
assumption that a nucleohile donates a pair of electrons 
to an electrophilic center to form the new bond and that 
the electrons of the existing bond leave with the leaving 
group. However, an alternative model of transition- 
state formation involves transfer of one electron from 
a nucleophile, 29,30 and additions and substitutions of 


electron-rich arenes with electrophiles and of 
nucleophiles with a variety of electrophiles, especially 
di- and trinitroarenes and their derivatives, can be 
written as transfer of a single electron (SET) from the 
nucleophile (reducant) to the electrophile (oxidant). 3 1  


This transfer generates intermediates or transition states 
with charge-transfer character. Similar SET descrip- 
tions have been applied to ester deacylations'2 and to a 
variety of n u ~ l e o p h i l i c ~ ~ - ~ ~  and e l e~ t roph i l i c~~  
reactions. For example, R i t ~ h i e ~ ~  reported that rates of 
nucleophilic addition to preformed carbocations do not 
fit Brernsted relationships, based on either basicities or 
equilibrium constants of the overall reactions, but 
follow oxidation potentials of the nucleophiles. In some 
reactions that had been written as two-electron trans- 
fers there is evidence for free radicals generated by 
SET. 35 


Similar mechanistic models, as applied to our oxida- 
tions, are shown in Scheme 1 .  They involve the 
donation of an electron from sulfur into an antibonding 
orbital of the oxidant. The build-up of positive charge 
on sulfur will be disfavored by carrying out the reaction 
at the surface of a cationic micelle. For non-micellar 
reactions the increase in charge in the transition state 
will be favored by polar hydroxylic solvents. The tran- 
sition states in Scheme 1 are shown with complete elec- 
tron transfer from the sulfide to the oxidant and very 
little breaking of the 0-0 or 0-1 bonds. Substituent 
and solvent effects on oxidations by periodate ion 
suggest that in these reactions charge development is 
less than indicated in Scheme 1, i.e. transition-state for- 
mation does not require complete electron transfer 
from the sulfide. However, the large value of m for 
oxidation by HSOF in aqueous acetonitrile is indicative 
of extensively charge development in this reaction. As 
for other reactions, transition-state formation can be 
described in terms of either the classical model or the 
SET formalism. 


Although these oxidations and many nucleophilic 
substitutions and additions are anion-molecule 
reactions, they should behave completely differently in 
cationic colloidal assemblies. The organic substrate will 
be adjacent to cationic head groups and nucleophilic 
attack generates negative charge on it, but, if the 
organic substrate is the reductant (nucleophile), it will 
develop positive charge in the transition state and suffer 
unfavorable interactions with cationic head groups. The 


H H 


Scheme 1 
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extent to which these interactions will be offset by those 
of the anionic reagent with water or micellar head 
groups and counter ions will depend on reactant struc- 
ture and the detailed mechanism, in addition to the 
micropolarity of the reaction environment. Ruff and 
Kucsmann " noted analogies between medium effects 
on S N ~  reactions and periodate oxidation of sulfides, 
and the strong inhibition of S N ~  reactions by cationic 
micelles has been ascribed to the orientation of the 
bipolar transition state at micelle-water interfaces." 


For periodate oxidation of arylmethyl sulfides, 
p = - 1.4, based on u. ' I  This value of p is much lower 
than those for S N ~  reactions and carbocation equilibria 
that correspond to build-up of unit positive charge at 
the reaction center. 36 This difference suggests that there 
is only limited charge build-up on sulfur in the oxida- 
tion, but inefficient orbital overlap between the phenyl 
group and the bulky sulfur atom may reduce the sen- 
sitivity of the reaction to electronic effects of 
substituents. 


Substituent, solvent and micellar effects on alkene 
bromination by Br 8*37 can also be explained in terms 
of single eIectron transfer from the alkene into an anti- 
bonding orbital of the electrophile. In these bromina- 
tions, as in oxidations by 10; and HSOF, neutral 
reducing agents (nucleophiles) donate an electron to an 
anionic oxidant (electrophile) despite unfavourable 
coulombic interactions. Dioxiranes, derived from 
ketones and HSO;, are very effective oxidants and 
transfer oxygen to nitrogen and sulfur nucleophiles and 
to C1-.38 It has been pointed out that some of their 
reactions could occur by electron transfer. 39 


EXPERIMENTAL 


Materials. Reagents were commercial samples and 
the sulfides were redistilled. The oxidant content of 
Oxone and its solutions was measured idiometrically. 
Preparation and purification of the surfactants have 
been described. l 3  


Kinetics. Slower oxidations were followed spec- 
trophotometrically in Feckmann or Hewlett-Packard 
spectrometers at 25.0 C. Faster reactions were fol- 
lowed in a Durrum stopped-flow spectrometer. Disap- 
pearance of periodate ion was followed at 235-240 nm 
with excess of Pr2S. For reaction in micellar solutions 
we used 5 x M periodate ion and in the absence of 
surfactant 1 x M periodate ion. Disappearance of 
1 was followed at 260 nm with excess of HSOI.  We 
used 1 x M 1 in the presence and 
absence of surfactant, respectively. 


The solvent effect on the reaction of 1 with Oxone is 
shown in Figure 6 and data for reaction of 1 with 
HSOF in aqueous acetonitrile of high water content are 
given in Table 2. Extrapolation of the rate constants to 


and 2 x 


r 


'YI 


x 


I00 90 80 70 60 50 
H,O, vol % 


Figure 6. Oxidation of 1 by 1.88 x M HSOF in solutions 
of Oxone in aqueous acetonitrile 


pure water gives a second-order rate constant 
k, = 203 1 mol-' s-'. A similar extrapolation of rate 
constants for reaction with Oxone (Figure 6) gives a 
second-order rate constant of 260 1 mol-' s-I. 


First-order rate constants with respect to periodate 
ion with PrzS in aqueous acetonitrile are given in 
Table 3. Extrapolation gives a second-o5der rate 
constant of 3.2 1 mo1-l s- '  in water at 25.0 C. 


Kinetic simulations. Variations of first-order rate 
constants, with surfactant concentration were fitted by 
the simulation procedure already described. l 3  Concen- 
trations of reactive anions as functions of distances 
from the micellar surface to the cell wall are calculated 
by solving the PBE in spherical symmetry by numerical 
integration with boundary conditions at the micellar 
surface and the cell wall. Reaction in the micellar 
pseudo-phase is assumed to occur in a shell at the 


Table 2. Oxidation of 1 by HSOS" 


HzO(%, V/V) 100 99 97.5 95 93 
102ku(s-') 12.7' 11.7 1 1 . 1  9.19 8.17 


'At 25.OoC with 6 . 2 7 ~  1 0 - 4 ~  HSOS and 2 x  lo-' M 1 .  
Extrapolated value. 


Table 3.  Reaction of periodate ion with PrLS" 


HzO(%, V/V) 100 95 90 80 I 0  
103ku(s- I ) 6.4b 5.21 4.31 2.12 0.91 


'At 25.OoC with 1 x low4 M periodate ion and 2 . 0  x M PrlS. 
Extrapolated value. 
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water-micelle interface whose thickness is A = 2 .4  A .  
Substrate is assumed to locate uniformly in this region 
and ionic concentrations follow the PBE. The fitting 
parameters are given in Table 1 .  
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CATALYSIS IN NUCLEOPHILIC AROMATIC SUBSTITUTION 
REACTIONS. A REINVESTIGATION OF THE REACTION 


BETWEEN 1 -FLUORO-2,4-DINITROBENZENE AND 
n-BUTY LAMINE 


LUCIAN0 FORLANI* AND MICHELE BOSI 
Dipartimento di Chimica Organica, Vniversita, viale Risorgimento 4, 1-40136 Bologna, Italy 


The reaction between l-Uuoro-2,4-dinitrobenzene and n-butylamine in toluene shows a two-step plot of kobs values vs 
the initial values of the concentration of the amine. The usual base-catalysis mechanism for HF elimination from the 
zwitterionic intermediate hardly explains this kinetic behaviour and tbe kinetic effect of addition of salts (and of 
2-hydroxypyridine) to the reaction mixtures at different initial values of the concentration of n-butylamine. In 
contrast, the kinetic behaviours are easily explained by the presence of substrate-amine (or catalyst) interactions on 
the pathway of the substitution reaction. 


INTRODUCTION 


Nucleophilic aromatic substitution reactions in apolar 
solvents with neutral nucleophiles (aliphatic and aro- 
matic amines) show a particular kinetic behaviour, i.e. 
observed kinetic constant (kobs, s - '  mol- '1) increases on 
increasing the initial concentration of the nucleophile. 


The initial addition to  the reaction mixture of 
substances such as tertiary amines or 2-hydroxypyridine 
causes an increase in kobs values. The usual explanation 
for this increase is related t o  the rate-limiting expulsion 
of HL'  (where L is the leaving group) from the zwit- 
terionic intermediate in the usual two-step mechanism 
as represented in Scheme I ,  where k2 refers to  the un- 
catalysed process and k3 refers to the C-catalysed step; 
C can be the same reacting amine or another catalyst. 
From Scheme 1 ,  equation (1) is obtained (on the basis 
of the steady-state approximation): 


kobr = rate/ ([ArL] [ RNH21) 
= (kikz + kik3 [C])/ (k- I + kz + k3 [C]) (1) 


By assuming the condition k-  I ,> k2 + k3 [C] , 
equation (1) becomes 


(2) kobs = ( k i / k -  1 )k2 + (ki/k- I )k3 [CI 


When the initial concentration of C is increased, the 
k3 [C] value increases (k3 [C] + k -  I ) ,  and equation (1) 
becomes 


k o b s  = k i (3) 
A number of examples have been reported in which 


kobs increases linearly on increasing [C] until it reaches 
a maximum [equation (3)] .  This interpretation of the 
kinetic behaviour of SNAr reactions in apolar solvents 
is generally accepted. It includes the possibility that the 
proton abstraction from the zwitterionic intermediate 
(2) is an equilibrium limiting the substitution rate. 


As an alternative to  this mechanism, we proposed a 
different explanation of the observed kinetic behav- 
iours.2-4 Inspection of the reaction mixtures at zero 
reaction time (immediately after mixing the solutions of 


+ 


ArNHR + HL 
k 2  . NH2R 


- /  
Ar k l  


--. ArL + RNH2 . 
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the reagents) indicates the presence of a molecular 
complex (substrate-nucleophile, substrate-catalyst) in 
a rapidly established equilibrium. 2 - 5  The model that we 
proposed suggests the probable position of the mol- 
ecular complex in the substitution reaction pathway, as 
represented in Scheme 2. The catalyst can be the same 
reacting amine. 


Scheme 2 provides an easy explanation of a n  auto- 
catalytic kinetic behaviour or of some other catalytic 
phenomena in aromatic nucleophilic substitution 
reactions in apolar solvents and with neutral 
nucleophiles. From Scheme 2, the following equation 
can be obtained to describe the kinetic behaviour: 


k,b,(l + K[Nu]o) = ko + kK[Nu]o (4) 
where k, is a measure of the reactivity of the free 
substrate [k ,  = (k i / kL  l)ki  in Scheme 21, k is a measure 
of the reactivity of the molecular complex between 1- 
fluoro-2,4-dinitrobenzene and the nucleophile (Nu) 
[ k  = ( k l / k -  I )  k2] and K is a measure of the stability of 
the molecular complex. 


Scheme 2 was confirmed by the autocatalytic behav- 
iour of the reaction between 1,3,5-trinitrobenzene 


+Catalyst - Substrate .- Molecular complex 


NO, 


Scheme 3 


(TNB) and I ,8-diazabicyclo [5,4,0] undec-7-ene (DBU), 
in toluene4z6 which affords the zwitterionic complex 
shown in Scheme 3. This system presents neither a 
leaving group nor a proton and the observed autocata- 
lytic behaviour was explained by the presence of a 
substrate-nucleophile interaction. 


To learn more about Scheme2 for a very popular 
reaction, we report some data on a reinvestigation of 
the kinetic behaviour of the reaction between l-fluoro- 
2,4-dinitrobenzene (FDNB) and n-butylamine (BU) in 
toluene. 


RESULTS 


Under all the experimental conditions reported here, 
the usual substitution product was obtained in almost 
quantitative yields, as verified by preparative runs and 
by absorbance values at 'infinite' reaction time. The 
kinetic data are reported in Table 1. The major part of 
the data available in the literature and those reported 
here were obtained under the experimental conditions 
[FDNBIo < [ a m i n e ] ~  (where [ lo  are initial concen- 
tration values). Some of the data in Table 1 were 
obtained under the less usual experimental conditions 
[FDNBIo > [amine]~ ,  in which the catalytic effects are 


ki (+Nu' \K, '":; I-, 
Intermediate' intermediate 


Products 


Scheme 2 


Table 1 .  Reactions between l-fluoro-2,4-dinitrobenzene (FDNB) and n-butylamine (BU) in toluene at 21 OC 
~~ 


Initial concentration Parameter Values 


[FDNBIo = 4 . 2  x mol I - '  103[BU]o(mol I - ' )  0.762 0.914 1.22 1.48 1.87 
kobs(s-' mol-' 1) 0.172 0.171 0.175 0.175 0.179 
103[BU]o(rnol I - ' )  2.06 2.36 3.06 4 .13  5.33 
kobs(s-' mol-' I) 0.182 0.182 0-184 0.199 0.221 


1 O 2  [BU] 0 (mol I - ' )  2.11 2.82 4.43 6 .30  9 .39  


kobs(S-l mOl-' 1) 0.630 0.628 0.625 0.709 1.02 
10 [BU] o(mol1- ) 6.30  7.80 9.39 


lo3 [BU] o(mol 1 - I )  5.36 9 .90  10.7 13.4 17.9 
kobs(s-l m o l - ' ~ )  0.220 0.272 0.273 0.282 0.307 


kobs(s-l  mo1-I I) 0.321 0.376 0-452 0.480 0.543 
10 [BU] o(mol 1 -  \ 1.23 1 -48 1.72 2.08 4.13 


kobs(S-' mo1-I I) 1.28 1.61 1.83 
[BUIo = 4 . 3  x ml I - '  1O3[FDNBl~(rnol 1-I) 0.766 1-03 1.28 2.55 


1okobs(s-' mol-' 1) 1 -70 1.82 1.80 1.74 
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0,4 


0.3 - 


0.2 - 


minimized in order to  evaluate the second-order rate 
constant for the uncatalysed process. 


The kinetic behaviour of the reactions between n- 
butylamine and FDNB in toluene is also particularly 
interesting if compared with published data for the 
same r e a ~ t i o n . ~  The range of the initial concentration 
of n-butylamine, [BU]o, used here is unusual (more 
than 103-fold). Up to about [BU]o = 3 x mol I - '  
(the first eight values in Table I), kobs is unchanged on  
increasing [BU] 0. This kinetic behaviour was reported 


(a) 


k 
obs 


0 


0 


o o  0 0 
3f O O O O  


by Pietra and Vitali in 1968' and confirmed by us for 
other systems,' but it was not satisfactorily explained. 
For values of [BUIo > 3 x mol l - ' ,  kobs begins to 
increase with increase in [BU] 0. This is the usual kinetic 
behaviour when the so-called 'base catalysis' is 
operative. ' The increase in kobs value relative to 
increasing [BU]o reaches a plateau, which was 
explained' by considering kobs = kl in Scheme 1. For 
the data of Table 1, this plateau remains in the [BU] o 
range from about 0.1 to  0.2 mol 1-' .  At higher [BUIo 


! y i  ._._._._._._._.* W I o  


0.1 ! 


2 


Figure 1. Reactions between FDNB and BU in toluene. (A) Overall plot. Solid line: k values calculated from equation (4). (B) usual 
plot (in the usual range of [BUIo values) to observe 'base catalysis'. Solid line: k values calculated from equation (4). (C) Plot for 


low [BUl0 values. The asterisk is the kobs value under the experimental conditions [FDNBIo > [amine]~. 
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Table 2. Reactions between l-fluoro-2,4-dinitrobenzene (4.1 x lo-' mol I - ' )  and n-butylamine (BU) in 
the presence of tetradodecylammonium bromide (TDAB), tetrabutylammonium 
trifluoromethansulphonate (TFMS) and 2-hydroxypyridine (Pl) in toluene at 21 "C 


[BUlo(moll-') 


1-22 x 1 0 - ~  


1-23 X lo- '  


1.23 X I O - ~  


1.26 x lo- '  


I x lo-' 


1.28 X lo- '  


- 


0.175 


0.634 


0.175 


0.634 


0.175 


0.634 


- 


- 


- 


- 


- 


1.01 
0.280 
1.22 
0.696 
1.03 
0.280 
2.01 
0.675 
1.16 
0.210 
I .03 
0.644 


Values 


1.41 2.22 
0.301 0.391 
2.68 3.88 
0.754 0.787 
1.72 2.75 
0.332 0.352 
3.69 5.03 
0.740 0.778 
2.55 4.35 
0.272 0.322 
2.00 5.00 
0.641 0.650 


3.02 
0.439 


4.13 
0.41 1 
5.67 
0.800 
6.11 
0.330 


___ 
4.28 
0.508 


5.16 
0.439 


concentrations kOb5 begins to  rise again. This effect has 
rarely been reported, probably because the concen- 
tration range generally used in the case of aliphatic 
amines is lower than that reported here (with these 
[BUIo values a stopped-flow technique must be used). 


The kinetic behaviour (data in Table 1) is represented 
by a plot of kobs versus [BU] o in Figure I .  


We have previously reported evidence for the pres- 
ence of interactions between nitro-derivatives and aro- 
matic amines, 2 s 3 s 1 0  tertiary aliphatic a m i n e ~ ~ . ~ ~ "  or 
other catalysts. ' I - "  We have also tried to obtain evi- 
dence for the presence of molecular complexes in the 
reaction mixtures of n-butylamine and FDNB. 


The present reaction is too fast to  allow a spectro- 
photometric inspection of the reaction mixtures at zero 
reaction time with the usual techniques previously 
employed. However, inspection of the reaction mix- 
tures with a stopped-flow apparatus using Spectrascan 
equipment did not reveal the presence of absorbances 
(in UV and visible region) different from those of the 
starting materials. Some evidence for interactions 
between aliphatic amines and poorly reactive nitro- 
derivatives has been observed l4 by UV spectro- 
photometry at ca 300 cm-I. Under our experimental 
conditions, this region of the UV-visible spectrum is 
unavailable because of the absorbance of the solvent 
(toluene). 


Probably interactions between substituted anilines 
(or tertiary aliphatic amines) and nitro-derivatives 
(which were previously observed in the visible region of 


in poorly polar solvents, are different 
from interactions between nitro derivatives and 
aliphatic (primary or secondary) amines. 


Table 2 reports the effect on the rate of the reactions 
between FDNB and BU of some 'inert' substances 
(unable to perform the substitution process), viz. 2- 
hydroxypyridine (PI), tetradodecylammonium bromide 


(TDAB) and tetrabutlyammonium trifluromethan- 
sulphonate (TFMS). 


DISCUSSION 


The following points are worthy of consideration: 
(i) the first upward curvature [see Figure l(C)] (which 
was reported but disregarded in previous work) is not 
described by a linear equation such as equation (2); 
(ii) the downward curvature [see Figure l(B)] may 
clearly be explained by the achievement of the con- 
ditions k3 [C] >> k - ]  t o  conclude kobs = k , ,  and also 
other saturation phenomena; (iii) equation (1) indicates 
that kobs = k l  is the maximum possible for knbs values; 
in this way, the second upward curvature [see 
Figure 1(A)] cannot be assessed in Scheme 1 .  For these 
reasons, the data in Table 1 hardly agree with Scheme 1 
and with related equations. 


The two-step plot obtained from the data of Table I 
(see Figure I ) ,  can easily be explained if we consider the 
presence of several interactions between the nucleophile 
and the substrate, yielding different molecular com- 
plexes with different reactivities toward the amine. 
Equation (4) may be rewritten" as the equation 


I / ( k o b r - k o ) =  I / ( k - k o ) +  l / (k -kn)K[BU]~  (5) 


which can be used to interpret the data in Table 1 by 
introducing k, = 0.17 sC1 mol-I, which is the value of 
the constant of the uncatalysed process, as tested by the 
reactions carried out under the experimental conditions 
[FDNBIo > [ a m i n e ] ~  (see Table 1). Obviously, this 
value is higher than the value that may be calculated 
from the usual extrapolation of data at zero value of 
the initial concentration of the nucleophile by 
equation (2). 


mol 1 - ' ,  equation ( 5 )  can be expressed algebraically by 
In the range [BU]o = 5.33 x 10-3-9.38 x 







NUCLEOPHILIC AROMATIC SUBSTITUTION 433 


the equation 


1/(kobs-ko)=(1*43 2 0*3)+(0.100 +O.O04)/[BU]o 


(errors are standard deviations; correlation coefficient 
R = 0.994; number of points = 11). In this way the 
reactivity of the molecular complex is k = 0 . 8 7  s-'  
mol- ' and the apparent stability of the molecular 
complex is K =  14.3 mol-' 1. 


The kobs values calculated from equation (4) corre- 
spond closely to the experimental data [see Figures 1(A) 
and (B)] and the intermediate horizontal part of the 
plot of kobs vs [BU]o represents saturation of the kinetic 
system. 


As regards the second upward curvature [see 
Figure l(A)], there are, in principle, two main possible 
explanations: (i) there is a further molecular complex, 
e.g. with stoichiometry FDNB : BU = 1 : 2, or one 
different from the molecular complex at low amine con- 
centration; this is supported by considering the high 
[amine] O/ [ FDNB] 0 ratio; l5 (ii) there is a medium 
effect, considering the high [BU]o value used here. It is 
difficult to discriminate between the two possibilities. 
However, the effect of adding inert substances (salts 
and 2-hydroxypyridine, see Table 2) is considerably 
smaller a t  the amine concentration corresponding to  the 
second plateau than when the only bimolecular process 
is operating. In particular, the effect of the addition of 
2-hydroxypyridine at [BU]o = 0.128 mol I - '  is negli- 
gible and a simple medium effect is improbable. 
Recently, evidence for the occurrence of 
substrate-nucleophile interactions prior to  SNAr 
reactions have been reported by other workers. l 6  


Table 3 reports a tentative estimation of the effect of 
the addition of inert substances on the equation 


kobr = A + B[X] (6) 


where [XI is the concentration of the salt used or of 2- 
hydroxypyridine (PI), A represents all of the processes 
in the absence of the added unreactive substances and 
B is the sensitivity of this system to the change in the 
value of [XI. 


When [BuIo is low (1 x mol I - ' )  (the first 
plateau of the plot in Figure I), A represents the un- 
catalysed process in both Schemes 1 and 2, hence 
A = (kl/k-l)k2; A is the usual second-order rate con- 
stant for a simple bimolecular reaction according to the 
usual SNAr mechanism. B is a measure of the effect of 
the addition of salts [or 'catalysts' (PI)] on the ratio 


When [Bu]o is in the range of the second plateau of 
the plot in Figure 1 (0.1 mol l - ' ) ,  if the mechanism 
reported in Scheme 1 can be considered to  be operative, 
then A = kl and it represents the attack of the 
nucleophile to form the zwitterionic intermediate (Z). B 
in Scheme 1 is a measure of the effect of addition of 
salts or of a catalyst on kl.  


( k ' / k -  1 )k2. 


Table 3. Effect of the addition of 'inert' substances (X) at 
different initial concentrations of n-butylaminea 


(kabs = A + B [XI) 


X Parameter Values 


PI [BU]o(mol I - ' )  
~ ( s - '  mo1-l 1) 
B(s-'  rnol-' 1 2 ) b  
Rd 


TDAB [BU]o(mol I - ' )  
~ ( s - '  mo1-l 1) 
B(s-' mol-' 1') 
Rd 


TFMS [BU]o(mol I - ' )  
~ ( s - '  mol-' I) 
B(s-' mol-' 1') 
Rd 


1 . 4 8 ~  
0.169 2 0.01 


5.0 2 0.8 
0.994 


0.193 f 0.01 
781 ? 56 


0.989 


0.21 f 0.02 
47.2 f 7 


0.959 


1 . 2 2 ~  10-3 


1.22 x 10-3 


0.128 
- 


- 
0.126 


0.64 ? 0.008 
394 f 34 


0.993 
0.126 


0.627 2 0.01 
30.0 f 2 


0.995 


"Errors are standard deviations. 
Initial slope (see Experimental). 


'Very small (<0.2). 
Correlation coefficient. 


When kobs (s-' mol-'  1) does not change on 
increasing the initial concentration of the nucleophile 
(i.e. in the absence of autocalytic effects, as clearly 
appears in the first part of the plot of k&s versus [Bu]o 
in Figure 1(c), where kobs = ( k ~ / k - l ) k z ) ,  the usual 
mechanism of SNAr reactions indicates that departure 
of the leaving group occurs in a rapid step. In this case 
the energy of the bond between the carbon and the 
leaving group is of little importance, as tested by the 
reactivity trend F > CI usually observed for the uncata- 
lysed process. Consequently, when [BU]o = 1 x B 
is a measure of the effect of the medium changes on the 
attack of the nucleophile on the carbon bearing the 
leaving group. 


If the data in Table 3 are explained according to  the 
model in Scheme 1, they indicate that there are different 
effects of the medium changes (or of the addition of the 
catalyst) on the same phenomena (attack of the 
nucleophile on the carbon bearing the leaving group). 
In other words, the data in Table 3 can hardly be 
explained by the model in Scheme 1. 


The model in Scheme 2, on the other hand, implies a 
'saturation' of the equilibrium between the substrate 
and the nucleophile. At low amine concentration B rep- 
resents the usual salt effect (or the effect of the for- 
mation of other molecular complexes with the added 
catalysts) on the SNAr reactions in apolar solvents (a 
considerable increase in reactivity on increasing 
medium polarity). The B values at high amine concen- 
trations represent the same effects on the same reaction 
of the substrate complexed by the nucleophile. In this 
case, a less relevant effect of the increase in the medium 
polarity is expected because immediate neighbours of 
the complexed substrate are clearly more polar than the 
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‘free’ substrate, which is complexed only by the poorly 
polar solvent. Probably the B values a t  higher (BU]o 
also include the effect of salts on the stability of the 
molecular complex. Usually an increase in medium 
polarity reduces the solute-solute interactions. 


Tetraalkylammonium bromide is clearly (see Table 3) 
more prone to  enhance the reactivity than tetraalkyl- 
arnmoniumm trifluoromethanesulphonate. A specific 
interaction between the nitro derivative and the halide 
is a probable explanation of this behaviour. 


EXPERIMENTAL 


Materials. 1 -Fluoro-2,4-dinitrobenzene (Carlo Erba) 
and n-butylamine (Fluka) were purified by the usual 
procedures.’7 Tetradodecylammonium bromide 
(TDAB) and tetrabutylammonium trifluromethan- 
sulphonate (TFMS) (Aldrich) were recrystallized from 
anhydrous tetrahydrofuran and dried by gently 
warming under vacuum for 5 h. Toluene was purified 
by distillation from sodium and stored under 
nitrogen. ’* 


Kinetics. Kinetic runs were performed by following 
the appearance of the reaction product at 350 nm with 
a Perkin-Elmer Lambda 5 spectrophotometer and with 
a Hi-Tech Scientific SF 5 1  stopped-flow apparatus. The 
reproducibility of kob5 values was 2 3 % .  The value of 
the absorbance at ‘infinite’ reaction time 
( E =  1.54 x lo4  1 mol-’ cm-’ a t  350 nm) is consistent 
with the value obtained from authentic samples. 


The data in Table 2 for 2-hydroxypyridine show the 
usual downward curvature of the plot of kobg vs [PI] 0; 
the related B value reported in Table 3 is the initial 
slope of this plot. 
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MULTI-STEP PROCESSES IN GAS-PHASE REACTIONS OF 
HALOMETHYL ANIONS XCHZ (X=Cl,Br) WITH CH3X AND NH3 


F. MATTHIAS BICKELHAUPT, LEO J.  DE KONING AND NICO M. M. NIBBERING* 
Intituur voor Massaspectrornetrie, Universiteit van Amsterdam, Nieuwe Achtergracht 129, 1018 WS Amsterdam, The Netherlands 


EVERT JAN BAERENDS 
Scheikundig Laboratorium, Vrije Universiteit, De Boelelaan 1083, 1081 HV Amsterdam, The Netherlands 


A mechanistic investigation of the gas-phase reactivity of the halomethyl anions XCHC(X=CI, Br) towards a 
mixture of the corresponding halomethane and ammonia was performed using Fourier transform ion cyclotron 
resonance mass spectrometry. The interpretation of the experimental data is supported by high-level density functional 
theoretical (DFT) calculations for the chlorine-containing systems (X=Cl). When the specific isotopomer 
AXCHc(AX=35CI, 79Br) is allowed to react in an atmosphere of CH3X and NH3, the exclusive formation of the 
isotope cluster of the halide anions 'X- and BX-(BX=3'CI, "Br) is observed. However, the intensity ratio 
f(AX-)/I(BX-) exceeds significantly the value expected from the natural relative isotope abundances and depends 
linearly on the pressure ratio ~ ( N H J ) / ~ ( C H J X ) .  The experimental results are interpreted in terms of three competing 
reaction mechanisms: (i) The by far dominating process is the more than 70 kcal mol ' exothermic one-step SN2 
substitution of 'XCH; on CH3X, generating haloethane 'XCHzCH3 and X -  isotopomers, the latter in the 
proportion of their natural abundances (direct Su2). The experimentally observed excess of 'X - stems from two 
minor reaction pathways: (ii) in a secondary reaction, the halide X -  in the primary product anion-molecule complex 
['XCH2CH3...X-]* of the Ss2 substitution induces a 1,2-elimination, leading to the formation of the 'X- 
isotopomer (two-step S~2//3). (iii) Finally, 'XCH? can react with ammonia by consecutive endothermic proton 
transfer (PT) from NHJ to 'XCHT and a very exothermic Sw2 substitution of the resulting amide on 'XCH3 leading 
to C H J N H ~  and an excess of 'X- which de ends linearly on p(NHj)/p(CHjX) (PT/&2). Theoretical calculations 
show that in the case of [CICHT...NHJ]', the PT/Ss2 reaction has no stable intermediate. Therefore, it is 
concluded that this reaction is not a two-step but a one-step process. 


INTRODUCTION 


In the past decade, a large number of gas-phase ion- 
molecule reactions have been studied by Fourier trans- 
form ion cyclotron resonance (FT-ICR) mass 
spectrometry, and it has been well established that the 
observed gas-phase ion-molecule reactions proceed via 
loose ion-molecule complexes which are bound by 
ion-dipole and ion-induced dipole interactions and 
hydrogen bonds. A fascinating phenomenon is the 
possibility of secondary reactions taking place in 
relatively long lived product ion-molecule complexes of 
primary reactions, i.e. product ions can be formed via 
multiple consecutive reaction steps. 3,4 


In this context, an interesting observation has 
been reported by our group in a study on the gas-phase 
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reactivity of a number of carbanions bearing an 
a-heteroatom. ' In that study, amongst others, the reac- 
tivity of the halomethyl anions ClCHT and BrCHF was 
investigated in an atmosphere of the corresponding 
halomethane and ammonia. When 3sC1CHr was iso- 
lated and subsequently allowed to react, no 37C1CHi 
ions were formed. However, "Cl- was produced more 
abundantly than expected from sN2 substitution on 
chloromethane, i.e. the intensity ratio 
I (  35Cl-)/Z( "Cl-) significantly exceeded the natural 
relative isotope abundance6 of 3.13 [equation (l)] . 


k%-b37C1CHT 


This was explained by proposing' a mechanism in 
which the chloromethyl anion, "ClCHT, reacts with 
ammonia via a two-step mechanism: (i) in the first step 
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the intermediate complex [35ClCH3* . * N H r ]  * is 
formed by endothermic proton transfer (PT) from 
ammonia to "CICHT; (ii) in the second step, the amide 
NH? effects an SN2 substitution under expulsion of the 
35Cl- [equation (2); R=H] . Support for this 
mechanism comes from the observation that the 
addition of a more acidic amine RzNH leads to an 
increase in the excess of "Cl-. Similar results were 
obtained for 79BrCHi in an atmosphere of 
bromomethane and an amine. 


"CICH? + RzNH [ "ClCH? * * .RzNH] * % 


[35C1CH3.. *RzN-] * + 35C1- + CH3NRz (2) 
The purpose of this work was a quantitative elucida- 


tion of the different mechanisms which contribute to 
the above-mentioned formation of the halide anion 
isotope cluster in a combined FT-ICR mass spectrome- 
tric and density-functional theoretical (DFT) approach. 
To this end, several a priori conceivable mechanisms 
are discussed and a relationship is presented which 
expresses the isotope intensity ratio Z(AX-)/ Z(BX-) as 
a function of the pressure ratio p(NHg)/p(CHsX). This 
relationship serves a the guide for the mass spectrome- 
tric experiments and for the interpretation of their 
results. 


In addition to the eludication and quantification of 
the mechanisms active in the chloride or bromide anion 
formation, the nature of these mechanisms was investi- 
gated by theoretical calculations, using a high-level 
density-functional (DF) method as implemented in the 
Amsterdam DF program system. 7-12 One question 
which will be addressed concerns the character of the 
P T / S N ~  reaction: does a stable intermediate 
[35ClCH3-. .RzN-] * exist as postulated in equation 
(2)? This might not be the caseI3 for a proton transfer 
which is endothermic by 7 .6  kcal mol-' 
(1 kcal= 4-184  kJ).I4 Further, an explanation is pre- 
sented for the observation that a thermoneutral PT in 
the reactant complex [35C1CHF -CH3CI] * cannot 
compete with the S N ~  process, For economic reasons 
the theoretical investigations do not include the 
bromine-containing systems. 


EXPERIMENTAL 


The experiments were performed with a laboratory- 
constructed Fourier transform ion cyclotron resonance 
(FT-ICR) mass spectrometer equipped with a 1.2 T 
electromagnet and a cubic inch cell. Is The segmented 
Fourier transform (SEFT) procedureI6 was employed in 
all cases to obtain absolute peak intensities with an 
accuracy of better than 5 % .  General operating and 
experimental procedures have been described 
previously. 


The temperature in the cell was cu 333 K as measured 
by a thermocouple on the trapping plate opposite the 
filament. The total pressure in the different experiments 


was kept between and Pa with a background 
pressure lower than 5 x lo-' Pa. The pressures were 
measured with an ionization gauge manometer placed 
in a side-arm of the main pumping line. The ionization 
gauge manometer was calibrated for methane by fitting 
our rate constant for the reaction 
CH:' + CH4 --t CHf + CH; to the average literature 
value of (1.11 ? 0.04) x cm3molecule-' s-'. 
Absolute pressures were obtained by correction for the 
relative sensitivities R, of the ionization gauge 
manometer for gases x ,  using the relationship 
R, = 0-36a + 0.30 of Bartmess and< Georgiadis" and 
polarizabilities a from Miller. l9 


NH 2 was generated via dissociative resonant capture 
of electrons with a kinetic energy of 5 eV by ammonia. 
The halomethyl anions were formed through proton 
abstraction from the corresponding halomethane by 
N H t .  All the chemicals used were commercially 
available. 


THEORETICAL 


General 
The MOs were expanded in a large set of Slater-type 
orbitals (STOs). The basis is of double-{ quality (two 
STOs per nl shell). A polarization function was added 
on each atom: 2p on H ,  3d on C, N, and C1. Geometries 
were optimized with the simple Xa exchange- 
correlation potential7 using gradient techniques. '' C, 
point group symmetry was assumed for the ion-mole- 
cule complexes. The energy data reported for stable 
structures (energy minima) were obtained in the 
optimum geometry with more sophisticated density- 
functionals (DF) for exchange and correlation. 
Exchange is described with Slater's P' '~  potential (Xa 
with a = 2/3), with a non-local correction due to Becke 
and co-workers. 21-23 According to the suggestion by 
Stoll et al.,'4 only correlation between electrons of 
different spin is introduced, for which electron gas data 
(in the Vo~ko-WiIk-Nusair~~ parametrization) are 
used. 


Accuracy of DF interaction energies 


Table 1 compares our DFT results for the cluster ener- 
gies (AEctUst) and enthalpies (AHc~usl) of a number of 
small anion-molecule complexes with the results 
obtained by other theoretical and experimental 
methods. The DFT cluster energies, AEcluSt, are in good 
agreement with the results obtained by conventional ab 
initio calculations. For the H2O. * .OH- and 
CH4. - .CHT systems, incorporation of correlation into 
the conventional ub initio calculation leads to a 
strengthening of the anion-molecule interaction and to 
a better agreement with the DFT values. The DFT 
cluster enthalpies, AHc~usl,  also compare well with those 
obtained experimentally. Deviations are of the order of 
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Table 1 .  Comparison of the cluster energies (AEclust) and enthalpies ( A ~ & I ~ ~ ~ )  (kcal mol-') of a number 
of small anion-molecule complexes as obtained by several theoretical and experimental methods 


AEclust AHc1ust(298 K) 


System DFT a Other calculation D F T ~ . ~  Experiment 


CIH.. .C1- -25.0' -22.3' -22.5 -23 .9  f 2' 
FH . . .F-  - 48. 3c.d -43.4e -45 .8  - 38.7 f 2k 
HzO.. 'OH- - 35.0 -23.1,' -28.0g - 28.5 - 2 3 . 9 ?  2,' - 3 5 . 6 k  6.9m 
NH3. . .NHT - 17.6 - - 1 1 . 1  - 12" 
CH4.. .CHI  - 6.1 -1.40,h -2.35' - 0 . 2  - 


a This work; energy calculated with sophisticated density-functionals2'-ZS in Xa geometry,' double-l STO basis with one 
polarization function on each atom (see text). 
'AHcluSt (T)  = AEclUst + AZPE+ (SI2)RT; the difference in zero-point vibrational energies between the cluster and the sep- 
arated fragments, A P E ,  is estimated from the literature: " for CIH.. .CI- and F H . .  . F -  AZPE = 1 kcal mol-', for the 
other systems AZPE = 5 kcal mol-'. 
Xa geometry optimization yields a D-h symmetric 'proton-bound' halide dimer structure. 
triple-r STO basis with two polarization functions on each atom: 3d and 4f on F and 2p and 3d on H. 


'Minato and Yamabe,39 HF with double-f plus polarization basis. 
'Roos ef HF with [541/31] basis. 
ERoos ef ol.," CI with [541/31] basis. 


Latajka and S~heiner , '~  HF with 6-31G** + p(C) basis [fp(H) = 0.151. 
'Latajka and S~heiner , '~  MP3 with 6-31G** + p(C) basis [.tp(H) =0.15] .  
' Caldwell and Kebarle. 35 
Ir Larson and M ~ M a h o n . ' ~  
' Payzant et a/. " 


DePaz et a/. '' 
"Lias et a/. '' 


5 kcal mol-'. The largest deviation is found for 
FH. .  * F - ,  where the DFT value (-45.8 kcal mol-') is 
7.1 kcal mol-' more bonding than the experimental 
value36 of - 38.7 2 2 kcal mol-'. The cluster energy 
and enthalpy of the fluorine containing anion-molecule 
complex appear to depend very critically on the quality 
of the basis set. Therefore, the DFT calculation was 
performed with an extra large triple-{ basis augmented 
with two polarization functions on each atom (3d and 
4f on F, 2p and 3d on H). The difference of 
7.1 kcal mol-' between the DFT and experimental 
AHclus, might be further reduced if a quadruple-!: basis 
is employed. 


Summarizing, we conclude that with the DF 
approach interaction energies in anion-molecule com- 
plexes are described to an accuracy in the order of 
5 kcal mol-', in agreement with previous experience on 
systems involving main group elements and/or 
m e t a ~ s . ~ ' . ' ~ - ~ ~  


Determination of reaction paths 


Reaction paths are determined by elongating the bond 
to be broken in steps of 10 pm (see Theoretical results). 
After each step the geometry is allowed to relax; how- 
ever, the length of the elongated bond is kept fixed. The 
reaction paths and activation energies are calculated 
using the X a  exchange-correlation potential. 


In a study on the cyanide-isocyanide isomerization 
of HCN and CH3CN and the E-2 isomerization of 


NzHz, Fan and ZieglerZ9 showed that with this level of 
density functional theory (DFT) activation energies are 
obtained which overestimate the barrier by about 
5 kcal mol-'. Conventional ab initio methods which 
take electron correlation into account to some extent 
(e.g. Hartree-Fock + many-body perturbation theory 
(HF + MBPT)) afford barriers that are 5-10 kcal mol-' 
higher than the DFT values.29 We have obtained similar 
results for the activation energy for proton transfer in 
CH4-* .CH<,  a system that closely resembles the 
anion-molecule complexes of present interest. The Xa 
exchange-correlation potential arrives at a barrier of 
3-97 kcval mol-', while with the more sophisticated 
density-functionals (see above) the calculated barrier 
amounts to 9-59 kcal mol-'. The latter is only about 
3 kcal mol-' lower than the best MP3 value of 
12-86 kcal mol-' obtained by Latajka and S ~ h e i n e r ~ ~  
with a 6-31G**+p(C) basis set (at the HF level 
Latajka and Scheiner obtained a barrier of 
21.98 kcal mol-1). 


SELECTION OF POSSIBLE REACTION 
MECHANISMS 


In this section, several a priori conceivable mechanisms 
which can lead to the observed formation of the 
X- isotope cluster in the reaction system 
AXCHF + CH3X + NH3 are presented. It will be dis- 
cussed which of them is in principle suitable to be taken 
into account when an expression is derived which 
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relates the intensity ratio I(AX-)/Z(BX-) to the 
pressure ratio p(CH3X)/p(NH3), and which serves as 
an instrument for the mechanistic investigation. From 
the fact that no BXCHF ions are formed when *XCHT 
is isolated and allowed to react in an atmosphere of 
CH3X and NH3, it is concluded that no measurable 
thermoneutral proton transfer (PT) occurs in the reac- 
tant complex [AXCHg .CHFX] *. This point is 
explained in more detail under Discussion. 


Conceptually the most simple process which results in 
the formation of the excess of AX- is the bimolecularly 
induced dissociation of the selected halomethyl anion 
into methylene and the specific isotopomer of the halide 
anions [equation (3)]. However, on the basis of ener- 
getic considerations, this second step of an a-Elcb elim- 
ination can be excluded, as the reaction enthalpy is 
endothermic by 27.9 and 24.1 kcal mol-' for ClCHT 
and BrCHT, respectively (Table 2). 


A~~~~ a-Eliminauon, CH2 + A ~ .  
(3) 


The next obvious reaction channel is the direct sN2 
substitution of the halomethyl anion on the 
halomethane [reaction (4a)l. This mechanism leads to 
the production of the halide anion isotopomers in the 
proportion of their natural abundance [I( "CI-)/ 
I(37Cl-) = 3.13, Z(79Br-)/I(*1Br-) = 1.031 . 6  Thermo- 
dynamically, this direct S N ~  substitution is very favour- 
able as it is exothermic by -72.3 and 
-74.7 kcal mo1-I for X=Cl and Br, respectively 
(Table 2). 


Another conceivable mechanism is the proton 
transfer-initiated nucleophilic substitution ( P T / S N ~ )  
mechanism of the halomethyl anion and ammonia [re- 
action (4c)l. This PT/SN2 reaction has first to overcome 
the phase of endothermic proton transfer, but the 
overall reaction enthalpy is exothermic by -59.6 and 
-63.4 kcal mol-' for X=Cl and Br, respectively 
(Table 2). The PT/&2 process produces pure AX- and 
thus, overall, leads to an excess of the AX- isotopomer. 
The amount with which this process contributes to 
Z(AX-)/Z( BX-) depends linearly on the pressure ratio 
p(NH3)/p(CH3X). Dissociation of the intermediate 
structure XCH3. .NHF is thermodynamically inac- 


Table 2. Overall enthalpies of reaction, AH, (kcal mol-I), for 
some gas-phase processes of the reaction systems 


XCH; + CH3X + NH,(C = C1, Br)a 


Equation Process AH,(X = C1) AHdX = Br) 


3 a-Elimination 27 .9  24.1 


4b S N ~ / E ~  - 5 5 . 1  ~ 56 .3  


5 s N 2 / s N 2  - 1 2 . 3  - 7 4 . 1  


4a Direct S N ~  -72.3 - 74.7 


4c P T / S N ~  - 59.6 -63 .4  


"Calculated from heats of formation given in Ref. 14. 


cessible [ H r ( X C H T  + NH3 -* XCH3 + NHF) = 7.6 
and 10-9 kcal mol-' for X=Cl and Br, respectively]. l4 


The above-mentioned bimolecular processes [re- 
actions (4a) and (4c) proceed via dissociation of th: 
product ion-molecule complexes [AXCH2CH3. - . X-] 
and [CHSNH~.  . . AX-] *, respectively. While the latter 
can only dissociate, in the former a secondary E 2  elim- 
ination could take place in which the halide X- acts as 
a base and abstracts a @-proton from the haloethane 
entity with expulsion of the leaving group AX- [re- 
action (4b)l. Although this 1,2-elimination step is 
endothermic (by about 20 kcal mol-' for X=C139), it 
can proceed as it is fuelled by the high exothermicity 
(Table 2) of the foregoing SN2 step. This can be seen 
clearly in Figure 1, where the energetics of the reactions 
between the chloromethyl anion and chloromethane are 
displayed. The overall S N ~ / E ~  process is exothermic by 
-55.1 and -56.3 kcal mol-' for X=Cl and Br, 
respectively (Table 2). 


AXCH2- + CH,X - I  AXCHP-CH3X I* - sN2 


k l  (4a) T AXCH2Cb13 + x- 


[AX---CH,NH, _t CH3NH2 + AX I *  k3 (4c) 


As the ion-molecule complex [AXCH2CH3* - ax-] * 
is highly (rovibrationally) excited, entropic factors are 
expected to play an important role in determining the 
competition between secondary processes that take 
place from this complex. Therefore, it is expected that 
the dissociation of this complex to haloethane and 
halide [reaction (4a)l dominates over the secondary E2  
reaction not only owing to the more favourable ener- 
getics of the former process, but also because of its 
looser transition-state structure. Further, the formation 
of the [*X. * H .  .XI - clusters is not observed, i.e. there 
is no indication that the entropically less favourable but 
20 kcal mol- ' more ex other mi^'^ 1,2-elimination 
leading to the solvated leaving group takes place. 
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Figure I .  Schematic energy (kcal mol-') diagram for the thermoneutral proton transfer (PT), the direct s N 2  substitution and the 
SN2/E2 process of ClCH2 and CHsC1. The enthalpies of the separated reactants and products, and enthalpy differences with a label 
a were taken from Lias ef al. l4 The energy differences with a label b stem from our own calculations (see Table 4). The energy 


differences with a label c were taken from Minato and Yamabe3' 


Analogous considerations lead to the exclusion of 
another conceivable secondary reaction occurring in the 
(rovibrationally) excited' [AXCH2CH3* * ex-] * 
complex, namely the secondary s N 2  substitution of X- 
on the haloethane [reaction (5)], 


[CHjCHfX-. *X-] * sNz > [CH,CH2X*. . AX-]  * 
( 5 )  


The overall exothermicity of this s N 2 / s N 2  reaction is 
the same as for the direct s N 2  substitution (Table 2). In 
principle, this process could also make a contribution to 
the excess of the AX- isotopomer which is experimen- 
tally indistinguishable from the S N ~ / E ~  contribution 
[reaction (4b)] . However, although the activation 
energy for the secondary s N 2  substitution 
(14.6 kcal mol-') is 22.7 kcal mol-' lower than that of 
the E2 elimination (37.3 kcal mol-'),39 the latter 
reaction might be favoured in the highly (rovibra- 
tonally) excited [AXCH2CH3- * .X-] * ion-molecule 
complex owing to the higher density of states in the 
'loose' E2 transition state.40 This assumption is 
confirmed by studies of our on multi-step gas- 
phase reactions, in which an intermediate ion-molecule 
complex occurred that contained both s N 2  and E 2  reac- 
tive sites. In all cases the secondary E2 reactions 
strongly prevail. The facility of E2 elimination com- 
pared with s N 2  substitution has also been noted in other 
systems. l 5  Finally, also the spatial orientation of the 


C1- in the s N 2  product complex [AXCH~CH3- . ex-] * 
is in favour of a subsequent E2 reaction. The chloride 
anion is very close to the CH3 group of the 
chloroethane and far away from the proper spatial 
orientation for a 'back-side' attack on the chlorine 
leaving group which would be necessary for a second 
s N 2  step. 


Summarizing, it is concluded that the three processes 
in equation (4), i.e. direct s N 2 ,  S N ~ / E ~  and PT/SN2, 
can be expected to contribute to the formation of the 
observed product isotope cluster of halide anions X- in 
the reaction system AXCHF + CH3X + NH3. On 
the basis of these possible reactions, equations (6) 
(AX=35Cl) and (7) (AX=79Br) can be derived in which 
the isotope intensity ratio I(AX-)/I(BX-) is related to 
the pressure ratio p(NH3)/p(CH,X). 


As can be seen, the relative magnitude of the overall 
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rate constants kl, k2 and k3 [reactions (4a), (4b) and 
(4c), respectively] can be obtained from the slope and 
the intercept of equations (6)  and (7). These can be 
obtained experimentally by measuring Z(AX-)/Z( BX-)  
as a function of p(NH3)/p(CH3X). Finally, one arrives 
at absolute values for kl to k3 by determining the total 
rate constant with which the reactant carbanion 
AXCHF is transformed to products. 


In the case of the chlorine-containing reaction 
system, the complementary experiment was also carried 
out with 37CICHy as the reactant carbanion isoto- 
pomer (*X= "Cl). For this system, equation (8) holds. 


RESULTS 


Experimental results 


In Table 3,  the experimentally obtained rate constants 
kl,k2 and k3 are presented. For the reaction system 
ClCHt + CH3Clf NH3 these constants are 
6 .5  x lo-", 2.0 x lo-" and 0.78 x lo-'' cm3 
molecule- I s -  I ,  respectively. For the reaction system 
BrCHt + CH3Br + NH3, kl, k2 and k3 are 7 . 9  x lo-'', 
1 . 3  x lo-'' and 0.32 x lo-'' cm3 molecule-' s- ' ,  
respectively. 


The relative rate constant values (k2/kl and k3/kl) for 
the reaction system ClCHr + CH3C1+ NH3 stem from 
three independent experiments with the isotopomer 
35CICHF as the reactant carbanion [AX= 35Cl; 
equation (6)] and two complementary -experiments with 
37ClCHF [AX= "CI; equation (S)] . Figure 2 shows the 
I (  35C1- ) / I (  37C1-) versus p(NH,)/p(CH3CI) graph 
obtained from the combined 21 data points of the three 
experiments with 35C1CHF together with the 
Z(79Br-)/I(81Br-) versus p(NH3)/p(CH3Br) graph 


30 I 


0 J 
20 


I Ax=35Y I 
0 10 20 30 40 


P(NHJP(CH 3x1 


Figure 2. Intensity ratio 1(3sC1-)/1(37C1-) as a function of 
the pressure ratio p(NH3)/p(CH3CI) for the reaction system 
35CICHT + CH3CI + NH3 (21 data points, three independent 
series of measurements) and the intensity ratio 
1(79Br-) /1(81Br-)  as a function of the pressure ratio 
p(NH3)/p(CH3Br) for the reaction system 
79BrCHT + CH3Br + NH3 (six data points, one independent 


series of measurements) 


obtained from the six data points of the experiment 
with 79BrCHt (see below). The error given as a percen- 
tage of the ratios k2/k1 (45%) and k3/kl (18%) rep- 
resents the standard deviation over the five independent 
experiments. The absolute rate constant values were 
obtained from five separate determinations of the 
overall rate constant with which 35C1CHF is 
transformed to products and using kz/kl and k3/k1. The 
associated standard deviation is 10%. 


The relative rate constant values (kz/kl and k3/k1) for 
the reaction system BrCHF + CH3Br + NHs stem from 
one experiment with the isotopomer 79BrCHt as the 
reactant carbanion [*X= 79Br; equation (7); see Figure 
2). The error given as a percentage of the ratios kz/kl 
and k3/kl is taken from the five independent exper- 
iments for X=CI. The absolute rate constant values 
were obtained from three separate determinations of 


Table 3. Absolute and relative overall constants k, ,  kz and k3 (lo-'' cm3 molecule-' s - ' )  determined for 
reactions (4a), (4b) and (4c), respectively, of the reaction systems XCHT + CH3X + NH3 (X = CI, Br) 


k, (X= CI) k,(X= Br) 


Equation Process Absolute" Relativeb Absolute' Relatived 


4a Direct S N ~  kl 6.5 5 0.6 1.0 7 . 9 5  1.7 1.0 
4b SNZ/EZ k2 2 . 0 f 0 . 2  0.34 5 0.14 1.3 5 0 . 3  0.16 2 0.07 
4c P T / S N ~  k3 0.78 2 0.08 0.12 2 0.02 0.32 5 0.07 0.04 2 0.01 


The indicated experimental error corresponds to the standard deviation of  
a 10% over five determinations of the overall rate constant. 
b45% [equation (4b)l and 18% [equation (4c)l over five experiments. 
'21% over three determinations of the overall rate constant. 
d45% [equation (4b)l and 18% [equation (4c)l taken from the five experiments for the chlorine-containing reaction systems 
( X  = Cl). See also the section on the experimental results. 
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the overall rate constant with which 79BrCHF is fragment in [CICHF---NH3]* and the CH3CI frag- 
transformed to products and using kz/kl and k3/kl. The ment in [CICHF. . -CH3CI] *, have acquired a charge 
associated standard deviation is 21 070. of about -0.2 electrons (Table 4). The population of 


the anti-bonding &H and &-H MOs is also revealed 


Theoretical results 


The theoretical results for the chlorine-containing 
reaction systems are presented in Tables 4 (energies, 
charges) and 5 (populations), and in Figures 3 (struc- 
tures) and 4 (reaction profile for the PT/&i? reaction 
taking place from [CICHT * .NH3] *). In Table 4 rela- 
tive energies, AE,], and cluster energies, AEclUst, are 
collected. The two reactant anion-molecule complexes 
[CICHF * -CH3CI] * and [CICHT * .  -NH3] * appear to 
have comparable cluster energies of - 10.84 and 
- 10.15 kcal mol-', respectively. From a bonding 
energy analysis3' it appears that the bonding interac- 
tions (electrostatic and orbital interaction) are provided 
for more than 45% by the orbital interaction. This 
orbital interaction is mainly attributed to the charge 
transfer from the lone-pair orbital of the carbanion to 
the o e - ~  or &-H MO of the neutral. From Table 5 it 
appears that in [CICHT.. .NH3] * the &-H of NH3 is 
populated by 0.19 electrons. Overall both the NH3 


by the elongation of the corresponding bonds by 
5 . 1  pm to d(C-H)1=115.5pm and by 7 .5pm to 
d(N-H) = 110.8 pm in CH3CI and NH3, respectively 
(Figure 3), with respect to the isolated fragments. 
Therefore, it is concluded that the cluster energy for the 
anion-molecule complexes is provided to a consider- 
able extent by hydrogen bond formation. 


In Figure 4 the Xa energy profile for the P T / S N ~  
reaction which takes place from the [CICHT . . "H3] 
reactant ion-molecule complex is depicted. This energy 
profile is obtained by elongation in steps of 10 pm of 
the N-H bond which participates in the hydrogen 
bond and which serves as the reaction coordinate; for 
every step the X a  energy is calculated after the 
geometry of the complete system, except for the fixed 
N-H bond, has been allowed to relax. The graphic 
representation in Figure 4 starts with the equilibrium 
value of 110.8 pm for d(N-H) in the reactant 
anion-molecule complex. When d(N-H) is increased, 
the (relative) energy AE,,I rises. Around 


Table 4. Calculated relative energies, AE,.I, and cluster energies (energy change when the 
weakly bound (. . .) fragments are brought together), AE,I,,,, (kcal mo1-I) and fragment 


charges, Q (fragment), (electrons) for selected chlorine-containing reaction systemsa 


System A E , , ~ ~  AECIW' Q(A-)d Q(M)d 


Chloromethane clusters: 
[CICHF...CH3CI]* 0.00 - 10.84 -0.80 -0.20 


- - - [CICH? . - -H ' .  . . -CHzCI] ' 2,08 
Ammonia clusters: 


[ClCH?. . .NH3] * 0.00 - 10.15 -0.79 -0.21 
[CICH,. . .NHil&tie 4.31 - -0.65 -0.35 


-0.74 -0.26 
[CH~NHZ. .  .C1-] -56.01' -6.39 -0.84 -0-16 
[CICH,...NHF]: 1.24 - 


"See Figure 3 for structures. 


' Calculated with more sophisticated density-functionals" -" (see text). 
dQ(A-):  charge of anionic fragment, Q(M): charge of molecular fragment. 
'Calculated for the most stable conformation of [CH~NHZ.  . .CI-] * with the sophisticated density- 
functionakz'-z5 (see text). 


Calculated with Xa exchange-correlation potential.' 


Table 5 .  Calculated Mulliken MO populations, P(MO), (electrons) for selected chlorine-containing 
reaction systems on the reaction coordinate of the P T / S N ~  process which takes place from the reactant 


anion-molecule complex [CICHF . * 9 NHJ] * a  


[CICH? . . .NHs] 1.78 0.19 
[CICH3. . 'NHlIlabile 1.76 1.88 0.14 0.14 
[CICHI.. .NHT] * 1.78 1.96 0.16 0.05 


aSee Figure 3 for structures. 
bNitrogen lone pair (NH; HOMO); points to the C-CI axis at the 'back-side' of the C-CI bond 
'Nitrogen lone pair (NHF HOMO-1); points to the hydrogen of the C-H bond. 
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[ CICH2--CH3CI]* 


182.9 f' 


Initial S N ~  product cluster Most stable conformation 


[CH3NHz--CI-l* (5) [CH3NHz*.*CI-]* 
SN2 


Figure 3 .  Calculated structure for selected species with C = C1. Bond lengths (pm) are represented in bold italic and bond angles 
in italic type 


d(N-H) = 160pm the slope of AE,,] has a local 
minimum. At this point the distance d(C-H) is 
125.6pm and the proton can be conceived to be 
abstracted from ammonia and transferred to the 
chloromethyl anion. This means that the system now 
has to be considered as an anion-molecule complex of 
chloromethane and amide, [CICH3. . -NH;] *, with an 
energy of +4*31 kcal mol-' above that of the original 
reactant complex. However, no energy barrier has been 
encountered upon formation of this intermediate com- 
plex, i.e. [CICH3. . *NHF] * is a labile structure without 
a barrier towards the reformation of the original reac- 
tant complex and will therefore be denoted as 
' [CICH3* * *NHF]Lile'. However, it is emphasized that 
there is an entropic bottleneck. This is revealed by the 


behaviour of the total distance 
d(C-N) = d(C-H) + d(N-H) which is also repre- 
sented in Figure4. In [CICHF..*NH3]* and 
[CICH3-. .NH2]cbfi,, d(C-N) is 298.6 and 
285.6 pm, respectively. During the proton transfer 
from nitrogen to carbon, d(C-N) contracts. On the 
reaction path, between the reactant and the inter- 
mediate complex [d(N-H) = 140 pm] , one arrives at a 
minimum for d(C-N) of 279.8 pm. This can be con- 
ceived as a tight transition structure that corresponds to 
a situation with a low density of states, i.e. the just- 
mentioned entropic bottleneck. 


The bond between the amide anion and the 
chloromethane fragment in [CICH3-. -NHF] ;bile is, to 
a considerable extent, due to the hydrogen bond 
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8 ,  -340 


-501 
5 


I I 
I . I . I ' I ' 1 . I . I . I  


100 120 140 160 180 200 220 240 
d(N-H) (pm) 


Figure 4. Calculated reaction profile for +the P T / S N ~  reaction 
which takes place from [CICH? - * NHs] . In the diagram the 
relative energy AE,I (kcal mol-') of the system ( 0 )  and the 
distance d(C-N) = d(C-H) + d(N-H) (pm) (0) are dis- 
played as functions of the reaction coordinate d(N-H) (pm). 
The locations of :he following structures are indicated: (1 )  
[CICHT. . .NH3] ; (2) the tight transition structure of the PT 
phase; (3) [CICHI- . labile; (4) [CICH3. . .NHT] '; and 
(5) the initial S N ~  product cluster [CHsNHz. . oC1-1 E.2 (see 


Figure 3 for structures) 


between one lone pair (LP2) of NH2 and the u&" of 
CH3C1, which as a result is populated by 0.14 electrons. 
Simultaneously, however, the second lone pair (LP1) of 
NH i already exhibits a considerable charge-transfer 
interaction with the antibondi5g UE-CI of CH3C1, 
resulting in a population of P(UC-CI) = 0.14 electrons 
(Table 5 ) .  The corresponding bond length, d(C-Cl), 
has been expanded by 5.6 pm with respect to isolated 
chloromethane [d(C-Cl) = 176.3 pm] to 181.9 pm. 


On further elongation of d(N-H), the energy still 
rises at about 210 pm the transition state (TS) of the 
PT/&2 reaction, [CICH,. * .NHT] ', is reached, 
having an activation energy of 7.24 kcal mol-' with 
respect to the reactant anion-molecule complex 
(Table 4). Simultaneously, the overall charge transfer 
from NHT to CH3CI decreases from 0.35 electrons in 
the labile intermediate structure, [ClCH3* * -NH2] ;bile, 
to 0-26 electrons in the TS (Table 4). From an analysis 
it follows that this mainly results from the breaking of 
the hydrogen bond between the amide anion and 
chloromethane. This is also exhibited by the consider- 
able decrease in the populat$n of UE-H from 0.14 
electrons in [CH3Cl. * "HT]~,bil~ to 0.05 electrons in 
[CH3Cl. * - N H t ]  '. During the elongation of the bond 
length d(N-H), the bond angle L (CHF) gradually 
decreases from 17,5O in [ClCH2*-.NH3] via 170" in 
[CICH3...NH2]labile to 153" in the TS 
[CH3Cl- . - N H t ]  '. This bending displays the begin- 
ning of the nucleophilic attack of the NH2 HOMO lone 
pair (LP1) on the antibonding &-CI of CH3Cl. How- 
ever, whereas in [ClCH,. * *NHT] ' the hydrogen 
bond is considerably weakened, the charge transfer to 


the antibonding UE-CI  of chloromethane, i.e. the 
nucleophilic attack, is only slightly increased to 0.16 
electrons. Also, d(C-Cl) is only slightly increased to 
182.9 pm in the TS. It is interesting that already in 
[ClCHs- ..NH2] the staggered conformation of the 
aminomethane fragment in the final product 
anion-molecule complex [CH~NHZ.  * -C1-] * can be 
perceived (Figure 3). In this situation the second lone 
pair (LP2) points away from the chloromethane frag- 
ment and is involved only to a minor extent in charge- 
transfer interactions to CH3Cl [P(LP2) = 1 *96 
electrons]. 


When proceeding from [ClCHs. * - N H I ]  #,  the 
N-H bond is increased by a further 10pm to 
d(N-H) = 220 pm, the transition state is passed and 
the nucleophilic substitution of NH2 on CH3Cl pro- 
ceeds without any further barrier towards the initial 
product anion-molecule complex, indicated as 
[CH3NH2...C1-]fN2 (Figure 3). At this point it is 
emphasized ,that the sharp decrease in AE,el when the 
TS is passed (Figure4) is the result of the choice of 
d(N-H) as the reaction coordinate throughout the 
energy profile. If, for example, d(C-N) were to have 
been employed as the reaction coordinate, a smaller 
decrease in AEreI when going from the TS to the initial 
product anion-molecule complex would have resulted. 
In [CH3NH2* * vC1-1 ZN2, aminomethane and the 
chloride anion are weakly bound by a cluster energy of 
- 1.96 kcal mol-I. However, in the most stable confor- 
mation, [CH~NHZ- * .Cl-] * (Figure 3), the cluster 
energy is -6.39 kcalmol-' (Table 4). In 
[CH~NHZ * . .C1-] *, the orbital interaction between the 
anion and the neutral species only provides 36% of the 
bonding interactions (electrostatic and orbital interac- 
tion). Further, in [CH~NHZ. . .Cl-] only 0.16 electrons 
have been transferred from the anion to the neutral 
species, whereas in [ClCHT * .  .NH3] * this value is 0-21 
electrons (Table 4). Therefore, it is concluded that 
hydrogen bonding in [CH~NHZ. + -Cl-] * is clearly less 
important than in the reactant complex 
[ClCHT - * .NH3] *. This result parallels the conclusion 
of Larson and McMahon41 that electrostatic effects are 
far more pronounced in anion-molecule complexes 
with C1- than in anion-molecule complexes with F - .  
Overall, the transformation of the reactant complex 
[CICHT * * .NH3] * to the product complex 
[CH~NHZ. - -C1-] * is calculated to be exothermic by 
- 56.01 kcal mol-' (Table 4). 


Finally, the reaction path for the thermoneutral 
proton transfer from chloromethane to the 
chloromethyl anion in the reactant anion-molecule 
complex [ClCHi * * *CH3Cl] * is considered. In the 
reactant complex the bond length d(C--H)' of the 
C-H bond in the chloromethane fragment which par- 
ticipates in the hydrogen bond is 115.5 pm, whereas the 
hydrogen bond length d(C-H)r between the same H 
atom and the carbon of the chloromethyl anion is 
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207.9pm. The C-H-C hydrogen bond is slightly 
bent, having an angle of 168". 


When d(C-H)' is enlarged, the energy of the system 
increases until the TS for PT, [ClCHZ.*H+- .  
-CH2C1] ', is reached at 2.08 kcal mol-' above the 
reactant complex. Going from the reactant complex to 
the TS, the hydrogen bond becomes linear, and the dis- 
tance d(C--C)=d(C-H)' + d(C--H)z contracts from 
323.4 to 290.6 pm. In [CICH~-.H+..CH2CI] '  the 
proton which is to be transferred is located symmetri- 
cally between the carbon atoms of both chloromethyl 
anion fragments [d(C-H)' = d(C-H)2 = 145.3 pml. 
The considerable contraction (32.8 pm) of d(C-C) 
indicates that [ClCHT * . H +  * . -CHzCl] # represents 
not only an energetic barrier but also a tight transition 
structure with a low density of states, i.e. an entropic 
bottleneck. 


For economic reasons, the reaction path for the sN2 
substitution of the chloromethy*l anion on 
chloromethane in [CICHT.. .CH3CI] has not been 
fully explored. However, when ClCHT is placed on the 
C3, axis of CH3CI at the 'back-side' of the C-CI 
bond, it appears that the nucleophilic substitution pro- 
ceeds without a barrier, analogously to the situation for 
the sN2 reaction of NHT on CH3Cl. The origin of the 
barrier for the sN2 process in [CICHZ-**CH3CI]* is 
therefore ascribed to the breaking of the hydrogen bond 
in order to bring the nucleophile to the right position 
for the 'back-side' attack on the C-Cl bond in the 
substrate. As an estimate for this energy barrier one can 
take the energy difference of 2.93 kcal mol-' between 
[CICH3-..NHT]&,ile and [CICH3.-.NHT] #. 


DISCUSSION 


The FT-ICR experiments on the two reaction systems 
AXCHT +CH3X+NH3, with X=C1 or Br have 
revealed that three reaction mechanisms are active 
(Table 3). (i) Clearly, the dominating process is the 
direct sN2 substitution of the halomethyl anion on 
halomethane in the reactant anion-molecule complex 
[XCHT . -CH3X] * [Reaction (4a)], which has an 
overall rate constant kl of 6 . 5 ~  lo-'' and 
7.9 x lo-'' cm3 molecule-' s- '  for X = C1 and Br, 
respectively. (ii) The second process is the S N ~ / E ~  
reaction, starting from the same reactant complex [re- 
action (4b)], and having an overall rate constant kz of 
2.0 x lo-'' and 1.3 x lo-" cm3 molecule-' s- '  for 
X=CI and Br, respectively, (iii) The third process, the 
P T / S N ~  reaction which takes place from the reactant 
anion-molecule complex [XCHS. - *NH3] * [reaction 
(4c)], is in both reaction systems considerably slower 
than the two other reactions, having a rate constant k3 
of 0.78 x lo-'' and 0.32 x lo-'' cm3 molecule-' s - '  
for X=Cl and Br, respectively. 


In fact, the direct sN2 [reaction (4a)l and S N ~ / E ~  
process [reaction (4b)j proceeds via a common first 


reaction step, the nucleophilic substitution. Within the 
steady-state approximation it can be derived that the 
rate constant k,,, associated with this elementary 
reaction is simply given by the sum of the two overall 
rate constants, i.e. k,,, = k~ + k2. For X=CI and Br, 
k,,, amounts to 8 - 5  x lo-'' and 9.2 x lo-'' cm3 mol- 
ecule- ' s- ' , respectively. The corresponding average 
dipole orientation (ADO) reaction e f f i~ ienc ies~ ' -~~ 
( k n u c / k , ~ ~ )  are 0.51 and 0.74, respectively. (Atomic 
masses and dipole moments [PD(CH~CI) = 1.87 D, 
p~(cH3Br)  = 1 a 8 1  D] used for the ADO calculations 
were taken from Ref. 6. Polarizabilities 
[a(CH3CI) = 4.56 A ', a(CH3Br) = 5.61 A 3] used for 
the ADO calculations were taken from Ref. 19.) Thus, 
the sN2 step proceeds slightly more efficiently for the 
bromine-containing reaction system, in line with the 
slightly more favourable thermodynamics (Table 2) and 
the better leaving group ability of Br compared with C1. 


The ratio kz/kl displays the efficiency with which the 
secondary E2 reaction takes place from the sN2 product 
complex, [XCHZCH~.  . ax- ]  *, [equation (4b)l com- 
petes with the simple dissociation which determines the 
direct sN2 process [equation (4a)l. From Table 3,  it 
appears that this efficiency is significantly higher for 
X = C1 (k2/kl = 0.34) than for X = Br (kz/kl= 0.16). 
The higher efficiemy of the secondary E 2  reaction in 
[XCHZCH~ . ex-] for the chlorine-containing 
reaction system can be ascribed to the combined effects 
of C1- being a better elimination base than Br- and 
[CICH2CH3* . .Cl-]* being a more strongly bound 


(AH,I,,~ = - 14.5 kcal mol-') than cluster 
[BrCH2CH3.-.Br-]* (AHclust = - 11.6 kcal mol-'). '4 


Next, the question is addressed why the (inherently) 
thermoneutral PT from CH3X to AXCHT [equation 
(Ib) for X=Cl] is not observed, as follows from the 
absence of BXCHT in the FT-ICR product anion 
spectra. In principle, the absence of BXCHF could also 
be explained by an alternative mechanistic model. (a) 
PT in [AXCHT...CHfX]* does occur and results in 
the formation of the metastable intermediate product 
complex IAXCH3- * . -CH?X] *; (b) subsequently, from 
this intermediate complex only direct $ 4 2  and SN~/EZ 
reactions proceed, i.e. dissociation makes no significant 
contribution. Overall, this model leads to multi-step 
P T / S N ~  and P T / S N ~ / E ~  mechanisms. However, from 
the ADO reaction efficiencies (see above) it follows that 
this hypothesis is incorrect. For example, in the case of 
X = C1 about half of the collision complexes dissociates 
without reaction  ADO = 0.51). This implies 
that also half of the product com- 
plexes [3SCICH:,. 9 * -FH2C1] *, possibly formed from 
[35C1CHT * * *CH3CI] by PT, should disspciate. If 
thermoneutral PT in [35ClCHT - .  .CH3CI] were to 
occur to a substantial extent, then the formation of 
"CICHF should be detectable. As this is not the case, 
it is therefore concluded that indeed this thermoneutral 
PT cannot compete effectively with the nucleophilic 
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substitution step, i.e. with the direct sN2 and the 
SN2/E2 mechanisms. 


From the theoretical calculations on the chlorine- 
containing reaction system (X = CI), it follows that the 
energy barrier for PT in (rovibrationally) excited ' 
[CICH? . . .CH3Cl] * is about 2 kcal mol-', which is in 
principle not very high. However, the energy barrier for 
the sN2 reaction is also low and is estimated to be only 
slightly higher (about 3 kcal mol-I; see Figure 1 for a 
schematic overview of the energetics of all processes 
that take place from [ClCHF - - *CH3Cl] *). This means 
that there is no sharp energy criterion determining 
which reaction prevails. Therefore, it is concluded that 
the decisive factor is the entropic bottleneck associated 
with the PT. 


The theoretical calculations have indicated that the 
origin of the sN2 energy barrier is the breakin8 of the 
hydrogen bond in [CICHF * * .CH3C1] and 
[ClCH3- * -NHY] * in order to bring the anionic frag- 
ment to the right position for a 'back-side' nucleophilic 
attack on CH3C1, and that the substitution itself pro- 
ceeds without an energy barrier. It is interesting that 
this opens up the possibility of having anion-molecule 
collisions between ClCHT and CH3CI in which the sN2 
reaction occurs instantaneously without an energy bar- 
rier, and without the initial formation of a hydrogen- 
bonded reactant complex that is necessary for PT. 
These conclusions are completely in line with a theor- 
etical study of Sheldon et a1.4' on the sN2 reaction 
which takes places between CH3OH and CH3OHz with 
the formation of protonated dimethyl ether and 
water.46 From this it follows that the main 
source of the energy barrier for the sN2 process taking 
place from the stable reactant cation-molecule complex 
[CH30H. * .+H-HOCH3] * is the breaking of the 
hydrogen bond between the methanol oxygen and an 
oxonium hydrogen in order to bring methanol to the 
right orientation for a 'back-side' nucleophilic attack 
on CH30H2. However, the substitution itself shows 
also a small barrier, contrasting the situation for our 
anionic systems (see above). 


As the last aspect, the proton transfer-initiated 
nucleophilic substitution (PT/&2) reaction which takes 
place from the reactant anion-molecule complex 
[XCHF. . -NH3]* is discussed. The rate constant k,  for 
the PT/SN2 reaction has been found to be more than 
one order of magnitude lower than the rate constant 
k,,, for the nucleophilic sub2titution step which takes 
place in [XCHF-..CH3X] . The theoretical calcu- 
lations show that this can be connected with the 
entropic barrier associated with the PT from ammonia 
to the halomethylanion and with the relatively high 
energy barrier that comprises both the endothermicity 
of the PT in [XCHF * * .NH3] * and the breaking of the 
hydrogen bond in [XCH3. . .NHF] :ah i~e  that is needed 
to bring NH; to the right location for a 'back-side' 
nucleophilic attack on CH3X. For the P T / S N ~  reaction 


which starts from [ClCHF * * *NH3] *, the energy 
barrier AEjf=cl is calculated to be +7-24 kcal mol-'. 
The energy barrier A E Z = B ~  for the PT/SN2 reaction in 
[BrCH? . -NH3] * has not been calculated. However, 
as BrCHF has a 3.3 kcalmol-' lower proton affinity 
(PA)'4 than ClCHT, AEZ=B~ is expected to be a few 
kcaImol-' higher than AEZ=ci owing to the higher 
endothermicity of the PT phase of the reaction. This is 
in accordance with the experimental observation that k3 
for X =  Br ( 0 . 3 2 ~  lo-'' cm3 molecule-' s - I )  is less 
than half that for X = C1 (0.78 x lo-'' cm3 molecule-' 


An interesting result is the fact that the P T / S N ~  
reaction is a concerted, one-step process. Although 
it proceeds via two separate phases, namely PT and 
sN2, it passes through only one energetic transition 
state. This result parallels the finding of Scheiner" 
that the endothermic transfer of a proton from 
ammonia (PA = 204-0 kcal mol-')I4 to water 
(PA = 166.5 kcal mol-'); in the cation-molecule 
complex [NH4+**.H2O] does not lead to a stable 
complex [NH3.-.H30+]*. From the fact that PT in 
[BrCHF. -NH3]5 is more endothermic than in 
[CICHY-**NH3] , it is expected that the resulting 
intermediate structure on the P T / S N ~  reaction path is 
also labile. This justifies the general notation 
[XCH3. - -NHF]&,ile for both X = C1 and Br, which 
has already been employed in the foregoing discussion. 
Finally, it is pointed out that concerted P T / S N ~  reaction 
is in perfect agreement with the previous observation5 
that no H-D exchange is observed when ClCHT or 
BrCHr are allowed to react with ND3. 


S - I ) .  
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POTENTIOMETRIC EVALUATION OF THE ION-SELECTIVE 
CHARACTERISTICS OF 2-BORONO-1,3-XYLYL CROWN ETHERS 


GWYN WILLIAMS, SUDERSAN M. TULADHAR AND CLAUDIUS D’SILVA* 
Institute of Molecular and Biomolecular Electronics, University of Wales, Dean Street, Bangor, Gwynedd LL57 1 UT, UK 


Poly(viny1 chloride) (PVC) membranes impregnated with 2-borono-1,3-xylyl crown ethers were evaluated in ion- 
selective electrodes. The response pattern obtained with these crown ethers appears to be essentially independent of 
ring size but there is a linear correlation between selectivity and hydration enthalpy of the cation which is similar to 
that obtained for electrodes prepared only with the lipophilic anionic site KTCIPB. The similarities in correlation and 
mechanism between these two types of electrodes has been attributed to the presence of anionic sites in both cases 
dominating the observed selectivity. For the four ionophores considered the pH-dependent ionization of the boronate 
group to the boronate anion is proposed to be responsible for the domination of anionic sites on the properlies of 
the ionophores. The ionophores proved to be good K’ neutral carriers, showing responses to this ion in the range 
10-’-10-4 M. The compounds tested showed a fast response to changes in K’ concentration which was stable to 
within <0-2  mVh-’. 


INTRODUCTION 


Ionophore impregnated polymeric membranes 
[(typically plasticized poly(viny1 chloride) (PVC)] have 
played an important role in the development of ion- 
selective electrodes (ISEs) and ion-selective field-effect 
transistors (ISFETs) for applications in analytical 
chemistry. Our interest is in the synthesis and char- 
acterization of 1,3-xyiyl crown ethers, of which the 
properties of macrocyclic polyethers6” and 
poly th i~e thers ’~~ have been investigated. The 2-position 
located near the site of complexation points into the 
hole of the ring and affects the binding properties of 
alkali metal ions6 either by altering the cavity size, 
ion-dipole interactions or the disposition of ethereal 
oxygens or by acting cooperatively as an additional 
binding site. Studies on 1,3-xylyl crown ethers and 2- 
bromo-I ,3-xylyl crown ethers in PVC membranes as 
ion-selective electrodes lo have indicated that the relative 
responses of these crown ethers for ions is independent 
of the ring size and that substitution of a bromo group 
in the 2-position produces small effects on the spe- 
cificity of detection of N a + ,  L i t ,  Ca” and MgZC,  
indicating that the xylyl ring is sufficiently flexible to  
prevent the bromo group from interferring with 
binding. 


To investigate further the effects of the substitution 


* Author for correspondence. 
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1. n = l  


2.  n = 2  


3. n = 3  


t. n = 4  


Figure 1. Neutral carriers 


of the 2-position on selectivity, we prepared four 1,3- 
xylyl crown ethers substituted with a borono residue 
(see Figure 1) and studied the responses and selectivities 
of these ionophores in PVC membranes to alkali and 
alkaline earth metal cations. The 2-boron0 group of 
1,3-xylyl crown ethers have been shown by infrared 
spectrometry to  be hydrogen bonded to  the ethereal 
oxygen of the macrocyclic ring and could therefore be 
expected to  affect binding and selectivity by controlling 
ring size or rigidity or acting as an additional binding 
site for ions. 
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RESULTS AND DISCUSSION 


The selectivities determined for a given ionophore are 
dependent on the membrane composition and the 
nature of solutions (e.g. ionic strength, pH) to  which 
the membranes are exposed." To obtain relative 
responses due to the ionophores, all electrodes, unless 
stated otherwise, were tested under identical conditions 
using the same PVC membranes, plasticizer and 
lipophilic anionic site [e.g. potassium tetrakis(p- 
ch1orophenyl)borate (KTCIPB)] . The typical resist- 
ances of ionophore membranes, measured in situ using 
a Keithley 617 electrometer in the ohmmeter mode, was 
found to vary between 0.5  and 3 . 5  MQ. 


A comparison was made of the responses obtained 
for ionophores 1-4 due to a sequential increase in ring 
size from 4 to 7 oxygen atoms. All electrodes exhibited 
a marked selectivity for alkali metal (monovalent) over 
alkaline earth metal (divalent) cations (see Figure 2). 
The response pattern (see Figure 2) observed for 
ionophores 1-4 with KTCIPB and different cations 
decreased in the following general order: 
Cs' 2 K +  > NH; > N a +  > Ca" > Li+ > M g 2 + .  
This behaviour appeared to be essentially independent 
of the ring size, which varied ic this study from about 
1.5 A for ionophore 1 to 4 . 0  A for ionophore 4, indi- 
cating that the 'optimal spatial fit concept' (circular 
recognition) l 3  did not hold for these ionophores when 
tested under these conditions. A study undertaken on 
membranes prepared without an ionophore but with 
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E 


W 
4 
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KTClPB as the cation exchanger showed a similar 
response pattern: Cs+ > K+ > NH$ > N a +  > C a z f .  


The slopes and detection limits for ionophores 1-4 
with KTCIPB and membranes prepared with KTCIPB 
alone for the determination of alkali and alkaline earth 
metal cations according to Analytical Commission 
rules14 from response curves as shown in Figure 2 are 
given in Tables 1 and 2. The slopes for the electrodes 
prepared with ionophores 1-4 with KTCIPB ranged 
from 53 to 10 mV per decade with detection limits 
varying from 2.5 x to 2 x M depending on 
the nature of the cation and ionophore. Near-Nernstian 
responses were observed for Cs' and K' with some 
ionophores, e.g. 3, but not for N a + ,  N H i ,  Li', C a 2 + ,  
and Mg". Membranes prepared with KTCIPB alone 


Table 1 .  Performance characteristics of electrodes based on 
ionophores 1-4 with KTCIPB and MTCIPB alone 


Slope (mV per decade) 


lonophore K "  Cs '  NH: Na' C a Z t  


I 42 41 34 18 10 
2 53 48 38 21 1 1  
3 5 3  5 3  28 21 13 
4 43 41 18 


KTCIPB" 44 5 3  43 33 10 


'I Without ionophore 


-5 -4  -3 -2 -1 
Log ( cation ) 


Figure 2. Cation selectivity of an electrode based on ionophore 1 in 0.1 M Tris-HC1 (pH 7.5) .  The electrode was exposed to the 
salts of ( v ) caesium, ( 0 )  potassium, ( A ) ammonium, ( A ) sodium, (0 ) calcium, ( 0 )  magnesium and ( v ) lithium 
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-3 


Table 2. Detection limits (M) with electrodes based on  
ionophores 1-4 with KTCIPB and KTCIPB alone 


lonophore K+ Cs' NHZ Na+ CaZ+ 


- Mg" - 
1 2 3 4 KTClPB 


1 6 x 3 x 5 x lo-' 5 x 6 x 
2 6X 4X 5 X lo-' 2 X 4X 
3 6 x  6 x  4 x  lo-' 1 x lo-' 2.5 x 
4 8 x  7~ 7~ lo-' 3 x lo-)  


KTCIPB" 6 x 4 x 2 x 2 x lo-' 


Without ionophore. 


Table 3. Detection limits (M) with electrodes based on 
ionophores 1-4 without KTCIPB 


lonophore K' Cs + NHZ Na+ 


1 6 x  1 x 3 x 1 x lo-: 
2 6x10- '  I x l O - '  ~ x I O - ~  3 x 1 0 -  
3 6 x 1 x 2 x 2 x lo-' 
4 8 x 3 x 1 x 8 x 


exhibited a near-Nernstian response for Cs' and 
tenfold lower detection limits for cations such as K', 
CS', and NH; (see Table 2) than in the presence of 
inophores 1-4 with added KTCIPB. However, 
measurements made at  the same time on electrodes pre- 
pared with ionophores 1-4 but without added KTClPB 
showed similar detection limits for these ions (see Table 
3). This difference in detection limits may reflect pro- 


3 


2 


I 


a=- 0 
= X  


Y 


-1 cn 
0 
/ 


-2  


Table 4. Performance characteristics of electrodes based on 
ionophores 1-4 without added KTCIPB 


Slope (mV per decade) 


lonophore K +  Cs' NHZ Na' Caz+ 


1 44 30 29 30 10 
2 44 27 26 23 7 
3 44 33 33 33 10 
4 44 33 34 33 8 


blems associated with comparison studies undertaken 
on two different occasions or may reflect real differ- 
ences as a consequence of complex interactions between 
the ionophores and KTCIPB in the membrane. The cor- 
responding slopes for electrodes prepared from 
ionophores 1-4 without added KTClPB are given in 
Table 4 and are similar to those obtained for electrodes 
prepared with KTClPB alone (compare Tables 1 and 4), 
except for Cs' and NH;, where a higher response was 
observed for KTCIPB electrodes. 


Selectivity coefficients for K' with respect to alkali- 
metal and alkaline- earth-metal cations are summarized 
in Figure 3; they were obtained using the fixed inter- 
ference methodI4 as this represents one of the con- 
ditions under which these electrodes could be used. The 
selectivity observed for ionophores 1-4 with KTClPB 
were found to be independent of ring size for all the 
cations tested (see Figure 3). The result may indicate an 


- Rb' __ Rb'  - CS' - Cr' 
- K' - K' 


- Rb'.Cr' 
- K' 


- Rb'.Cr' - Rb'.Cs' 


- K' K' - 


- NH,' - NH,' 


- Ha' 


- [a2* - Mg" - - Li '  


- NH,' 
Na' - NH,' - - NH,' 


- t-tg'*,Ca" - ~ g " , c a ' '  
Na' - - Na' 


- Ca",tig" - L i '  - Na* 
L i '  - - Li' Li' 
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involvement of the borono group in complexation, as 
studies on 1,3-xylyl and 2-bromo crown ethers” 
showed that the selectivity for lithium, calcium and 
magnesium decreased with increasing ring size, consis- 
tent with the preference of these cations to  be hexa- 
coordinated to oxygen ligands. 15,16 Another possible 
explanation is that the observed selectivity may be due 
primarily to  the presence of KTClPB added to the mem- 
brane, as this electrode exhibits some similarities in 
selectivity to membranes prepared with ionophores 1-4 
and KTClPB except for the difference in the relative 
position of Li+ with respect to  the other ions. The 
observed selectivites for monovalent cations (see Figure 
3 )  plotted against their hydration enthalpies are shown 


in Figure 4(a) for ionophore 1 .  A linear correlation 
between selectivity coefficient and hydration enthalpy 
with a correlation coefficient R = 0.95 was observed for 
ionophoresl-4: 


log K E L  = 0.012 AHo + 3 . 1  


This correlation indicates that the contribution of 
solvation energy in the membrane is small compared 
with the hydration energy” and tends to support an 
enthalpically controlled mechanism of molecular com- 
plexation for monovalent cations in membranes. A 
similar relationship was reported for potassium 
tetrakis(pheny1)borate (KTPB) ’’ and was observed here 


r T  
8x 
Y 


m 
0 
+ 


2.5 


1.5 


0.5 


-0.5 


- 1.5 


-2.5 L 
a I 


c s  
P X  
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Figure 4. Dependence on selectivity of log K G ,  for (a) ionophore 1 + KTClPB with monovalent cations and (b) KTClPB alone with 
monovalent cations versus enthalpy of hydration, AHo (kJ mol- ’ 
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[see Figure 4(b)] for membranes prepared with 
KTClPB alone: 


log K& = 0.012 A@ + 2.8 ( R  = 0.9) 


The similarities in correlation observed between 
log KFPh and A H o  for both types of electrodes indicate 
that similar mechanisms contribute to  the overall selec- 
tivity of both types of electrodes. This suggests that it 
is the KTCIPB added to both types of electrodes that is 
responsible for the observed selectivity. However, if we 
consider the properties of the 2-boron0 group of 
ionophores 1-4, an alternative explanation can be pro- 
posed for the apparent similarities in selectivity of these 
two types of electrodes. At p H  7 - 5  the boronate group 
in these ionophores may exist partially as the boronate 
anion l9 according to  the following pH-dependent 
equilibrium: 


OH 
/OH e /  


RB +HfO - RB-OH +H' 
\ \ 


'OH 'OH 


Assuming that the pK, value of the 2-boron0 group of 
ionophores 1-4 is not significantly different from that 
of phenylboronic acid, pKa = 8-86,20 then from the 
Henderson-Hasselbalch equation at least 6 .9% of this 
group will exist in the anionic form at p H  7.5, which 
corresponds to  0 . 6 ~ ~  of anionic sites in the mem- 
brane based on the concentration of ionophore used. 
This value is similar to the concentration of anionic 
sites (0.8 KM) added in the form of KTCIPB. If the 
presence of these anionic sites dominate the properties 
of ionophores 1-4, this would account for the 
similarities between the selectivities of these electrodes 
and that of the cation exchanger KTClPB and the 
absence of an effect of ring size on selectivity. 


Typical responses of PVC membranes to  a tenfold 
increase in K' concentration for ionophores 1-4 were 
2.2, 1.6, 1 .3  and 2.9 s, respectively. Stability measure- 
ments on these electrodes in an unstirred thermostated 
beaker of 1 x M KCI solution at 25°C showed 
them to have a stability of <O-2 mV h - '  over a period 
of 18 h, However, the long-term stability of these elec- 
trodes in comparison with 1,3-xylyl crown ethers" was 
poor, probably as a result of easier leaching of the more 
polar ionophore from the membrane. 


During the processing of this paper, Reetz et al.L' 
reported the complexation characteristics of ionophore 
3 with a range of potassium salts in dichloromethane. 
Their results showed that both homotropic and hetero- 
tropic complexes are formed, depending on the nature 
of the potassium salt. However, competition exper- 
iments showed exclusive formation of the heterotropic 
complex in which the boronate group exists in the form 
of an anion. This result is consistent with our expla- 


nation that the complexation characteristics of these 
ionophores is dominated by the ionization properties of 
the 2-boron0 group. 


In conclusion, it has been shown that 2-borono-l,3- 
xylyl crown ethers are reasonable potassium-selective 
ionophores exhibiting response characteristics similar to 
those of KTCIPB. 


EXPERIMENTAL 


Materials. The following materials were used as 
received: poly(viny1 chloride) and lithium chloride 
(BDH, Speke, Liverpool) and caesium fluoride, sodium 
chloride, rubidium chloride and tetramethylammonium 
bromide (Aldrich Chemical, Gillingham, Dorset). Pot- 
assium tetrakis(pchloropheny1)borate (KTCIPB) and 
2-nitrophenyl octyl ether (NPOE) were obtained from 
Fluka (Glossop, Derbyshire). Tetrahydrofuran (THF) 
was obtained from Rathburn Chemicals (Walkerburn, 
Scotland) and was dried over sodium before being 
redistilled. Tris [tris(hydroxymethyl)aminomethane] , 
magnesium chloride, ammonium chloride, calcium 
chloride and potassium chloride were purchased from 
Sigma Chemical (Poole, Dorset). All standard solutions 
and buffers were prepared using deionized water. 


Syntheses of ionophores. Ionophores 1-4 are shown 
in Figure 1 and were prepared by the condensation of 
the methyl derivative of 2-borono-l,3-bis(bromo- 
methyl) benzene with the appropriate polyethylene 
glycol according to the method of Tuladhar and 
D'Silva. ' I  


Membranes and electrode fabrication. The polymeric 
membranes were prepared as follows: PVC (31.2 mg), 
NPOE (66 mg), KTClPB (0.4 mg) and the appropriate 
ionophore ( 8 . 6 ~ ~ )  were dissolved in 1 ml of THF.  
The solution was poured into a flat glass ring (17 mm 
i.d.), and the solvent evaporated at room temperature 
overnight lo to yield an elastic, translucent membrane of 
thickness 0 -  14-0.18 mm. The resulting polymeric 
membranes were conditioned for 24 h in 1 x M 
KC1 solution, then deposited on the end of a 5 . 5  mm 
i.d. glass tube containing an internal reference solution 
(1 x M KCl) and chloridized silver wire as an 
internal reference electrode. 22 All potentiometric 
measurements were performed with the use of the 
following cell: 


Hg, Hg2C12, KCl(sat.) 1) sample solution 1 )  membrane I 
Tris-HC1 ( I  x M) 1 AgCl, Ag 


E.m. f. measurements. The response of the electrodes 
were measured with a Thurlby Model 1503 digital mul- 
timeter and a Keithley 617 electrometer and time- 
dependent responses were recorded with a Siemens 
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Model X-T C1012 chart recorder. All measurements 
were performed in a temperature-controlled room at 
25 “C relative to  a Radiometer porous pin-junction 
calomel reference electrode. Electrodes were stored in 
1 X M KCI when not in use. The electrodes were 
calibrated by syringing 5 ml aliquots of known concen- 
trations of different electrolyte standard solutions into 
a stirred beaker containing 20.0 ml of 0.1 M Tris-HC1 
buffer (pH 7.5)  (Tris does not cause any 
interferences lo) with KCl of various concentrations. To 
obtain the calibration graph for the ISEs, AE values 
(i.e. the increase in potential with respect t o  the base- 
line) were plotted versus the logarithm of the concen- 
tration of cation present in the buffered solution. 


Se/ectivity coefJicients ( K P ~ ) .  Selectivity coefficients 
were determined by the fixed interference method. l4 


The background concentration of the interference ions 
employed were 0.1 M for L E I ,  NH4C1, CaCl2, MgCl2 
and NaCl, 0.01 M for CsF and RbCl and 0.001 and 
1 X M for (CH3)dNBr. 
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&TPC 


MARGARET c. ETTER,* JOHN c. MAcDONALD AND RANDALL A. WANKE 
Department of Chemistry, University of Minnesota, Minneapolis, Minnesota 55455, USA 


L 


The hydrogen-bond pattern of 4-mercaptopyridine-4-thiopyridone in solution and in the solid state consists of 
extended chains of Cthiopyridone associated through NH-S hydrogen bonds. The solution structure in chloroform 
was studied by UV-visible spectrometry and vapor pressure osmometry. A tautomerization constant of 1.8, favoring 
4-thiopyridone, and a self-association constant of 2600 mf-' were determined. Over 50% of the sample is aggregated 
near saturation with significant amounts (>15%) of the sample present as oligomen containing four or more 4- 
thiopyridone monomer units. In its crystal structure, 4-mercaptopyridine-4-thiopyridone is composed of infinite chaip 
of 4-thiopyridone associated by NH...S hydrogen bonds between glide related molecules, with N.. .S = 3.219(3) A, 
He.4 = 2.42(4)& N-H...S angle = 175(4)O and H-.-S=C angle = %(1)'. Relationships between solution aggre- 
gation, crystal nucleation, and c stal propagation are discussed. Cryotal data are as follows: space group = pZI/c, 
u = 7*183(5)A, b = 6*132(5)x, c = 11.618(7)A, B = 90.51(5) , Z =  4, D,= 1.44 1623 reflections, 
R = 0.050, R, = 0.072. 


INTRODUCTION 


A question that has intrigued us for some time is 
whether hydrogen-bonded aggregates found in crystal 
structures have their origin as solution aggregates, 
perhaps even serving as nucleation sites for crystalliza- 
tion, or whether they form by addition of a single mol- 
ecule at a time to a growing crystal surface. Analyses of 
large numbers of crystal structures of hydrogen-bonded 
compounds have suggested that solution aggregation 
drives crystallization, but to date we have not investi- 
gated the solution properties of these compounds in 
detail. 


We report here the structure and concentration of 
hydrogen-bonded aggregates of 4-mercaptopyridine-4- 
thiopyridone (I) in chloroform solution, and the crystal 
structure of I. As shown in Scheme 1, 4-mer- 
captopyridine (4MP) and 4-thiopyridone (4TP) are in 
equilibrium in solution with their multiply hydrogen- 
bonded oligomeric species, (4MP), and (4TP)". A 
similar situation occurs for the 0x0 analog, 4- 
hydroxypyridine-4-pyridone (11), which has been 
studied before but primarily in solution. The dominant 
tautomeric form of I in chloroform solution is 4TP. 
Values for the tautomerization constant (KT)  and self- 
association constant ( K ~ T P )  are determined from 
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4 M P  


li 
4 T P  


Scheme 1. The analogous descriptors for the 4- 
hydroxypyridone-4-pyridone system are 4P, (4P),, 4HP and 
(4HP),. The tautomerization constant KT = X~ZP/X~MP. The 
self-association is for the stepwise formation of hydrogen- 


bonded OhgOmer, e.g. K ~ T P  = X(~TP)~/X(~TP),, ~ ,X~TP 
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UV-visible spectrometry and vapor pressure 
osmometry measurements. At saturation, over 50% 
of I in chloroform is aggregated into dimers or higher 
oligomers. In the crystal structure, I is also found to 
form hydrogen-bonded chains of 4TP. A discussion 
of the implications of these results for understanding 
molecular recognition and crystal growth is given. 


EXPERIMENTAL 


General methods. 'H and I3C NMR spectra were 
recorded on an IBM NR200F spectrometer (200 MHz). 
Chemical shifts are in ppm (6) from TMS. Infrared 
spectra (Nujol) were recorded on a Nicolet 5DXB 
Fourier transform spectrometer. UV-visible solution 
spectra were recorded on a Hewlett Packard Model 
8452A diode-array spectrophotometer using cells of 
0.01, 0.1 and 1 cm path length. X-ray powder diffrac- 
tion was performed using a Philips powder camera with 
Cu radiation. Vapor pressure osmometry measurements 
were done on a yescan Model 2332 vapor pressure 
osmometer at 25 C, calibrated in chloroform using 
sucrose octaacetate as a non-associating standard. 
Melting points were recorded on a Fisher-Johns 
apparatus (uncorrected). 


4-Mercaptopyridine-4-thiopyridine (I). Technical 
grade (90%) I, purchased from Aldrich, was recrystal- 
lized twice from hot spectroscopic-grade toluene. Slow 
evaporation from toluene yielded odorless, yellow hex- 
agonal crystals (0.50 x 0.50 x 0-25 mm) for single 
crystal X-ray diffraction; m.p. 140- 170 OC, the crystals 
slowly turning dark yellow over the melting range and 
giving off a pungent odor; IR (Nujol), 3192, 2801, 
2634, 1612, 11 10, 795 cm-'; 'H NMR (DMSO-d6) 6 


J = 6 * 1 9 )  ppm; I3C NMR (DMSO-d6), 6 123.84 (s), 
128.42 (s), 132.44 (s), 149-12 (s) ppm. Slow evapor- 
ation from chlorform yielded tiny yellow crystals that 
were too small for single-crystal X-ray diffraction but 
whose IR spectrum and X-ray powder diffraction pat- 
terns (X-ray film methods, Cu radiation) were identical 
with those from crystals obtained from toluene. 2tock 
solutions were prepared by dissolving I at 50 C in 
chloroform for 4 h in aluminum foil-covered flasks. 
Dilution of the stock solutions gave solutions of I in 
chloroform over a 0.25 x 10-5-35 x lo-' mf 
(0-031-4.3 mM) concentration range. Analytical- 
reagent chloroform (containing 0.75% ethanol as a 
stabilizer) was used as received. 


7'18-7.21 (d, 2H, J = 5 * 8 8 ) ,  7.59-7.62 (d, 2H, 


N-Methyl-4-thiopyridone. Orange crystals were 
obtained from Professor P. Beak's laboratory, Univer- 
sity of I l l i n ~ i s ; ~  m.p. 9O-13O0C; IR (Nujol), 3410 
(broad), 1628, 1209, 1111, 1025, 819cm-'; 'H NMR 
(DzO), 6 7.78-7-75 (d, 2H, J = 6 * 8  Hz), 7.54-7.51 


(d, 2H, J =  6.8 Hz), 3.93 (s, 3H) ppm. Impurity peaks 
were observed in the NMR spectrum. The impurities 
did not interfere with the solvatochromic measurements 
performed to approximate the molar absorptivity of 
4TP. 


Oxidative degradation of 4-mercaptopyridine. Sol- 
utions of I in chloroform undergo light-catalyzed 
oxidation via formation of the 4,4 ' -pyridyldisulfide. 
The stability of I was examined by monitoring the 4TP 
absorbance intensity over time. The half-life of a sol- 
ution of I exposed to ambient light was I1 h, whereas, 
no measureable decrease in the 4TP absorbance inten- 
sity occurred for solutions shielded from light. To 
prevent degradation, all solutions were prepared and 
shielded from light in vials and volumetric flasks 
covered with aluminum foil. 


4-Hydroxypyridine-4-pyridone (11). Technical grade 
(90%) 11, purchased from Aldrich, was recrystallized 
from THF-benzene (2;l) to yield a white flaky 
powder; m.p. 142-150 C; IR (Nujol), 3198, 3044, 
2657, 1634, 1540, 1509, 1466, 1385, 1191,834 cm-'; 'H 


6-44-6.48 (d, 2H, J =  8-01) ppm. 
NMR (CDCl3) 6 7.57-7.61 (d, 2H, J=8.01), 


Solution aggregation calculations. The equilibrium 
concentrations of species in solution were calculated 
using equations (1)-(5). These equations were derived 
for the tautomerization and extended 4MP and 4TP 
self-association equilibria depicted in Scheme 1. The 
root, &MP, of the fourth-order polynomial in equation 
(1) was determined using the Newton-Raphson 
method. * The aggregation curves for 4TP were formed 
by plotting (xs - X S , ~ M P ) / ( ~ ~  - X s . 4 ~ p )  V S  (x, - 
Xs,4MP), where the quantity (Xs - Xs.4MP)IXe - Xs.4MP)  
is designated as the 4TP aggregation number. For the 
case where the 4MP aggregation is negligible, i.e. 
&MP=O, the slope of the 4TP aggregation curve 
directly gives K~TP.  Oligomer distributions were calcu- 
lated using the same equations applied to calculate the 
most probable molecular weight distributions for 
condensation polymerizations. ' 


(K$K&K;MPXS)X$MP - ( ~ K $ K ~ T P K ~ M P X ~  
+ ~ K ~ T K ~ T P K ~ M P X ~  f K T K ~ M P  + K:K~TP)X$MP 
+ (K:K~TPX, + ~ K T K ~ T P K ~ M ~ M P X ~  + K~MPX,  
+ ~ K T K ~ M P  + ~ K T K ~ T P ) X ~ M P  
- ( ~ K T K ~ T P X ~  + ~ K ~ M P X S  + KT f ~ ) X ~ M P  + Xs = 0 


(1) 
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Table 1 .  Crystal data, data collection and structure solution and refinement for 4TP 


Crystal data: 
Formula CJHJNS 
Formula weight 111.16 
Crystal color, habit Yellow, hexagonal 
Crystal dimensions (mm) 0.50 X 0.50 x 0.25 


2 4 
dC+ (g cm-3) 1.44 
a(+ ) 7.183(5) 
b ( + )  6.132(5) 
c(A 1 11.618(7) 
p(o)n 90.5 l(5) 
v ( A 3 )  512(1) 
F ( 0 W  232 


Space group P21/c 


Data collection: 
Diffractometer 
Radiation 


Scan type 


hkl range 
Total reflections measured 
Unique reflections measureda 
Corrections 


20max (“) 


Structure solution and refinement: 
Structure solution 
Refinement 


Unique observed reflections‘ 
Number of variable parameters 
Residuals: R,g wRh 
Goodness of fit 
Max. shiftlerror 
Max. difference peak (e - A - ’) 
Min. difference peak (e-A-’) 


Enraf-Nonius CAD-4 ~ 


Mo Ka ( X =  0.71069 A ) ,  graphite-monochromated 
4.6 
- 89( 1) 
w - 20 
60.0 
- 10 < h < 10, - 8  < k < 8,O < I  < 16 
2733 
1623 
Lorentz polarization, absorptionb (Transmission factors: 0.69- 1.26), 
decay ( -  9.20% decline), secondary extinction (coefficient: 
0.3130 x 


Direct methods‘ 
Full-matrix least-squares,d non-H atoms anisotropic, H atom on NI  
refined as isotropic, other H atoms at idealized positionse and not 
refined 
1154 
69 
0.050, 0.072 
1.91 
0.00 
0.44 
- 0.43 


a R,,, = 0.087. Owing to the high value for R,.,, symmetry equivalent pairs of reflections were examined. Discrepancies in intensity were 
observed for a number of reflections but there was no systematic pattern for this error. Intensities for equivalent reflections were 
averaged and their square roots calculated to give values for Fabsrrued. These values were in good agreement with values for Fcalculatcd. 
bDIFABS: N. Walker and D. Stuart, Acta Crystallogr., Sect. A 39, 158-166 (1983). 
‘MITHRIL: C. J .  Cilmore, J .  Appl. Crystallogr. 17, 42-46 (1984). DIRDIF: P. T. Beurskens, W. P. Bosman, H. M. Doesburg, R. 
0. Could, Th. E. M. Van Den Hark, P. A. J. Prick, J. H. Noordik, G. Beurskens, V. Parthasarathi, H. J. Bruins Slot and R. C. 
Haltwanger, D I R D I F .  Direct Methods for Difference Structures-An Automatic Procedure for Phase Extension and Refrnement of 
Dlfference Structure Factor, Tech. Rep. 1984/ I .  Crystallography Laboratory, Toernooiveld, Nijmegen (1984). 


e d ~ - H =  0.95 A ,  B =  1.2 (Bcquiva~mt of bonded atom). 
‘I > 3 0 ( 1 ) .  
’ R = E 1 1  Fo 1 - I Fc I /  /E I FO I. 
h ~ R  = [(Ew( I Fo I - I F c  I ) ’ /EwFt l  ”*; w = 4F6/02(Fi).  


TEXSAN-TEXRAY Structure Analysis Package, Molecular Structure Corp. (1985). 
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Table 2. Fractional atomic coordinates for 4TP 


S1 
N1 
C1 
c2 
c 3  
c 4  
c5 
H1 
H2 
H4 
HS 
HlN 


0.75381 (7) - 0.16334(9) 
0.7475(3) 0.3110(3) 
0.8 192(3) 0.1 105(4) 


0.7515(2) 0.0170(3) 
0.6774(3) 0*2306(4) 
0-6777(3) 0,3716(4) 
0.8669 0.0700 


0.6272 0.2755 
0.6274 0.5139 


0.8229(3) -0.0376(3) 


0.8761 - 0.1768 


0.747(4) 0.393(7) 


0.95989(4) 
0.6652(2) 
0.6498(2) 
0.7387(2) 
0.8484(2) 
0.8587(2) 
0-7675(2) 
0.5769 
0.7259 
0.9303 
0.7771 
0.611(4) 


(4) 


X 4 T P  = KT(&MP ( 5 )  


where 
X ~ M P  = mole fraction concentration of 4MP 


X 4 T p  = mole fraction concentration of 4TP 
monomer; 


monomer; 


4-mercaptopyridine-4-thiopyridone in all 
forms in solution; 


Xs = stoichiometric concentration of 


X s . 4 ~ p  = stoichiometric concentration of 4MP 


X s , 4 T p  = stoichiometric concentration of 4TP 


l l= l  


X ,  = effective solute concentration 
m 


= c [X(4MP), + x(4MP) , I  ; 
n= 1 


KT = tautomerization constant; 
K ~ T P  = 4TP self-assocation constant; 
K ~ M P  = 4MP self-association constant. 


Crystal structure determination. Crystal data, data 
collection and structure solution details for I are given 
in Table 1. Fractional atomic coordinates are given in 
Table 2. 


Cambridge Structural Database (CSD) searches. To 
test whether the C-S bond length of I was consistent 
with 4TP or 4MP, substructure searches on thiol 


(C-S-H) and thione [C-(C= S)-C] fragments were 
performed on the CSD (Version 4.1, 82129 entries)' 
using the *CONNser test. Structures containing both 
thiol and thione fragments were excluded. Only those 
structures with R < 0.075 and containing only main 
group elements were accepted. C-S bond lengths were 
computed using GSTAT89 (CSD software) and bond 
lengths differing by more than 4a from the mean C-S 
distance were ignored. The final data set gave 14 unique 
thiol C-S distances and 23 unique thione C=S 
distances. 


RESULTS 


Crystal structure results 


Intramolecular structure 
In order to identify which tautomeric form exists in the 
solid state, the intramolecular bond lengths of I were 
compared with the corresponding bond lengths from 
the neutron diffraction crystal structure of 2- 
thiopyridone' and the C=S bond length was compared 
with the mean C-S and C=S bond lengths retrieved 
from a search of thiol and thione crystal structures 
from the CSD. X-my data from I give a C=S bond 
length of- 1 -703(2) A ,  which is close to the value of 
1.698(2) A for 2-thiopyridone. The c-C bond lengths 
of I range from 1-368(3) to !.419(3) A ,  and both C-N 
bond lengths are 1-346(3) A .  These distances are also 
consistent with the corresponding single and double 
bond lengths observed in the neutron structure for 2- 
thiopyridone. The distribution plot of thiol bond 
lengths and thione bond lengths from the CSD is shown 
in Figurc 1 .  Mean C-S bond lengths of 1.81(2) and 
1.66(4) A are calculated for the thiols and thiones, 
respectively. The C-S bond length of I matches the 


1.6 1.62 1.64 1.66 1.68 1.7 1.72 1.74 1.76 1.78 1.8 1.82 1.84 1.56 


Bond Length (A) 
Figure 1. Distribution of thione (shaded) and thiol (striped) 
bond lengths obtained from the Cambridge Structural 


Database 
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Table 3 .  Selected intramolecular bond lengths and angles and 
hydrogen-bond geometry for 4TP 17x4) 


I 
2.42(4) A 


I 


H3 H5 
~ 


Selected intrFmolecular bond lengths and angles: 
S1-C3 (A) 1.703(2) Sl-C3-C2 (") 
N1-H1N ( A )  0.81(4) Sl-C3-C4 (") 


N1-C5 ( A )  1.346(3)a Nl-CS-C4 (") 
Cl-C2 ( A )  1.375(3) Cl-N1-HlN (") 
C2-C3 ( A )  1 ~ 4 1 9 ( 3 ) ~  CI-Nl-CS(") 


Nl-Cl ( A )  1.346(3)a Nl-Cl-C2 (") 


C3-C4 (A)) 1.419(3)a Cl-C2-C3 (") 
C4-CS ( A )  1.368(3) C2-C3-C4 (") 


c3-c4-c5 (") 
CS-Nl-HlN (") 


121.9(2) 
122.4(2) 
120.6(2) 
120.8(2) 
117(3) 
121 . O(2) 
120.9(2) 
1 15.6(2) 
121.0(2) 
122(3) 


Intermolecular hydrogen-bond geometry: 
N I .. .S1 3-219(3) Nl -HlN. . .S l  (") 175(4) 
HIN. ..Sl 2-42(4) C3-Sl ... H l N  (") 96(1) 


aTne  numbers in these two pairs are coincidentally identical. 
Molecules related as x ,  y z and x, M - y ,  - Yz + z 


mean C=S bond length retrieved from the CSD much 
more closely than the mean C-S bond length. In 
addition, the acidic hydrogen of I was located close to  
nitrogen in an electron density difference m$p and 
refined to give an N-H distance of 0*81(4)A.  The 
molecular structure of I,  therefore, is consistent with an 
assignment of 4TP rather than 4MP. Selected intra- 
molecular bond lengths and angles for 4TP are given in 
Table 3. Least-squares planes analyses indicate that the 
aromatic riag is planar and that the S atom deviates 
only 0.002 A from the mean plane of the ring. 


Intermolecular structure 


N-H-e-S hydrogen bonds are the most salient feature 
of the molecular packing giving rise to  hydrogen- 
bonded chains of c-glide related molecules (Figure 2). 
The chains are related to  one another by inversion 
centers. The N.. .S  distance in the hydrogen bond is 


O B  C 


Figure 2.  Stereo view of the molecular packing of 4TP. 
Hydrogen-bonded chains extend along the c axis of the unit 


cell 


3.216(3) A 


Figure 3 .  Hydrogen-bonded chain of c-glide related molecules 
in the crystal structure of 4TP projected onto (100). The vector 
passing thr2ugh the S-N axis of 4TP is tilted out of the (100) 
plane by 1 and the ring is rotated 25' from (100) about the 


S-N axis 


3.219(3) A (van der Waals sum = 3-35 A)' '  and the 
N-H...S angle is 175(4)". The C-S...H angle is 96(1)" 
so that each molecule is aligned with its long axis at 
nearly right-angles to  its nearest neighbors forming a 
kinked chain (Figure3). The 96" C-S-..H angle is 
reasonable as 90 hydrogen bonds to  sulfur have been 
observed in gas-phase hydrogen-bond complexes. I '  


Selected intermolecular hydrogen-bond lengths and 
angles for 4TP are given in Table 3. 


Solution association of 4TP 


As depicted in Scheme 1, both 4-mercaptopyridine 
(4MP) and 4-thiopyridone (4TP) can self-associate in 
solution to form hydrogen-bonded oligomers, (4MP), 
and (4TP)n. These two self-association equilibria are 
linked by the tautomerization constant, KT.  The deter- 
mination of KT from the equilibrium monomer concen- 
trations of each tautomer is complicated by the 
oligomerization equilibria, since the UV-visible spectra 
of the oligomer and monomer overlap, as shown in 
Figure 4. For example, as the 4TP aggregation increases 
from 1.2% to  5 5 % ,  the 4TP A,,, shifts only slightly 
from 356 to  354nm. The close similarity of the 
monomer and oligomer spectra implies that the 
hydrogen bonding of 4TP to solvent is similar t o  that 
within an oligomer and that the electronic perturbation 
experienced by 4TP within an oligomer closely matches 
that of solvated 4TP monomer. Therefore, the total 
concentration of 4TP was measured using either the 
absorbance at  354 or 356 nm. No quantifiable absor- 
bance maximum was observed for 4MP; therefore, the 
4MP concentration was measured from the difference 
between the concentration of I and the measured 4TP 
concentration. 


A prerequisite for determining the 4TP concentration 
is a knowledge of its molar absorptivity ( E ~ T P )  at Amax. 


Unfortunately, this value (in chloroform) is not known 
and cannot be directly determined spectroscopically 
because of the tautomerization. Therefore, &4TP was 
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"1 8.7 


4 :  


2613 2813 31313 3213 3413 368 3813 488 
Wave length(ni) 


Figure 4. UV-visible solution spectra of I in chloroform over 
a 100-fold concentration range, (- - -) 35 x mf, 
0 -Of  cm cell path; (-) 3-5 x lO-'mf, 0 -1  cm cell path; (---) 


0.35 x lo-' mf, 1 cm cell path 


estimated from a solvatochromic comparison of it with 
its methylated analog, N-methyl-4-thiopyridone. N- 
Methyl-4-thiopyridone does not tautomerize and conse- 
quently its molar absorptivity can be readily determined 
by measuring the absorbance of standard solutions. 
The value of &4TP in ethanol is known and can be easily 
measured, since 4TP is highly favored in ethanol. l 2  The 
value of &4Tp in chloroform was approximated by com- 
paring its UV-visible spectra in ethanol and in chloro- 
form with those of N-methyl-4-thiopyridone. As seen in 
Figure 5 ,  both N-methyl-4-thiopyridone and 4TP 
exhibit nearly the same solvatochromic effect. The 
molar absorptivity of N-methyl-4-thiopyidone was 
14.2% less in chloroform than in ethanol. The value of 
&4Tp in chloroform was determined by applying the 
same fractional decrease observed for the molar 
absorptivity of N-methyl-4-thiopyridone to the &4TP in 
ethanol. The resulting f4Tp in chloroform at  A,,, was 
19,140 lmol-'  cm-I. 


The 4TP concentration measured at either the 354 or 
356 nm X,,, is a sum total of the 4TP monomer concen- 
tration and the stoichiometric concentration of 4TP in 
oligomer. As the concentration decreases, aggregation 
also decreases. Consequently, the measured 4TP con- 
centration approaches that of 4TP monomer and the 
ratio of the 4TP/4MP concentrations approaches that 
of the monomer concentration ratio which is KT. In 
Table 4, the 4TP/4MP concentration ratios are listed 
over a 100-fold concentration range. The tautomeric 
ratio decreases with decreasing concentration and 
reaches a constant value of 1 .8  below 1 x mf 


1.137 


4TP in ethanol 1 
8.9 ,\ 


I 


0.51 N-Me4TP in ethanol- , \ \ 
a j I 3 . 4 1  


2613 2813 3ee  328 3413 3613 3813 408 
Wavelength(nm) 


Figure 5 .  UV-visible spectra of 4 mM solutions of 4TP and 
N-methyl-4-thiopyridone in ethanol and chloroform. (- ~ -) 
4TP in ethanol; (.---.) 4TP in chloroform; (--) N-Me4TP 
in ethanol; (---) N-Me4TP in chloroform. The shifts in X,,, 
for 4TP and N-methyl-4-thiopyridone are 14 and 18 nm, 


respectively 


(0-12 mM). The value of KT, therefore, was found to 
be 1 .8  t 0.2. 


The non-constant tautomeric ratio and, in particular, 
the increasing tautomeric ratio with increasing concen- 
tration, exhibited in Table 4, are indicative of 4TP oli- 
gomerization. Further evidence of 4TP aggregation is 
observed from the increase in 4TP aggregation number 
with increase in concentration, as demonstrated by the 
4TP aggregation curve in Figure 6. The increase in 4TP 
concentration is, of course, dependent on K ~ T P ,  but also 
on KT and K 4 ~ p  since these equilibria dictate how much 
4TP is available to oligomerize. Calculated 4TP con- 
centrations over a range of KT,  K 4 ~ p  and K ~ T P  values 


Table 4. Tautomeric ratio of I over a 100-fold concentration 
range 


Concentration Tautomeric ratio 
(mole fraction x 10 ') [4TPl/ [4MPl 


35 3 .9  
20 2.9 
10 2.5 
5.0 2.4 
2.0 2.1 
1.0 1.8 
0.5 1.8 
0.25 1.8 
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2.0 
,.'. ,# 


1.5 


1.0 
0 10 20 30 


Effective 4°F' Concentration (mole fraction x lW-5) 


Figure 6. Comparison of calculated versus measured aggre- 
gation curves. (--) Measured 4TP aggregation curve from 
vapor pressure osmometry. Calculated curves: (- - -) KT = 1.8, 
K4~p=8OOOmf-', K4M~=8000mf-l ;  (.-.-.) K T =  1.8, 


K 4 ~ ~ = 2 6 0 0 m f - ' ,  K 4 ~ ~ = 2 6 0 0 m f - ' ;  (...) K T =  1-8,  
K ~ T P  = 2600 mf-', K ~ M P  = 1000 m f - '  


K 4 ~ ~ = 4 m m f - ' ,  K4MP=2000mf-l; ( - - - )  K ~ s 1 . 8 ,  


were compared with the increase in 4TP concentration 
observed experimentally. The examination consisted of 
systematically incrementing and decrementing KT, K ~ M P  
and K ~ T P  in steps of 0-2,  200 and 500, respectively. Dif- 
ferent sets of equilibrium constants can be found to  fit 
the data. For example, the following [KT, K ~ T P ,  K ~ M P ]  
ordered triads of equilibrium constants all satisfy the 
UV-visible data: [1*8,800,8OOO], [l~8,4000,2OOO] 
and [ l o g ,  2600,Ol. However, as shown in Figure 6 they 
d o  not all agree with vapor pressure osmometry results. 
In addition, agreement between the measured and cal- 
culated data and between the UV-visible and vapor 
pressure osmometry data is only observed when K 4 ~ p  is 
much smaller than K4~p (Figures 6 and 7). The best 
overall agreement between the calculated and observed 
4TP concentrations over a 100-fold concentration range 
is illustrated in Figure 7. The results indicate that the 4- 
mercaptopyridine-4-thiopyridone system can be best 
represented solely by the tautomerization and 4TP oli- 
gomerization equilibria with KT = 1 * 8 and 
K4yp = 2600 mf-'.  This value for &P, 


2600 4 400 mf-I, determined from UV-visible absor- 
bance data, matches within experimental certainty to  
that obtained from the vapor pressure osmometry 
measurements, 2040 2 300 mf-I .  A further cross-check 
of these results can be made by monitoring the relative 
increase in the 4TP absorbance with increase in concen- 
tration. This analysis does not require the use of the 
estimated e4Tp. The best values for the equilibrium con- 


0 10 20 30 


Concentration of I (mole fraction x 10A-5) 


Figure 7. Comparison of calculated 4TP concentration curves 
to the measured increase in 4TP concentration over a 100-fold 
concentration range. Experimental data is shown with error 
bars. Calculated curves: (- - -) KT = 1.8, K ~ T P  = 2600 mf-I, 
&MP = 2600 mf-'; (...) KT = 1.8, K ~ T P  = 2600 mf-l, 
K ~ M P  = 1000 mf-l; (-) KT = 1.8, &TP = 2600 mf-', 


K ~ M P  = 0 mf-I 


stants determined from iterative calculations of the 4TP 
concentration data also fit the increase in relative 4TP 
absorbance over the experimental concentration range 
(Figure 8). The distribution of 4TP oligomers a t  25 O C  
near saturation (56 x mf; 7 mM) is calculated for 
the 4TP self-association constant (&p) of 2600 mf - I 


in Figure 9. 
It is implied from the linearity of the vapor pressure 


osmometry data that the hydrogen-bond energy is con- 
stant, within the sensitivity of the measurement, along 
each step of the oligomer growth. The near coincidence 
of the UV-visible spectra of the solvated 4TP 
monomer and the 4TP oligomer also suggests that the 
hydrogen-bond stabilization experienced by a 4TP 
monomer within an oligomer chain is similar to that of 
a chloroform-solvated monomer. Throughout the 
analysis of the self-association of  4TP, it has been 
assumed that the formation constants, as defined in 
Scheme I, along each step of the hydrogen-bonded oli- 
gomer chain growth are equal. Theoretical discussions 
of the hydrogen-bond cooperativity effect and 
entropic arguments, l 3  however, have indicated that 
the dimerization constant should be less than the 
oligomerization constant. These theoretical predictions 
have been substantiated experimentally for the self- 
association of N-methylacetamide in certain solvents, l4 
although no significant difference was observed between 
the dimerization and oligomerization constants for N- 
methylacetamide in chloroform. It is implied from 
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Concentration of I (mole fraction x 10A-5) 


Figure 8. Agreement between the calculated relative increase 
in the 4TP absorbance for KT = 1.8, K ~ T P  = 2600 m f - '  and 
K4Mp = 0 m f - '  to the measured relative increase in the 4TP 
absorbance at Xmax with concentration. Experimental data is 


shown with error bars 
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Figure 9. Distribution of I ,  by weight, among various (4TP), 
oligomeric species at 56 x mf (7 mM) in chloroform at 
25 C .  The monomer segment is divided to show the relative 
amounts of 4MP monomer (light region) and 4TP monomer 


(dark region) 


the linearity of the VPO data that the hydrogen-bond 
energy is constant, within the sensitivity of the measure- 
ment, along each step of the oligomer growth. The near 
coincidence of the UV-VIS spectra of the solvated 4TP 
monomer and the 4TP oligomer also suggests that the 
hydrogen-bond stabilization experienced by a 4TP 
monomer within an oligomer chain is similar to that of 


a chloroform-solvated monomer. To check the com- 
parability of the dimerization and oligomerization con- 
stants for 4TP in chloroform, the 4TP dimerization 
constant was estimated using an extrapolation pro- 
cedure on the 4TP aggregation data. The resulting 
dimerization constant for 4TP in chloroform 
(2260 +_ 170 mf-') is not significantly different from 
the oligomerization constant (2600 2 400 mf-I). There- 
fore, a single step-wise formation constant was applied 
to  the 4TP aggregation; no additional parameter was 
needed to  account for the dimerization. 


DISCUSSION 


Previous studies have shown that related hydroxypyri- 
dine-pyridone and mercaptopyridine-thiopyridone 
compounds have high association constants in solution 
(Table 5). For example, K,,,,, of 4-pyridone in chloro- 
form at room temperature is 30000mf-', whereas 
K,,,,, of benzoic acid dimersI6 in chloroform is 
5000 mf - and the intramolecular K,,,,, of covalently 
tethered lactams" in chloroform is 300 mf- ' .  The self- 
association for either the hydroxypyridine-pyridones 
or the mercaptopyridine-thiopyridones tends to be 
greater in non-polar solvents, and the tautomerization 
constants tends to be larger in polar solvents." The 
tautomerization and self-association constants of the 
hydroxypyridine-pyridone compounds are generally 
higher than those of their corresponding sulfur analogs. 
Aggregate structures of the para-substituted com- 
pounds are oligomers rather than entropically more 
favorable dimers. These extended hydrogen-bonded 
aggregates form even though there is no topological sta- 
bilization, as for crown ether complexes, and only 
monodentate hydrogen bonds exist between 
neighboring molecules. 


The solution behavior of I is similar to that of its 
oxygen analog, 11, although the predominance of 4TP 
and its associated aggregates over 4MP is not as great 
as that of 4P over 4HP for I1 in chloroform. For both 
I and 11, the predominant solution tautomer is also 
observed in the solid state. 


In principle, a minor solution aggregate form could 
nucleate crystal growth, and thus be found in the solid 
state, For I and 11, if a small amount of (4MP), or 
(4HP), nucleated crystal growth, then the equilibria in 
Scheme 1 would be displaced toward the minor 
tautomer as crystallization removed it from solution. 
However, for I and 11, hydrogen-bonded aggregates of 
the dominant tautomeric form in solution are found in 
the solid state. Presumably, it is precisely these 
hydrogen-bonded solution aggregates which nucleated 
and sustained crystal growth. In studies of asymmetric 
and symmetric dipyridones, Ducharme and Wuest 
likewise noted that the dominant hydrogen-bonded 
aggregates observed in chloroform solution were also 
observed in the solid state. 
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Table5. Self-association and tautomerization constants of related hydroxypyridineslpyridones and 
rnercaptopyridineslthipyridones 


Compound Solvent KT K a r r a c ; ~ - ~  Korsoc,~" Temperature ("Qb Reference 


Chloroform > 5  25,000 NR 


0 OH 


H 


001 O O H  


Chloroform 2.6 2700 ND 


Chloroform > 5  30,000 NR 


Chloroform 1.8 2600 0 


Cyclohexane 1.6 56 x lo5 ND 


21 2 


RT 21 


RT 2, 22 


25 This work 


RT 21 


H 


Q S l  OSH Cyclohexane 0.09 9.4 x lo5 ND RT 21 
H 


a ND = no aggregate detected; NR = no reference was made to this value. 
RT = room temperature 


This one to one correspondence between solution and 
solid-state aggregate structures suggests that solution 
aggregates form prior to crystal nucleation. They may 
act as pre-nucleation aggregates, whereby crystal 
nucleation proceeds predominantly by association of 
these oligomers: 


molecules S prenucleation aggregates crystal nuclei 
--t macroscopic crystals 


One implication of this proposed mechanism is that 
crystal growth or binding of small molecules to sur- 
faces, at least in cases where intermolecular hydrogen 
bonding occurs, might profitably be modeled as a 
process of deposition of oligomers rather than as 
deposition of monomers to crystal surfaces. 


These studies support our contention that solid-state 
structures give useful information about molecular 
recognition properties of molecules in solution, espe- 
cially in those cases where solution equilibria are more 
complicated than simple dimerization and where the 
associated species are not easily characterized in 
solution. 
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COMPLEXES OF TRI- AND TETRAPROTONATED FORMS OF 
1,4,7,10,13-PENTAAZACYCLOPENTADECANE WITH VARIOUS 


MONO- AND DIVALENT ANIONS IN AQUEOUS MEDIA 


ROBERT I. GELB,* JOSEPH S. ALPER AND MARIETTA H. SCHWARTZ 
Department of Chemistry, University of Massachusetts at Boston, 100 Morrissey Boulevard, Boston, Massachusetts, 


02125-3393, USA 


Acid dissociation and anion complexation properties of 3 + and 4 + forms of 1,4,7,10,13-pentaazacyclopentadecane 
were investigated by pH polentiometry, conductometric titration and I3C NMR experiments. The 3+ and 4+  species 
form complexes with a variety of mono- and divalent anions, and their complexation constants can be determined by 
pH potentiometric methods. However, no iodide complexes are detected and neither is a pentaprotonated species. 
Enthalpy and entropy changes for the acid dissociation of the 3 + ligand and for its complexation with chloride are 
estimated. The complexation and acid dissociation properties of the ligand are discussed in terms of internal hydrogen 
bonding interactions and solvation effects. 


INTRODUCTION 


Protonated macrocyclic polyamines form complexes 
with anions in aqueous solutions. Although complexa- 
tion reactions of this type have been discovered only 
within the last decade, numerous investigations have 
been reported. In most cases, the complexation 
reactions involve 1:l adducts of the anion with highly 
protonated forms of the polyamine, although some 
complexes involve 2: 1 adducts. 435 Anion complexes 
have been reported with tetra-, hexa- and octapro- 
tonated macrocyclic polyamine species. Bonding in 
these complexes has usually been explained in terms of 
electrostatic and ionic-hydrogen bonding interactions. 
SoIvent release mechanisms have also been cited as 
driving forces in these reactions.4s5” 


In recent papers8*’ we discussed the role of internal 
hydrogen bonding interactions between protonated and 
unprotonated amine sites in determining acid strengths, 
anion complexation and solvation properties of pro- 
tonated macrocyclic polyamines. The relative number 
of protonated versus unprotonated sites directly influ- 
ences each of these properties. We applied this analysis 
to the acid dissociation and anion complexation of 
protonated forms of 1,4,7,10,13,16-hexaazacycloocta- 
decane (hexacyclen) and 1,4,8,12-tetraazacyclopenta- 
decane. 


*Author for correspondence. 


In this work, we studied the complexation behaviour 
of the related compound 1,4,7,10,13-pentaazacyclo- 
pentadecane, referred to subsequently as L, with CI-, 
NOT and SO:-. The structure of this macrocyclic 
molecule is shown in Figure 1. We determined acid 
dissociation constants for the tetra- and triprotonated 
species of L and the equilibrium constants for the com- 
plexation of these species of L with the various anions. 
An analysis of the values of these equilibrium constants 
provides further evidence that internal hydrogen bond 
interactions and solvation effects play an important role 
in the complexation behaviour of protonated macro- 
cyclic polyamines. 


Figure 1. 1,4,7,10,13-Pentaazacyclopentadecane = L 
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EXPERIMENTAL 


Materials. All chemicals were of reagent grade. We 
tested KI, KCl, K2S04 and KNO3 solutions for the pres- 
ence of trace acidic or basic impurities by a procedure 
in which the pH of a nitrogen-purged solution (at an 
ionic strength of 0 .5  M) of each salt was monitored 
during addition of small amounts of HCl or NaOH. 
The concentration of acid/base impurities was always 
less than 0-01 mF. 


1,4,7,10,13-Pentaazacyclopentadecane (H5LC15) 
samples were obtained from Parish Chemical as the 
pentahydrochloride salt and were used without further 
purification. Alkametric titration of salt samples gave 
two end-points, at a = 2 and 3 mol KOH/mol L. The 
experimental ratio of end-point volumes was 1.50 with 
an uncertainty of less than 0 .5%.  L-buffer mixtures 
were prepared by addition of suitable amounts of KOH 
to portions of the pentahydrochloride stock solutions. 


pH potentiometric measurements. All p H  measure- 
ments employed a Beckman Model 71 p H  meter 
equipped with conventional glass and calomel reference 
electrodes. The meter was standardized with solutions 
ranging from 1-00 to  20.0 mF HC1 depending on the 
pH range of measurements to be made. The ionic 
strength was adjusted with KCI. 


Because we wished to  interpret the p H  data as 
pH = - log[H+],  we made a variety of calibration 
experiments which have been described in detail 
elsewhere.' For the present work we extended the range 
of those calibration experiments to  include the most 
acidic solutions that we would encounter (pH 1.7). 
These experiments included measurements made a t  
fixed background electrolyte concentration and compo- 
sition with various values of p H  and also measurements 
made with varying electrolyte composition a t  fixed pH. 
These calibration experiments were designed to simulate 
the range of conditions in our experiments with L 
buffers. The results of these experiments indicated a 
linear pH response. The root mean square of the appar- 
ently random fluctuations in p H  was always less than 
50.002. 


Particular care was taken to  insure thermal and 
chemical equilibrium. Electrodes were immersed in the 
solutions for at least 30 min before each titration and 
for at least 10 min before each pH measurement. 


I3C NMR measurements. I3C proton decoupled 
NMR spectra were obtained with a JEOL FX-90Q 
nuclear magnetic resonance spectrometer. The initial 
concentration of HsLC15 in each sample solution was 
0.02 F with ionic strength made up to  0 .5  M with either 
KI or KC1. The concentration of each solution in D2O 
was 10% (v/v). L mixtures were titrated with 0.60 F 
KOH, also 10% (v/v) in D20, in a 10 mm sample tube 
maintained near 30 "C. Data acquisition typically con- 
sisted of 1200 scans with a sweep width of 5000Hz 


(ca 200 ppm). The spectrometer was calibrated before 
each experiment by measuring the single carbon 
resonance for portions of a stock solution containing 
DMSO-d6 in 10% (v/v) DzO in the same sample tube 
that would later be used for the experimental titration. 
This resonance line was set to 39-5 ppm (relative to 
tetramethylsilane) and was used as an external 
reference. 


Conductance measurements. The electrolytic con- 
ductance ofoL solutions during titration with HzSOa at 
25.0 2 0.1 C was measured with a Leeds and 
Northrup Model 4959 conductance bridge equipped 
with a glass dip-type conductance cell. 


p H  POTENTIOMETRIC METHODOLOGY 


We estimate complexation constants for protonated L 
species by means of potentiometric p H  versus composi- 
tion data obtained from experiments in which L buffer 
mixtures are titrated with complexing salts KC1, KNO, 
and K2S04. Analysis of the experimental data relies on 
a non-linear regression procedure which minimizes the 
x2 statistic defined by 


pH(obs) - pH(ca1c) 


P = C [  -1 
where pH(obs) represents the observed pH value and 
pH(calc), the calculated p H  value, is derived from the 
solution composition data by means of a set of model 
equations consisting of equilibrium constant expres- 
sions and mass and charge balance equations. The equi- 
librium constants (pK values and complexation 
constants) are treated as adjustable parameters. The 
uncertainty in each p H  measurement, u was obtained 
from independent calibration experiments. We set 
u = 0-002 in all our calculations, except for data at 
55 "C where u = 0.003. Our calibration experiments at 
5 5  "C showed that this larger uncertainty is 
appropriate. 


The Levenberg-Marquardt lo-  '' algorithm provides 
a systematic means of varying the adjustable par- 
ameters t o  obtain the best fit of  the observed data to the 
model. Note that in order to  formulate the model, it is 
necessary to  know which species are present in the sol- 
ution and which equilibrium expressions are required to 
provide the relationships among the concentrations of 
these species. A detailed discussion of this procedure 
appears elsewhere. ' 9 '  


Experiments designed to  determine complexation and 
acidity constants for highly protonated L species 
require the analysis of two p H  vs composition data sets: 
one from a mixture buffered to a pH near 6 and a 
second with a p H  near 1.7. The values of the acid dis- 
sociation constants (pK) for H5Ls' given in the litera- 
ture are l .16, l .74, 6.00, 9.65 and 10-85 (at 25 "C and 
at an ionic strength of 0.2  M). l 3  At pH 6 and ionic 
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strengths between 0-12 and 0 * 5 0 ~ ,  the values of 
acidity constants imply that the concentrations of L, 
HL+,  H4L4+ and H5L5 are all negligible and so can be 
set equal to zero in the model equations. At pH 1.7, 
although the concentrations of L and HL+ are negli- 
gible, we would expect appreciable concentrations of 
H4L4+ and H5L5+. However, in studies of the com- 
plexation of hexacyclen with anions, the pentapro- 
tonated species was not detected. It seems unlikely that 
the fully protonated pentaaza species, H5L5+, would 
form under conditions similar to those where the 5 +  
form of the presumably more basic hexaaza compound 
did not. Assessments of which of the L species should 
be included in the model describing complexation 
behaviour were investigated by the experiments 
described in the following section. 


ACIDIC DISSOCIATION AND ANION 
COMPLEXATION BEHAVIOUR OF HsLCls 


pH potentiometric titrations 


In order to obtain information about the protonated L 
species in L mixtures with pH values between about 1.7 
and 6 and with an essentially constant concentration of 
C1-, the complexing agent, we performed pH poten- 
tiometric titrations of 0-01 F H5LCls solutions con- 
taining 0 . 5 0 F  KCI with a 0.20F KOH solution 
containing 0 - 5  F KCI. pH vs volume of titrant data 
were analyzed using a modification of a non-linear 
regression algorithm used in previous work. l4 This 
algorithm analyzes data obtained during titration of a 
mixture consisting of q mmol of a partially dissociated 
mono- or polyprotic acid and rn mmol of a strong acid. 
Values of q and rn and the pK values of the weak acid 
are determined by the algorithm. 


We obtained pH vs volume of titrant data for the 
range 0-2.3 mol KOH/mol H5LC15, corresponding to a 
pH range of about 1.7-6. The corresponding titrant 
volumes were between 0 and 5 ml. The program 
requires as input estimates of the uncertainties in pH 
and in the volume. These were chosen to be 0.002 and 
0.01 ml, respectively. Root mean square deviations in 
pH and titrant volume as determined by the program 
were comparable to the apriori estimates. We interpret 
this result as indicating that the experimental data are 
adequately fitted by a model based on complete (strong 
acid) dissociation of HsLC15 and partial dissociation of 
H4L4+ and H3L3+ species. In other words, solutions of 
HsLCl5 are accurately modeled as an equimolar mixture 
of a completely dissociated acid and a partially disso- 
ciated polyprotic acid. This is confirmed by the 
regression analysis, which found the ratio of moles of 
strong acid to moles of weak acid to be 1 to within the 
estimated error of ca 2%. 


As an example, an analysis of one set of titration 
data indicated the presence of 0.375 k 0.006 mmol of 


strong acid and 0.371 ? 0-003 mmol of a partially dis- 
sociated polyprotic acid with primary and secondary pK 
values of 1.38 k 0-05 and 6-27 k 0-02, respectively. 
The uncertainties represent standard error estimates. 
The molar ratio of strong acid to weak is 1.01 k 0.02, 
which is consistent with the complete dissociation of 
pentaprotic L to form the partially dissociated H4L4+ 
acid. We shall show later that the conditional pK values 
obtained from the titration data are consistent with 
anion complexation of both H4L4+ and H3L3+ species. 
We infer from these observations that the H5L5+ 
species, if they are present at all, play no significant role 
in these solutions even at pH values as low as 1-7. We 
confirmed the absence of H5L5+ species and obtained 
further information about the solution behaviour of 
protonated L species by means of conductometric 
titration experiments. 


Conductometric titrations 


HsLCl5 solutions were titrated with NaOH reagent 
under various conditions. Two examples are illustrated 
in Figure 2. The lower curve represents the titration of 
0.01 F HsLCl5 in water and the upper curve is essen- 
tially a replicate but employs a background electrolyte 
of 0.1 F NaI. The apparently linear decrease in 
volume-corrected conductance at the start of both 
curves indicates the virtually complete dissociation of 
the H5L5+ and H4L4+ species under the conditions of 
these experiments. The presence of significant amounts 
of these species, implied by pK values near 1 . l  and 1.7, 
would result in substantial curvature of the plots in the 
region from a=O to 2 mol NaOH/mol H5LC15. 
Instead, the observed linear decrease of conductance in 
this region corresponds to replacement of free H +  by 
Na+ from the titrant. 


The titration in the absence of NaI features two 
additional branches before the final rise after a = 5 mol 
NaOH/mol H5LC15. These correspond to the reactions 


H3LCIZ+ + NaOH --t H2LZ+ + Na+ + C1- + HzO 


in the region from a = 2 to 3 rnol NaOH/mol HsLCl5 
and to the stepwise neutralisation reactions 


HzLZ+ + NaOH --t HL+ + Na+ + HzO 


and 


HL+ + NaOH .+ L + Na+ + HzO 


from a = 3 to 5 mol NaOH/mol H5LCI5. 
However, only a single slope is observed in the 


a = 2-5 rnol NaOHlmol HsLCls region when 0.1 F 
NaI is present. We ascribe this behaviour to a substan- 
tially decreased extent of H3L3+ complexation in the 
NaI medium. This is a consequence of the significant 
dependence of the activity coefficient of the highly 
charged H3L3+ species on the ionic strength of the sol- 
ution. At the higher ionic strength, a decreased H3L3+ 
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Figure 2. Conductometric titration of H5LC15 solutions with NaOH. The lower curve represents electrolytic conductance vs added 
0.20 F NaOH to a solution of 0.01 F HsLCl5 in water at 25 ' C .  The upper curve is a replicate titration with the analyte solution 


made up 0.1 F in NaI 


activity coefficient results in a lower concentration of complexation with the chloride or iodide ions present in 
the H3LC12+ complex. Thus, the principal reactions the titration mixtures. The spectra differ slightly in the 
occurring in the region from a = 2 to 5 mol NaOH/mol range a = 2-3 mol KOH/mol HsLCls, reflecting 
HsLC15 consist of proton loss from the H3L3+,  H2LZ+ differing extents of H3L3+ complexation in the 0.1 F 
and HL+ species and only one slope is observed. CI-, 0 . 4 ~  I - medium compared with the 0.5 F 


chloride solution. The chemical shift data from the two 


13c NMR spectrometric titrations 


We obtained I3C NMR spectra of solutions of HsLCls 
(initially 0.02 F and adjusted to a n  ionic strength of 
0.5 M with KI or KCI) during the course of titrations 
of the solutions with 0.6 F KOH added in about ten 
portions. In each case the spectrum consisted only of a 
single resonance corresponding to the ten equivalent 
carbon atoms of L. The data for these titrations were 
essentially identical beyond a = 3 mol KOH/mol L 
where the H2L2+ and L species are dominant, con- 
firming that these L species d o  not undergo appreciable 


electrolyte media differ by up to about 0.2 ppm under 
the more acidic conditions from a = O  to 2mol  
KOH/mol H5LCl5, resulting from enhanced H3LCIZ+ 
and H4LC13+ formation at higher CI- concentrations. 


The chemical shift vs composition data were analyzed 
as follows: ( I )  solution composition data and equi- 
librium constant values from pH potentiometric exper- 
iments provided estimates of the various L species 
concentrations in each of the KOH-HsLCIs mixtures; 
(2) the observed chemical shifts were interpreted as the 
concentration-weighted average of the intrinsic 
chemical shifts of the various L species, H,L"+, n = 







PROTONATED FORMS OF 1,4,7,10,13-PENTAAZACYCLOPENTADECANE 447 


0-4, and chloride complexes H3LC12+ and H&C13+; 
(3) optimum values of the intrinsic chemical shifts were 
obtained by an iterative best-fit procedure. The intrinsic 
chemical shifts were 47.1, 46.7, 46-0, 45.4 and 
41 .O ppm, respectively, for the five L species, and 45.3 
and 44.3 ppm for H3LCl2+ and H4LC13+, respectively. 


The chemical shift data are difficult to interpret since 
they reflect average electronic interactions, solvation 
changes and conformational changes within the mol- 
ecule. We focus on the fact that the approximately 20 
I3C NMR chemical shifts could be accurately described 
to better than the estimated 0.02 ppm precision of 
measurement by a model including only protonated L 
species up to 4 + and chloride complexes of the 3 + and 
4 + species. The presence of iodide complexes or H5L5+ 
species would probably result in a poor fit of the 
data to the model. Thus, the 13C NMR results pro- 
vide further support for our model of the solution equi- 
libria in the high ionic strength media employed in pH 
potentiometric experiments. 


RESULTS 
Complexation constants and acid dissociation constants 
at various temperatures and ionic strengths obtained 
from our studies of pH potentiometric titrations appear 
in Tables 1 and 2. In these tables, a subscripted number 


indicates the charge of the species and a subscripted 
anion name refers to the complex of that anion with L. 
Thus, plcl refers to the acid dissociation of the 4 +  L 
species and &CI refers to the chloride complexation 
constant with that species. 


We give in the last column of Table I values of x2,  
the goodness-of-fit statistic, and the number of degrees 
of freedom in each non-linear regression analysis. The 


Table 2. Acidity constants of tri- and tetraprotonated L 
species at various temperatures and ionic strengths. 


0.50 25.0 0.33 ? 0.04a (4)b 
0.37 25.0 
0.25 25.0 
0.12 25.0 
0.50 16.7 
0.50 36.2 
0.50 46.1 
0.50 55.2 


6.045 2 0.005' (5)b 
5.984 ? 0.004 (2) 
5.896 -+ 0.025 (2) 
5.763 -+ 0.006 (2) 
6.207 
5.786 2 0.006 (2) 
5.564 
5.368 


a Uncertainties represent standard deviations obtained from 
independent determinations. 


Numbers in parentheses indicate the number of 
independent pK estimates. Experiments employed two or three 
different stock buffers of H4L4+-H3L3+ or H3L3+-H2L2'. 


Table 1. Complexation constants of tri- and tetraprotonated L species with some mono- and divalent anions at various temperatures 
and ionic strengths 


X I W  f("C) KH~LX KH.LX a KH,LX~ X2/d.f. 


CI - 0.50 
0.37 
0-25 
0.12 
0.50 
0.50 
0.50 
0.50 
0.50 


NO 1 0.50 


so,'- 0.50 
0.50 
0.37 
0.12 


I 0  5 0.25 


CZO; (oxalate) 0.50 


~ ~ 0 : -  (squarate) 0.50 


25,O 
25.0 
25.0 
25.0 
16.7 
36.2 
36.2 
46.1 
55.2 


25.0 


25.0 
25.0 
25.0 
25.0 


25.0 


25.0 


25.0 


1-11 f 0.03 
1-30 f 0.05 
1-59 4 0.07 
1.91 2 0.11 
0.96 5 0.03 
1-34 % 0.03 
1.25 f 0.04 
1.55 2 0.04 
1-75 2 0.05 


0.9 5 0.1 


32.0 2 0 . 3  
32.0 ? 0.3 
39.0 2 0.5 


173 2 2 


13.1 2 0 . 2  


33-7 _+O-3  


18.0 2 0 . 2  


28 2 9 9-7/11 
0.7/5 
0.215 
0.515 
1.3/5 
0.3/6 
0.4/5 
6.415 
7.115 


7 . 0 ?  1.3 1.119" 


8.8(+0.4) x 103 6.2(?0.2)X lo5 9.3/18" 
7 . 7 ( + 0 . 3 ) ~  lo3 5.3(?0.2) X lo5  17/11a 


1517 
2.118 


0.419 


9.519 


0.319 


"Entries which include values for H4L4+ complexes derive from simultaneous analysis of data from H4L4+-H3L3+ and 
H3L3'-H2L2+ buffer mixtures. Other entries which list only H3L3+ complexation constants are obtained from data with only 
H3L3+-H2L2+ buffers. 


bx2/d.f. entries indicate values of xz, the goodness-of-fit statistic, and the number of degrees of freedom, i.e. number of data 
points minus number of adjustable parameters. 
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value of x2 is generally comparable to or less than the 
number of degrees of freedom, indicating that the p H  
potentiometric data are accurately described by the 
chemical model equations using the a priori estimate of  
20.002 for the uncertainty in pH. 


The complexation constants in Table 1 reflect the 
results of two types of experiments. (1) A single 
H3L3+-HzL2+ buffer mixture was titrated with a sol- 
ution of the complexing anion. This type of experiment 
gave anion complexation and acid dissociation con- 
stants for H3L3+ only. The second entry in Table 1 is 
an example of this type. (2)  Both H3L3+-H2L3+ and 
H4L4+-H3L3+ buffers were used t o  obtain complexa- 
tion and acid dissociation constants for H4L4+ and 
H3L3+. For this type of experiment we could either 
analyze the data simultaneously or, in a two-step pro- 
cess, first find best-fit values for the H3L3+ complexa- 
tion constant and pK3 and then use these values as fixed 
input parameters in the analysis of the pH vs composi- 
tion data pertinent to the H4L4+-H3L3+ buffer. The 
two procedures gave essentially identical complexation 
constant and pK values. The complexation constants 
and their standard error estimates listed in Table I were 
obtained from the simultaneous analysis of the 
two-buffer data. 


The complexation constant data in Table 1 are con- 
ditional constants in the sense that their calculated 
values are based on two assumptions: ionic activity 
coefficients are all taken as unity and none of the pro- 
tonated L species form complexes with iodide ions. The 
second assumption was tested using methods described 
previously.' The shift in K3cl from 1.91 2 0.11 at  an 
ionic strength of 0-12 M to  1-11 2 0.03 at  an ionic 
strength of 0-50 M could be completely explained by 
the differences in the ionic activity coefficients at the 
two ionic strengths. A similar examination of pK3 
values listed in Table 2 shows that the change in pK 
values as a function of ionic strength can be explained 
by activity coefficient effects alone. These results, indi- 
cating the absence of H3L3+ or H2L2+ complexes with 
iodide ions, are in accord with earlier findings based on 
conductometric and I3C NMR experiments. 


We were unable to  analyze the variation in pK4 as a 


function of ionic strength because its value is so small 
(0-33 2 0.04 at  an ionic strength of 0 . 5 0 ~ ) .  This 
already small value decreases markedly with decreasing 
ionic strength. The accompanying loss of precision pre- 
cludes a meaningful analysis. Although it is possible 
that an iodide complex of H4L4+ exists in these sol- 
utions, our earlier conductometric titration results 
allow the existence of an extremely weak complex only. 
(Recall that even the presence of 0.1 M iodide resulted 
in no detectable curvature in the a=0-2  mol 
NaOH/molHsLCl5 region.) Hence we shall assume that 
iodide complexes, if they exist at all, do not play a 
significant role in the present experiments. 


Using the pK values and chloride complexation con- 
stants for H4L4+ and H3L3+ listed in Tables 1 and 2, 
we can re-evaluate the p H  potentiometric titration data 
cited earlier. We found conditional acidity constants 
for 4 +  and 3 +  L species to  be 1 - 3 8  2 0.05 and 
6.27 2 0.02, respectively. These constants were 
obtained from alkametric titrations of 0.01 F HsLCls 
solutions in 0.5 F KCI media at 25 "C. Using the data 
in Tables 1 and 2 we calculate conditional acidity con- 
stants pKi = 1-34 and pKi = 6-25 in 0.50 F KCl, and 
find excellent agreement with those obtained from the 
alkametric titration experiments. The agreement seems 
significant since the constants in Tables 1 and 2 refer to  
experiments in which the chloride ion concentration 
varied from ca 0.01 to  ca 0 .2  M, while the titrations 
with base employed a much higher chloride 
concentration. 


We wish to  characterise the acid dissociation and 
complexation reactions of H4L4' and H3L3+ species in 
terms of bonding and solvation properties. We rely on 
A H  and A S  data for this information. In general, direct 
calorimetric methods are useful in such determinations. 
However, these methods are not readily applicable to 
the complex equilibrium mixtures studied here. Instead, 
we employ a van't Hoff analysis of the temperature 
dependent equilibrium constants of Tables 1 and 2. 


This approach for estimating A H  and A S  depends the 
accuracy of the equilibrium constant data. Thus, we 
took particular care to make multiple determinations of 
these values and employed numerous different stock 


Table 3. Chloride complexation and acidic dissociation enthalpies and 
entropies for H3L '+ and triprotonated 1,4,8,12-tetraazacyclopentadecane at 


ionic strength 0.5 M 


Reactiona A H  (kJ mol-') AS (J mol-' K - ' )  


H3L3+-*HzL2+ + H+ +41 2 0.8' +21 t 2 . 5  
H3L" + C1- + H3LCIZ+ +42 It 2 .5  + 12 2 0.8 
H3T3+ -+ HzT2+ + H+ + 3 1  2 0.8 + 4  + 2  
H3T3+ + C1+ + H3TClZ+ +8.4 It 0.8 + 2 5 ?  3 


buncertainties represent standard errors based on the scatter of points about 
van't Hoff lines. 
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solutions prepared from different batches of HsLCls in 
order to account for uncertainties in solution composi- 
tion. The results of some of these replicate experiments 
are given in Tables 1 and 2. 


Calculated values of A H  and A S  for H3L3+ acid 
dissociation and complexation reactions along with 
corresponding values for 1,4,8,12-tetraazacyclopenta- 
decane are given in Table 3. The uncertainties in these 
values are standard error estimates obtained from the 
apparently random scatter of experimental points about 
the regression lines. We made additional calculations 
using the method of weighted least squares to  obtain 
alternative estimates of A H  and A S  and their uncertain- 
ties. This method relies on the uncertainty (standard 
error) in each experimental point to estimate standard 
errors in the slope and intercept and hence in A H  and 
A S .  Values of A H  and A S  found by weighted regression 
were essentially identical with those found using the 
ordinary regression method. However, the error esti- 
mates obtained using weighted least squares were uni- 
formly smaller and were therefore discarded. Hence the 
uncertainties listed in Table 3 represent conservative 
estimates. 


DISCUSSION 


We begin with a comparison of the acid dissociation 
behaviour of H3L3+ with that of hexacyclen (H3Hx3+) 
and the triprotonated forms of 1,4,8,12-tetra- 
azacyclopentadecane (H3T3+). The H3T3+ structure 
contains three protonated and one unprotonated amine 
nitrogens so that only one pairwise interaction between 
NH; and NH sites is possible. The loss of a proton 
from this ion results in a species capable of two pairwise 
interactions between protonated and unprotonated 
amine sites. Assuming that these internal interactions 
stabilize the ion, we would expect a negative contribu- 
tion to  A G  for the proton-loss reaction. 


The behaviour of H3L3+ is different. Both the H3L3+ 
and H2L2+ species are capable of two pairwise interac- 
tions between protonated and unprotonated amine 
sites. Consequently, there is no net change in the 
number of  internal stabilisation interactions upon 
proton loss from H3L3+. Finally, proton loss from the 
protonated cyclic hexamine H3Hx3+ results in a net loss 
of one stabilizing interaction. The values of pK for 
H3T3+ and H3L3+ are 5.229 and 6.045 at  ionic 
strength 0.5 M at  25 OC, while pK = 8.7 for H3Hx3' at 
ionic strength 0.2 M at  25 C. 


The relative magnitudes of these pK values are con- 
sistent with decreased internal stabilization in the dis- 
sociations of H3T3+, H3L3+ and H3Hx3+. However, 
the additional stabilization interaction in the dis- 
sociation of H3T3+ as compared with H3L3+ results in 
a significantly smaller increase in acidity than does the 
additional interaction in the dissociation of H3L3+ as 
compared with H3Hx3+. The internal NH-H'-N 


interactions in H3T3+ seem to be less effective than 
those in H3L3+ or H3Hx3+. This may be a result of 
greater N-N distances in H3T3+ whose structure con- 
sists of three propylene bridges compared with ethylene 
bridges in H3L3+ and H3Hx3+. 


1,4,7,10-Tetraazacyclododecane is structurally 
similar to the ethylene-bridged compounds. Although 
no precise pK values for the triprotonated form of this 
compound have been reported, its value has been esti- 
mated as 1.5-2.0 at a n  ionic strength of 0.2 M and 
25 OC. 16,17 These conditions differ from those employed 
here, and the approximate pK value may be influenced 
by anion complexation. Nevertheless, the value seems 
consistent with H3L3+ and H3Hx3+ acidity constants. 
The dissociation of 1,4,7,1O-tetraazacyclododecane 
results in a gain of one more internal stabilization inter- 
action than does the dissociation of H3L3+ and its pK 
is cu 3 units smaller. We note that each of the three acid 
dissociation products, the diprotonated amine species, 
is capable of two internal interactions,thus stabilizing 
both bound protons. This in turn implies similar solva- 
tion properties for the ammonium ions, thus allowing 
simple comparisons to  be made. 


The analysis of A H  and A S  for the acid dissociation 
reactions is complicated by the fact that the internal 
stablizations contribute to both A H  and A S  in a variety 
of ways. It is likely that A H  and A S  are influenced by 
restructuring of both the inner and secondary solvation 
spheres and also by internal strains and the concomitant 
loss of torsional degrees of freedom. Further, the 
internal strains and possible loss of torsional degrees of 
freedom associated with internal interactions may also 
influence A H  and A S .  


Both A H  and A S  are larger for the dissociation of 
H3L3+ than for the dissociation of H3T3+ (41 and 
31 kJmol- '  and 21 and 4-2 Jmol- 'K- ' ,  respectively). 
These results can be understood by considering the 
proton exchange reaction 


H3L3+ + H2TZ+ --t H2L2+ + H3T3' 


in which there is a net loss of one internal interaction. 
For this reaction, A H =  I0 kJmo1-l and A S =  
17 J mol-l K-I .  The positive A H  results from a net loss 
in bonding interactions. We believe that the positive 
value of A S  indicates a net release of solvent. Assuming 
that HIT'+ and HxL" have similar solvation spheres 
leads to  the conclusion that H7L3+ solvation is more 
extensive than that of H3T3+. 


We therefore propose the following model for the 
internal stabilization interactions. A solvated 
ammonium group with strong inner sphere solvation 
interacts with a nearby amine nitrogen. The net effect 
is a bonding enhancement (negative A H )  replacing 
NHg-HzO interactions with stronger 
ammonium-amine interactions. At the same time the 
inner solvation sphere is loosened or released. Finally, 
the stabilised ion interacts with the solvent to form a 
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large outer sphere consisting of loosely bound water. 
The net effect is an increase in the number of interactive 
solvent molecules and a negative AS.  


With this picture in mind we turn to a discussion of 
the complexation of H3L3+ with anions. In previous 
work' we described monoanion complexation of pro- 
tonated macrocyclic polyamines in terms of the availa- 
bility of an unstabilized ammonium site. Thus, chloride 
ions, for example, form no detectable complexes with 
H3Hx" since all three protons in H3Hx3+ may be 
stabilized by pairwise interactions between the six 
amine sites. A chloride complex was detected with 
H3T3+ since two unstabilized ammonium sites are 
available. The same reasoning rationalizes the existence 
of the chloride complex of H3L3+ found in this work. 


We have associated the strength of the anion com- 
plexes with a solvent expulsion mechanism. Recall that 
H3L3+ appeared to be more extensively solvated than 
H3T3+. The enthalpy and entropy changes for the 
metathesis reaction 


are 3 - 8  kJ mol-' and 17-0 Jmol- '  K- ' ,  respectively. If 
the 2 +  anion complexes are solvated to a similar 
extent, the positive values of A H  and AS imply a release 
of solvent in transferring from H3L3+ to H3T3+. A 
more highly solvated H3L3+ species implies, in turn, 
that H3L3+ complexes with anions should be stronger 
than corresponding complexes with H3T3+, and this is 
observed. In fact, all of the H3L3+ anion complexes 
observed here are stronger than corresponding H3T 3 +  


complexes by a factor of 2-4. 
It is difficult to  discuss the acid dissociation proper- 


ties of H4L4+ because the relevant data for related com- 
pounds are not available. However, we can make two 
sets of observations. 


First, H4L4+ is a significa%tly stronger acid than 
H4Hx4+. The pK values a t  25 C are 0-33  at an ionic 
strength of 0.5 M and 3.52 at an ionic strength of 
0 - 2 2  M,' respectively. Both acids gain one internal 
stabilizing interaction on dissociation. The difference in 
acid strength might result from the difference in the 
charge repulsion of three localized ammonium groups 
situated on the 15-membered H4L4+ ring compared 
with the repulsion due to  only two such groups on the 
larger H4Hx4+ ring. However, H4T4+ has four 
ammonium groups also distributed around a 15- 
membered ring and its pK4 value is 3.65 at an ionic 
strength 0.5 M.' Hence it seems more likely that the 
high acidity of H4L4+ is related to the structure and 
extent of its solvation sphere. 


Second, the H4L4+ complexes with anions are much 


stronger than corresponding H4T4+ complexes but are 
weaker than H4Hx4+ complexes. The H4Hx4+ species is 
very extensively solvated, as indicated by the values AH 
and A S  for its acid dissociation, 58.6 kJmol-'  and 
134.0 J mol-' K -  ', respectively. Corresponding values 
for H4T4+ are 36.0 kJmol- '  and 50.2 Jmol- 'K- ' .  
The more endothermic and entropy-producing acid dis- 
sociation of H4Hx4+ corresponds to  the breakdown of 
an extensive secondary solvent network. It seems 
reasonable to  assume that the solvent structure around 
H4L4+ is intermediate between those of H4T4+ and 
H4Hx4+,  accounting for the anion complexation 
properties. 


We conclude by noting that although our interpreta- 
tions must be regarded as speculative, they do appear to 
provide an explanatory framework for the experimental 
results. 
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PROTONATED PROPYLENE OXIDE IS STABLE TOWARDS 
ISOMERIZATION IN THE GAS PHASE 


PEIPING LIN AND HILKKA I. KENTTAMAA* 
Department of Chemistry, Purdue University, West Lafayette, Indiana, U.S.A 


The relative stabilities of gaseous protonated propylene oxide and its isomers, protonated propanal, oxetane and 
acetone, were reinvestigated in a Fourier transform ion cyclotron resonance mass spectrometer by using multiple-stage 
tandem mass spectrometric experiments. The dependence of ion structure on internal energy was examined by 
generating the ions in proton transfer reactions with different exothermicities and then probing their structures by 
using energy-resolved mass spectrometry (collision-activated dissociation as a function of collision energy). In contrast 
to results obtained in several recent investigations, protonated propylene oxide was found to be distinct from its more 
stable isomers when generated with only a small amount of internal energy. When the exothermicity of  the proton 
transfer reaction was higher than 6 kcal mol-' (1 kcal = 4-184 kJ) or when the epoxide ion was subjected to multiple 
activating collisions, rapid isomerization to protonated propanal occurred. The energy required for opening of the 
epoxide ring estimated to be similar to that measured earlier for protonated cyclohexene oxide (5-10 kcal mol-'). 


INTRODUCTION 


The intrinsic stability of protonated epoxides is of wide 
interest, in part because of the great importance of acid- 
catalyzed reactions involving opening of an epoxide 
ring in organic synthesis and in various biological 
reactions, such as the metabolic activation of many 
known or suspected carcinogens. The mechanisms 
proposed for acid-catalyzed ring opening of epoxides 
range from the attack of a nucleophile on the pro- 
tonated epoxide with concomitant ring opening in a 
single kinetic step (a limiting A2 mechanism), to spon- 
taneous cleavage of a C-0 bond of the protonated 
epoxide to give a hydroxycarbenium ion intermediate (a 
limiting A1 mechanism) which then reacts with a 
nucleophile. 4 - 7  Rearrangement of the protonated 
epoxide to yield a carbonyl compound represents a 
minor product channel in solution. In sharp contrast, it 
was suggested recently that protonation of propylene 
oxide in the gas phase results in rapid isomerization 
to protonated propanal. 8-10 Indeed, protonated 
propylene oxide has been depicted to exist in a very 
shallow potential energy well (3-5 kcal mol-' deep; 
1 kcal = 4.184 kJ). 


We report here a reinvestigation of the relative stabil- 
ities of protonated propylene oxide and its isomers in 
the gas phase. The isomeric ions were formed in a 
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Fourier transform ion cyclotron resonance mass spec- 
trometer with different amounts of internal energy 
through the use of a series of reagent ions with various 
gas-phase acidities. These experiments allowed, for the 
first time, the generation of stable, protonated propy- 
lene oxide in the gas phase. It was demonstrated that 
although the barrier for opening of the protonated 
epoxide ring is low (5-10 kcal mol-I), the epoxide 
ion can be distinguished from its more stable isomers 
on the basis of energy-resolved collision-activated 
dissociation. ''-I4 


EXPERIMENTAL 


All the experiments were carried out on a Fourier trans- 
form ion cyclotron resonance (FT-ICR) instrument, 
a prototype dual-cell Extrel FTMS-2001 mass 
spectrometer. l5 This instrument has a differentially 
pumped dual cell (pumped with two Bakers TPU 330 
turbomolecular pumps). The dual cell is aligned col- 
inearly with a magnetic field of 3.0 T produced by a 
superconducting magnet. The two approximately 2 in 
cubic cells share a common trapping plate which func- 
tions as the conductance limit for the differentially 
pumped system. When ions were transferred from one 
cell into another through the conductance limit aperture 
(diameter 2 mm), the conductance limit plate was 
grounded for about 200 ps. At all other times, a trap- 
ping potential of 2 V was applied to all the three trap- 
ping plates. All the data shown are averages of at least 
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30 spectra acquired at a digitizer rate of 5.3 MHz, and 
using an excitation sweep with band width 2.7 MHz, 
sweep rate 3.2 kHzps-’ and amplitude 105 V. The 
spectra were recorded as 32K data points subjected to 
one zero fill before Fourier transformation. 


The base pressure in each side of the dual cell is less 
than 1 x Torr (1 Torr = 133.3 Pa) (as read by two 
Bayard-Albert ionization gauges). The ionization 
gauges were calibrated using common procedures based 
on the measurement of the rate constants for several 
well characterized reactions. I 6  Sample introduction was 
accomplished through a Granville-Phillips leak valve, a 
Varian leak valve or a prototype heated batch inlet 
equipped with a leak valve. All the compounds used 
were commercially available and were used as received. 
Their identification and purity were checked mass 
spectrometrically. A nominal pressure of 
3 x 10-*-5 x Torr was used for each sample and 
1.5 x 10-’-7 x Torr for the chemical ionization 
reagent. 


The sequence of voltage pulses used in the FT-ICR 
experiments is shown in Figure 1. Electron impact 
ionization (17-50 eV) was used to generate the primary 
ions from the chemical ionization reagent gas; these 
ions were used to protonate the reagent gas molecules 
during the reaction period following the electron beam. 
After the reaction period, the desired product ions were 


ELECTRON 
BEAM ton 


Quench I Irolallon 
~ 5 + y q l o n  I Rmacllon 


CELL 1 


I 
1 
I 
I 
I 


I 
I 
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CONDUCTANCE! 


I 
I 
I 
I 
I ion 


Quench Quench lsolallon CAD Delrcllon 
I 
I 
I 
I 


CELL 2 I I R”7?lJ--J- 
+ 


TIME 


Figure 1 .  The sequence of voltage pulses used to carry out the 
experiment shown in Figure 2. Quench refers to removal of all 
ions from one or both sides of the dual cell through applica- 
tion of an attractive potential on one or several of the trapping 
plates. In most instances, ion isolation involved more than just 
one radiofrequency voltage pulse, as illustrated for simplicity. 


CAD refers to collision-activated dissociation 


isolated by ejecting all the unwanted ions from the cell 
through a combination of radiofrequency voltage 
pulses and radiofrequency sweeps applied to the cell 
plates, and transferred into the other side of the dual 
cell. A 1 s time delay was allowed immediately after ion 
transfer in order to relax collisionally the ions into the 
center of the cell in the direction of the magnetic field. 
Collision-activated dissociation experiments were 
carried out using argon as the collision target at a 
nominal pressure of about 1 x Torr. An excitation 
pulse with a fixed amplitude (0.08) Vp-p) and a vari- 
able duration (< 1 ms) was used to accelerate the mass- 
selected ions to different final kinetic energies. This was 
followed by a fixed reaction time (100 ms, unless spe- 
cified otherwise). Since the ion kinetic energy computed 
from the infinite electrode approximation is overstated 
by about 92% for a cubic cell ICR, l 7  the computed col- 
lision energy was divided by two to obtain the estimated 
laboratory collision energies reported here. The number 
of activating collisions that an ion experiences depends 
mainly on the mass to charge ratio of the ion, its kinetic 
energy, the pressure of the target gas and the time 
allowed for collisions. On the basis of the kinetic theory 
of gases, an ion of mlz 59 with laboratory kinetic 
energies of 5-100 eV activated by collisions with argon 
at a nominal pressure of 1 x Torr is calculated to 
undergo an average of 4-20 elastic collisions during 
100 ms in the instrument used for this work (four colli- 
sions for 5 eV kinetic energy). By increasing the argon 
pressure to 8 x Torr, the average number of elastic 
collisions is calculated to be 30-140 for the same kinetic 
energy range; the number of activating (inelastic) colli- 
sions, however, is significantly smaller, and difficult to 
estimate. The number of collisions was varied in this 
study by varying the argon pressure and by varying the 
reaction time. 


RESULTS 


Isomer distinction 


Protonated propylene 


AND DISCUSSION 


oxide and protonated propanal 
were generated in the gas phase by using thermoneutral 
or near-thermoneutral proton transfer reactions. The 
acids used in these reactions were formed in the FT-ICR 
mass spectrometer by self-chemical ionization 
[Figure 2(a)], i.e. the fragment ions obtained by elec- 
tron impact ionization-induced dissociation of each 
reagent gas were used to protonate the neutral reagent 
molecules. The proton affinities (binding energy to a 
free proton) of the molecules’8 studied are listed in 
Table 1. The protonated reagent molecules were iso- 
lated by ejecting all the unwanted ions from the 
cell, and allowed to react with propylene oxide and its 
isomers [Figure 2(b)]. The ions obtained by 
protonating propylene oxide [Figure 2(c)] , acetone, 
oxetane and propanal were transferred into the other 
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(a) Generation of the reactant ion (d) Ion transfer to cell 2 


(a) isolation of an ion Ib) Isolation of the reactant ion 


(cl Proton-transfer reaction (fl Collisionally-activated dissociation 


B* I I  I 43+ f 


20 40 60 mlz 30 40 mlz 


Figure 2. Mass spectra measured at different stages of the multiple-stage mass spectrometry experiment carried out to generate 
protonated propylene oxide, propanal, oxetane and acetone by using a mass-selected reactant ion (AH'; parts a-c), and to study 
the structures of the generated ions m/z 59 by using collision-activated dissociation (parts d-f). The spectra shown are for propylene 
oxide. (a) Protonated ethanol was generated by self-chemical ionization of ethanol (nominal pressure 1 . 5  x lo-' Torr) for 200 ms, 
(b) isolated from interfering ions, and (c) used to protonate propylene oxide (nominal pressure 1.4 x lo -*  Torr) for 1 s. 
(d) Protonated propylene oxide was transferred into the other cell, (e) isolated and (f) subjected to collision-activated dissociation 


at a laboratory ion kinetic energy of 100 eV with argon (nominal pressure 1 x lo-' Torr) 


side of the dual-cell reaction chamber [Figure 2(d)], all 
the unwanted ions were again ejected from the cell 
[Figure 2(e)] and the ion structures were investigated by 
collision-activated dissociation as a function of collision 
energy (energy-resolved mass spectrometry). "-14 This 
method allows one to examine the effects of ion internal 
energy on its fragmentation patterns, and therefore 
permits the differentiation of many isomeric ions that 


produce similar dissociation products with different 
energy requirements. 


The energy-resolved mass spectra obtained for pro- 
tonated propylene oxide generated in a thermoneutral 
proton transfer reaction are presented in Figure 3(a). 
These data differ both quantitatively and qualitatively 
from those measured for protonated propanal 
[Figure 3(f)]. Most notably, the ion of m/z 43 


Table 1. Proton affinities (PA) of the compounds used in this work 


Chemical 
ionization 


Compound PA (kcal mol-l)a reagent PA(kcal mol-l)a 


Propylene oxide 194.7 Butane-2,3-dione 194.8 
Propanal 189.6 Acetic acid 190.2 
Acetone 196-7 


Ethanol 188.3 
Oxetane 196.9 Acetaldehyde 186.6 


Methanol 181.9 


"All proton affinities are from Ref. 18. 
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Figure 3. Energy-resolved mass spectra obtained for protonated propylene oxide generated (a) using a thermoneutral proton 
transfer reaction, (b) a proton transfer reaction with exothermicity of 4.5 kcal mol-I, (c) 6 - 4  kcal mol-I, (d) 8.1 kcal mol-' and 
(e) 12.8 kcal mol-I. (f) Energy-resolved mass spectra obtained for protonated propanal generated using a proton transfer reaction 
with exothermicity of 2 kcal mol-I. A nominal pressure of 1 x lo-' Torr of argon collision gas and a reaction time of 100 ms were 


used in all the experiments 


(CzH30+) formed by loss of methane dominates the 
dissociation product distribution of protonated propy- 
lene oxide at higher collision energies; protonated pro- 
panal, however, predominantly generates an ion of m/z 
31 by loss of ethylene. I' The qualitative differences 
between the data sets obtained for the protonated 
epoxide and for protonated propanal reflect the pref- 
erence of the protonated epoxide to break a C-0 bond 
rather than a C-C bond. For example, only pro- 
tonated propanal generates a fragment ion C2H40' ' 


(m/z 44) from loss of CH3'. Further, the high mass res- 
olution inherent to the FT-ICR technique allows the 
identification of two isobaric ions, C2Hsf(m/z 29.04) 


and CHO+ (m/z 19-00), for protonated propanal; only 
the ion CHO + is observed for protonated propylene 
oxide (Figure 4). 


The data obtained for protonated propylene oxide 
are distinctly different from those reported earlier for 
this ion.' The spectra of protonated propanal and pro- 
tonated oxetane (Figure 9, however, agree well with 
the earlier data.' The fragment ion of m/z 15 (CH3+), 
observed in the earlier experiments using a triple qua- 
drupole mass spectrometer, is not detectable in the 
FT-ICR used in this work because of the limited ability 
to detect low-mass ions (m/z > 16). 


Protonated acetone dissociates in a similar manner to 
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Figure 4. Expansion of the mass region around m/z 29 in the 
collision-activated dissociation spectrum of (a) protonated 
propylene oxide and (b) protonated propanal at an estimated 
laboratory collision energy of 60 eV. Other experimental con- 


ditions as in Figures 3(a) and (f) 
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Figure 5 .  Energy-resolved mass spectra of protonated oxetane 
generated using protonated methanol 


protonated propylene oxide when a small number of 
activating collisions is employed for both ions 
(Figure 6);  the only difference between these two data 
sets is the absence of the fragment ion of m/z  44 (from 
loss of CH3') for protonated propylene oxide. When a 
larger number of activating collisions is employed 
(Figure 7), the dissociation product distributions 
obtained for these two isomeric ions show more differ- 
ences. Interestingly, the spectra of protonated propy- 
lene oxide obtained under multiple collision conditions 
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Figure 6 .  Energy-resolved mass spectra of protonated acetone 
generated using protonated ethanol 
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Figure 7. Energy-resolved mass spectra of (a) protonated 
propylene oxide generated using protonated butane-2,3-dione 
and (b) protonated acetone generated using protonated 
ethanol. The spectra were obtained at a nominal argon 
pressure of 4 x lo-' Torr and using a reaction time of 200 ms. 
These conditions result in a large number of activating colli- 


sions (see Experimental for details) 
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Figure 8. Potential energy surface for the isornerization and dissociation of the ions C I H ~ O +  (adapted from Refs 9, 18 and 20-22, 
and modified on the basis of the results obtained in this study). Two different mechanisms have been proposed for the formation 
of the fragment ion of m/z 31 (Ref. 11; see also Ref. 19); for simplicity, only one is shown here. Recent ab initio molecular orbital 


calculationsz3 are in good agreement with the relative energies shown for protonated propylene oxide and its isomers 


resemble more the spectra measured for protonated 
propanal than those obtained in the experiments where 
the epoxide ions undergo only a few activating colli- 
sions. This finding suggests that collision-induced 
isomerization occurs for the kinetically excited, pro- 
tonated epoxide under multiple collision conditions in 
the gas phase. 


The similarities between the dissociation products of 
protonated propylene oxide and protonated acetone 
strongly suggest that the protonated, activated propy- 
lene oxide ions can undergo ring opening in two  
different ways: in addition to the energetically favored 
formation of the secondary carbenium ion intermediate 
CH~CHCHZOH', a high-energy, primary carbenium 
ion intermediate CH3CH(OH)CH2+ can be generated. 
The latter intermediate is common with protonated 
acetone (Figure 8), 20-23 and it is likely to yield the 
fragment ion of m/z 43 (through loss of CH4), gener- 
ated in great abundance from protonated propylene 
oxide and from protonated acetone but not from the 
other isomers. ' I  The ion of m/z 43 is assigned the struc- 
ture CH3CO+, as opposed to the other conceivable 
structure, CHz=C=OH+, on the basis of the obser- 
vation that the ion of m/z 43 formed on collision- 
activated dissociation of protonated acetone cannot be 
deprotonated by methanol (the proton affinity of 
methanol is 182 kcal mol-I; that of CHz=C=O is 
198 kcal mol-' at carbon and 162 kcal mol-'  at 
oxygen). 


lsomerization of protonated propylene oxide 


In order to obtain information concerning the energy 


required for isomerization of the epoxide ion, and also 
to explore the reasons behind the earlier difficulty*- lo  


in distinguishing protonated propylene oxide from pro- 
tonated propanal, the epoxide ion was generated with 
different amounts of internal energy by using proton 
transfer reactions with differing exothermicities 
(0-13 kcal mol-I; Table 1). An earlier study" 
indicated that for the systems of interest, a large frac- 
tion (approaching 100%) of the energy released in the 
protonation reaction is deposited in the product ion. 
However, the exothermicity of the proton transfer 
reaction should only be considered as an upper limit for 
the amount of internal energy gained by the ion. 


The ions generated in the proton transfer reactions 
were collisionally cooled with argon prior to collision- 
activated dissociation in order to avoid differences in 
reactivity due to different amounts of internal energy. 
If the amount of energy deposited in the epoxide on 
protonation is lower than the activation energy for ring 
opening, the ion is expected to relax to the ground state 
of the protonated epoxide structure. However, if the 
amount of energy deposited is higher than the barrier 
for ring opening, the internally excited protonated 
epoxide is likely to isornerize by irreversible ring 
opening followed by hydride transfer (1,2-hydride 
transfers are known to be facile in gaseous carbenium 
ions). 24 During the following collisional cooling period, 
this ion will relax to the ground state of protonated pro- 
panal. It should be noted that the energy of the inter- 
mediate for ring opening, CHJCH+CH~OH,  is likely to 
be conformation de~endent . '~  In fact, it is conceivable 
that CH~CH+CHZOH formed by ring opening of pro- 
tonated propylene oxide does not have the lowest- 
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energy conformation: the C-OH bond is likely to be 
in-plane with the vacant p-orbital in this conformation, 
causing hyperconjugative destabilization of the 
cation. 25 This could cause the barrier for isomerization 
to be above the heat of formation of CH+2H+CH*OH. 


The energy-resolved mass spectra measured for 
protonated propylene oxide are strongly dependent on 
the exothermicity of the proton transfer reaction 
[Figures 3(a)-(e)] , whereas the data obtained for pro- 
tonated propanal and for the other isomers do not show 
a similar sensitivity. The data shown in Figure 3 
indicate that most of the epoxide ions retain their orig- 
inal structure when the exothermicity of the proton 
transfer reaction is < 5  kcal mol-'. However, a signifi- 
cant fraction of the ions generated in reactions with 
exothermicities from 6 to 13 kcal mol-' have a different 
structure, most likely that of protonated propanal. It is 
concluded that the energy required for opening of the 
protonated epoxide ring must be near 6 kcal mol-'. 


CONCLUSIONS 


This study concludes a long-standing controversy'-" 
concerning the stability of gaseous protonated propy- 
lene oxide towards isomerization. In contrast to earlier 
results, lo it is conclusively demonstrated that pro- 
tonated propylene oxide is not just thermodynamically 
but also kinetically stable towards ring opening in the 
gas phase. However, isomerization of the epoxide ion 
to protonated propanal is readily induced if the ion is 
generated by a proton transfer reaction with exothermi- 
city over 6 kcal mol-', or if the ion is subjected to mul- 
tiple activating collisions. These findings may explain 
the earlier difficulty in distinguishing gaseous pro- 
tonated propylene oxide from protonated propanal. 


Thus far, four protonated epoxides have been dem- 
onstrated to be stable in the gas phase. These include 
the thoroughly studied protonated ethylene oxide (a 
25 kcal mol- ' energy barrier separates this ion from 
the intermediate carbenium ion), 26*27 protonated 
cyclohexene oxide (ring opening requires about 
10 kcal mol-'),28 protonated pent-2-ene oxide,29 and 
now also protonated propylene oxide. It is concluded 
that protonated, unsubstituted epoxides that generate a 
primary or a secondary carbenium ion intermediate on 
ring opening are intrinsically stable. This conclusion is 
in agreement with the general observation that 
rearrangement of a protonated epoxide is a minor 
reaction channel in 
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EFFECT OF COUNTERION BINDING AND ALKYL CHAIN 
LENGTH ON THE PHASE TRANSITION BEHAVIOUR OF 


DI-n-ALKYL PHOSPHATE VESICLES 
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This paper describes a Ruorescence depolarization and ”P NMR spectroscopic study of the phase transition 
behaviour of a series of identical and mixed-chain di-n-alkyl phosphate vesicles in the presence of different counterions 
(Na+, K+, MelN+, Ca’’). Using trans,trans,trans-l,6-diphenyl-1,3,5-hexatriene (DPH) as a fluorescent probe, the 
fluorescence polarization ( P )  was measured for the identical-chain vesicles (Na’, KC,Me4N+) as a function of 
temperature. The temperature for the main phase transition (T,)  only responded to variation of the counterion in 
the case of the longer-chain di-n-alkyl phosphates, with T,,, decreasing in the sequence Na’ > K +  > Me4N+. This 
result is rationalized in terms of a decreasing counterion binding, which affects chain ordening in the core of the 
bilayer. Peak intensities and line widths of the 31P NMR resonances for the bilayer vesicles suggest a more complex 
phase behaviour, but the overall results are reconcilable with the picture emerging from the Ruorescence depolarization 
experiments. Fluorescence depolarization measurements were also carried out with vesicles formed from the sodium 
di-n-alkyl phosphates and in the presence of various concentrations of Ca’+ (0-6 mM) at temperatures above T,. 
For both the identical-chain and mixed-chain di-n-alkyl phosphate vesicles, a steep increase in P was found between 
ca 1.0 and 1.4 mM Ca’+, indicative of a strong Ca’+-induced ordening of the alkyl chains. 


INTRODUCTION biology since they form the structural basis of bio- 


Surfactant aggregation is determined by a complex 
interplay of different types of intermolecular interac- 
tions including those contributed by the solvent. ’,* The 
size and shape of the aggregate is primarily dependent 
on the molecular architecture of the surfactant 
monomer, but factors such as temperature, pressure 
and the presence of other solutes also play a distinct 
role. In fact, surfactant assemblies illustrate well the 
concept of supramolecular chemistry, i.e. ‘the 
chemistry of the intermolecular bond, covering the 
structure and functions of the entities formed by 
association of two or more chemical en ti tie^.'^ 


Molecular bilayers formed from phospholipids are 
among the most important supramolecular structures in 


*Author for correspondence. 
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logical membranes. Interestingly, well defined synthetic 
surfactants (usually double-chained) also form bilayers 
which are structurally simpler than phospholipid 
bilayers. Moreover, these vesicular systems can success- 
fully mimic structural and functional aspects of bio- 
logical membranes such as (i) the occurrence of phase 
transitions (e.g. from a gel-like to a liquid-crystalline 
~ t a t e ) , ~  (ii) the capacity to  serve as a matrix for reconsti- 
tution of membrane  protein^,^ (iii) the capacity to 
display osmotic activity6 and (iv) the ability to engage 
in fusion (merging of the bilayers of two or more 
vesicles). 


In previous studies,’ we have shown that vesicles 
formed from di-n-alkyl phosphate surfactants can fuse 
efficiently in the presence of Ca2+ ions. Further, we 
have shown that these types of vesicles are also capable 
of fusing specifically with model and biological 
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membranes. Since the fusogenic behaviour of di-n- 
alkyl phosphate vesicles is intimately related to the 
packing of the alkyl chains in the bilayer, we have pre- 
viously determined phase transition temperatures ( T m )  
for the main phase transition from a relatively rigidly 
packed, gel-like state to a more fluid-like, liquid- 
crystalline state, For a series of vesicle-forming di-n- 
alkyl  phosphates ( R I O ) ( R ~ O ) P O ~ M + ,  with both 
R l  = Rz and R, f Rz), the T,, values were found to 
decrease progressively with decreasing chain lengths 
(CI~-Clo )  and increasing asymmetry of the alkyl  
chains, 


In this paper we describe the effects of different 
counterions (Na', K', MedN' and C a Z + )  on the main 
phase transition of bilayers formed from a series of 
symmetric and asymmetric di-n-alkyl phosphates. The 
transitions were monitored by fluorescence depolariza- 
tion, using truns,truns,truns- 1,6-diphenylhexatriene 
(DPH), intercalated in the hydrophobic core of the 
bilayer. Further, the interaction of the counterion with 
the phosphate headgroup of the surfactant in the 
vesicles was studied by "P NMR spectroscopy. The 
results indicate and emphasize that the type of 
counterion is an important structural parameter in 
determining the physical properties of the present 
vesicular aggregates. 


RESULTS AND DISCUSSION 


Monovalent counterions. Fluorescence depolarization 


All di-n-alkyl phosphates (la-c, 2a-c, 3a-c, 4a-c, 
5-9) used readily form unilamellar vesicles as revealed 
by cryo- and 'thin-section' electron microscopy. Elec- 
tron micrographs of vesicles stained with uranyl acetate 
suggested that the stain causes aggregation and, above 
a certain concentration, fusion. In all cases the vesicles 
were prepared by the ethanol-injection method l o  using 
a standard procedure. Fluorescence depolarization is 
one of the standard techniques for studying the physical 
state of a bilayer. I '  


We used trans,truns,truns-l,6-diphenyl-1,3,5- 
hexatriene (DPH) as a fluorescent probe which readily 
reports physical changes in the hydrophobic interior of 
the bilayer. These changes are revealed by alterations 
of the degree of fluorescence polarization ( P ) ,  which is 
calculated from 


where fil and 11 are the fluorescence intensities 
detected with the polarizers oriented parallel and per- 
pendicular, respectively, to the direction of polarization 
of the excitation light. The value of P i s  determined by 
the rate of rotation of the rod-like probe molecule, 
trapped in the bilayer core, which carries the excitation 
transition moments into changing angular distribution 


R I  = R2 = n-CloHzl; M' == Na' (a), K' (b) ,  
Me4N' (c) 


R I  = Rz = n-C12H25; M +  == Na' (a), K' (b) ,  
MeeN+ (c) 
R ,  = Rz = n-C14Hrs; M' = Na' (a), K' ( b ) ,  
Me4N' (c) 
R I  = Rz = n-Cl6H,\; M +  = Na' (a), K' ( h ) ,  
Me4N' (c) 
Rt = n-CloHzl; R2 = n-Ct4H29; M' = Na' 
R I  = n-CloHzl; R2 = n-ClhH31; M +  = Na' 
R I  = n-CloHz~; Rz = n-ClsH~7; M' = Na' 
R I  = n-C12H21; R2 = ~ - C I I H ~ Y ;  M' = Na' 
R I  = n-CieH~s; R2=n-Ct<,H33; M +  = Na' 


patterns while emission of light takes place. For iso- 
tropic rotational diffusion of the probe, P =  0. 
Different values of P correspond to different extents of 
ordering of the probe, this ordering being substantially 
higher for the gel-like than for the liquid-crystalline 
state of the bilayer. 


Table 1 gives P values as a function of temperature 
for a series of vesicles prepared from symmetric di-n- 
alkyl phosphates carrying different counterions (Na' , 
K + ,  Me4N'). Except for la-c, the bilayers undergo a 
cooperative main phase transition, from which the Tm 
values can be readily obtained (Table 1 ) .  As expected,' 
T,,, increases with increasing chain lengths of RI and Rz. 
Most interesting, however, is the observation that T,,, is 


I able 1 .  Fluorescence polarizations ( P )  and phase-transit ion 
tempera tures  ( T , , , )  of vesicle5 formed I'rom la-c, 2a - c ,  3a-c 


and 4a-c 


la  ( 5 5 )  
l b  ( 5 5 )  
Ir ( 5 5 )  
2a ( 5 5 )  
2h ( 5 5 )  
2c (55) 
3a (70) 
3b (70) 
3c (70) 
4a (70) 
4b (70) 
4c (70) 


0.34(2), 0.27( 1 9 ,  0.20(37), 0.17(52) 
0.27(2), 0.17(8), O.l0(25), O.OS(54) 
0.25(2), 0.19(12), 0.13(30), 0.08(52) 
0.38(13), 0.35(24), 0.24(30), 0.08(50) 
0.40(16), 0.27(26), 0.24(30), 0.08(50) 
0.42(6), 0.35(25), 0.13(30). 0.08(50) 
0.38(20), 0.34(40), 0.24(50), 0.13(54) 
0.40(20), 0.34(40), 0.19(50), O.OY(60) 
0.40(20), 0.25(40), 0.12(50), 0.07(60) 
0.31(25), 0.21(60), 0.12(70), 0.06(78) 
0.34(25), 0.25(50), 0.1 1 (60) ,  0.06(72) 
0.32(20), 0.18(40), 0.09(50), 0.06(60) 


8' 
- nd 
- 8 
28' 
28 
28 
48 
41 
40 
66 L. 


54 
39 


~~ ~ 


"The temperalure ("C) ai which the \eticle\ were prcpared i\ gi\cn ill 
parenthecei. 
"Tcrnpsratures ('0 are g v e n  iii parenlhcw. 
' Vv'eakly cooperative tran5irion. 
" 7,,, difficult to dctcrinine accurately. 
'See a l w  Kef .  9. 
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Figure 1. Plot of the fluorescence polarization ( P  x lo3) vs temperature for vesicles formed from ( 0 )  t a ,  ( A  ) 2b and ( rn ) (2c) 


independent of the counterion for la-c and 2a-c 
(Figure 1) whereas for the di-n-alkyl phosphates with 
longer alkyl chains (3a-c, 4a-c) the T,,, values decrease 
in the sequence of  counterions Na' >,K' > MedN'. 
The difference in T, is as much as 27 C when com- 
paring 4a and 4c, while T,,, of  4c is well below that of 
3a (Figure 2 ) .  Hence it appears that  electrostatic inter- 
actions between the phosphate headgroups and the 
counterions affect the hydrocarbon chain interactions 


P 


- 380 } 


in the core of the bilayer. Just as in the case of cation 
binding to DNA, l 3  we suggest that the counterions bind 
to the phosphate headgroups with decreasing effec- 
tiveness in the order Na+  > K' > Me4N+. Stronger 
cation binding reduces headgroup repulsion and allows 
for tighter a lkyl  chain interactions, leading to a higher 
T,,,. For the shorter chain amphiphiles la-c and 2a--c 
the headgroups are further apart ,  more strongly 
hydrated and less apt t o  bind to  counterions. 


Figure 2. Plot of the fluorescence polarization ( P  x lo3) vs temperature for vesicles formed from ( 0 )  4a, ( A ) 4b and ( rn ) 4c 
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Monovalent counterions. 3'P NMR spectroscopy 


In an attempt to probe the effect of the different 
counterions on the conformational preferences and 
dynamics of the surfactant headgroups in the vesicles, 
we measured peak intensities and line widths (at half- 
height, v I I 2 )  of the 31P NMR resonance as a function 
of temperature, with particular emphasis on the tem- 
perature range around T,. Previous work has shown 
that "P NMR spectroscopy is a sensitive tool in the 
structural analyses of phospholipid vesicles 
(liposomes) and of aggregates prepared from syn- 
thetic surfactants with phosphate headgroups. ',I4 Our 
results reveal that the phase behaviour of the vesicles 
used in this study is indeed much more complicated 
than can be accounted for in terms of a single 'main' 
phase transition. 


Changes in line intensities, small subsequent splitting 
of the resonances and slow line broadening processes 
have all been observed under a variety of specific con- 
ditions. Although of potential interest, these 
phenomena can at present not be assigned to a well 
defined phase behaviour. For example, at temperatures 
below T,,, the formation of non-bilayer structures 
cannot be excluded. Therefore, we restrict our dis- 
cussion here to those features which are directly rel- 
evant to the results obtained from the fluorescence 
depolarization measurements. 


All di-n-alkyl phosphate vesicles exhibit a relatively 
sharp and isotropic resonance (line width ca 25-35 Hz) 
at temperatures above T,. This result is expected for 
normal bilayer packing in the liquid crystalline state. '," 
In the case of the di-n-decyl phosphate vesicles la-c, 
hardly any line broadening is observed on cooling to  
2 "C. Therefore, the occurrence of a phase transition 
(T,,= 8 C,  Table 1) is not revealed in a significant 
change in the rate of headgroup rotation between 8 and 
2 OC, and the different counterions have little effect on 
the phase behaviour of the bilayer. 


A different behaviour is found for the di-n-dodecyl 
phosphate vesicles (2a-c). For 2a and 2b, the line width 
increases strongly and abruptly on cooling to T,, and 
below T, the resonance disappears completely. 
Freezing of the headgroup rotation on the 31P NMR 
time scale also occurs for 2c, but the line broadening 
occurs much more slowly. Now the Ggnal disappears 
completely after cooling from 28 to 5 C over a period 
of 7 h. We conclude that the different counterions d o  
not effect T, of the main phase transition (Table l ) ,  
but the headgroup of 2c apparently displays more 
rotational freedom below T, than that of 2a and 2b. 


Essentially similar behaviour is found for 3a-c. For 
3a and 3b, the 31P NMR resonances disappear in the 
noise below T, (Table 1) but this eFect is strongly 
retarded for 3c where it occurs at 25 C after cooling 
from 40 to 25 "C over a period of 3 h. 


The 3LP line broadening processes suggest relatively 


slow conformational transitions for 4a-c. Now the "P 
resonance does not disappear into the nzise below T,,,. 
For 4a, v I / 2  starts to increase below 50 C, reaching a 
value of 150 Hz at 25 "C after a cooling process over a 
period of 5 h. Broadening also starts below 5OoC for 
4b, but YI/Z is ca 120 Hz after cooling over 6 h from 50 
to  20 'C. The MeaN' salt (4c) exhibits only  a minor line 
broadening ( V I / Z  = 30 Hz) on cooling from 35 to 10 "C 
during 5 h. 


Despite the complex behaviour of the "P NMR sig- 
nals, the overall picture is consistent with that deduced 
from the temperature dependence of the P values. I' 
The headgroup rotation is strongly slowed down in the 
gel-like state of the bilayer, but this retardation is 
dependent of the alkyl chain lengths and is further 
modulated by interactions with the counterion. Evi- 
dently the latter effects are the weakest for the MeaN 
cation. 


Effect of CaZ+ ions 


We made a preliminary study of the effect of C a 2 +  ions 
on the phase behaviour of vesicles formed from 2a and 
5-9. In previous we have shown that C a 2 +  
ions are capable of inducing aggregation (threshold 
concentration 1.38 mM) and fusion (threshold concen- 
tration 1 -73 m,M) of di-n-dodecyl phosphate (2a; DDP) 
vesicles (at 40 C) and a mechanism for the fusion pro- 
cess, involving the formation of inverted micellar inter- 
mediates, has been proposed. Quantitative studies of 
C a 2 +  binding to  DDP vesicles '* indicate that fusion 
occurs via a local perturbation of the bilayer, where 
the formation of a (dehydrated) 'trans-Ca2+-- 
DDPcomplex' triggers the actual merging of the 
bilayers. Previously7 we have briefly described the 
effect of addition of Ca2' ion5 on the P values of 
DPH-labelled DDP vecicles (pH 7.4) at a temperature 
(40.2 "C) well above T,. I t  was found that the smooth 
increase in P at low C a 2 +  concentrations turns into a 
steep and abrupt increase above 1.0 mM of Ca2+.  
Around 1 . 4  mM C a 2 + ,  P levels off to a constant value 
of about 0.35 which is typical for a strong alignment of 
DPH molecules along the alkyl chains of the surfactant 
in the gel-like state of the assembly. I t  is clear that 
binding of Ca" ions to the phosphate headgroups has 
a pronounced effect on the alkyl chain packing and that 
this effect takes place well below the Caz+ threshold 
concentration for aggregation of the vesicles. 


The data suggest that T, for the DPP-Ca" 
complex is shifted to a temperature above 65 C (T,  for 
DDP in the absence of Ca2+ is 28 "C). This isothermal 
shift of T,,, is in line with similar observations for 
phospholipid vesicles, e.g. the phosphatidyl-Ca" 
complex.19 Hence it is suggested that Ca2+ binding 
brings the headgroups in the vesicles more closely 
together and reduces the dynamics of the headgroups. 
This effect is than propagated into the bilayer, leading 
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Figure 3. Effect of Ca" on the fluorescence polarization (P) 
of DPH-labelled vesicles formed from ( 0 )  5 (35 'C), ( A  ) 
6 (4OoC), ( m )  7 (50°C), (0 )  8 (42OC) and ( * )  9 (59'C) 


(PH 7.4) 


to a high degree of ordering of the alkyl chains. A 
detailed discussion of the phase behaviour, particularly 
at higher C a 2 +  concentrations will be presented 
elsewhere. *' 


Vesicles formed from the mixed-chain di-n-alkyl 
phosphate surfactants 5-9 all show similar large 
increments of P on addition of C a 2 +  ions (Figure 3). 
The most pronounced increase in P is found for 6-8 
( A P =  0.208 k 0.003) and a smaller increase 
( A P  = 0.171 ? 0.005) is found for 5 and 9. Comparison 
of the increment in P for DDP (2a, A P  = 0.23) with 
that for the vesicles formed from 5 (same total number 
of carbon atoms; A P  = 0 -  176) suggests that the increase 
in chain ordering on Ca2+ binding is smaller for the 
mixed-chain surfactant vesicles. This may be a conse- 
quence of interdigitation of  the non-identical chains 
across the centre of  the bilayer, but more definite con- 
clusions can only be drawn after more detailed studies 
of the phase behaviour of these vesicular systems. 


EXPERIMENTAL 


General. The syntheses of  la ,  2a, 3a, 4a and 5-9 
have been described previously. The potassium and 
tetramethylammonium salts were prepared analogously 
from the corresponding analytically pure di-n-alkyl 
hydrogenphosphate using potassium ethoxide in 
ethanol and tetramethylammonium hydroxide in 
methanol, respectively. After evaporation of the sol- 
vent, the salts were crystallized from anhydrous 
ethanol. In all cases the vesicles were prepared by the 
ethanol-injection r n e t h ~ d ~ ~ ' ' a t  a temperature above T ,  
(Table 1) using HEPES-acetate buffer solutions at 
pH 7.4. 


Fluorescence depolarization. These measurements. 
were performed as described before. Particularly 


around T,, P values (+0-!1) were determined over 
small temperature steps (3-5 C). At each temperature, 
the solution was equilibrated for at least 15 min. 
Longer equilibration times (up to 60 min) did not result 
in significantly different P values. The amphiphile con- 
centration was 5 x M. The data shown in Figure 3 
were obtained for fresh vesicle solutions (final surfac- 
tant concentration 5 x M). The required amount 
of an aqueous solution of CaC12 was added to these sol- 
utions and measurements were started after 15 min of 
equilibration at a temperature (Figure 3) above T,. 


3 1  P NMR spectroscopy. These measurements were 
carried out (at 121.4 MHz on a Varian VXR 300 spec- 
trometer) under carefully controlled conditions as 
described previously. Line-width measurements were 
always initiated at  the highest temperature and were 
performed in temperature steps of 5 "C.  At each tem- 
perature the sample was equilibrated over a period of 
15 min. 
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ENHANCEMENT OR SUPPRESSION OF CIDNP INTENSITIES BY 
A SECOND MAGNETIC NUCLEUS: INTERPLAY BETWEEN 
g FACTOR DIFFERENCE, EXTERNAL MAGNETIC FIELD, 


AND HYPERFINE COUPLING CONSTANTS 


KUO CHU HWANG 
Department of Chemistry, Columbia University, New York, New York 10027, USA 


HEINZ D. ROTH 
Department of Chemistry, Wright-Rieman Laboratories, Rutgers University, New Brunswick, New Jersey 08855, USA 


AND 


NICHOLAS J. TURRO AND KEVIN M. WELSH 
Department of Chemistry, Columbia University, New York, New York 10027. USA 


The enhancement factors of the 'H polarization induced in radical pairs generated by a-cleavage of "C=O- and 
C=O-labelled ketones deviate from the ratios expected on the basis of the relative abundances of the respective carbon 
isotopomers. For dibenzyl ketone, the ratio of absolute CIDNP intensities of the 'H(13C) doublet (90% "C=O) to 
the 'H("C) singlet (10% "C=O) was found to be >9:1 at 58.3 kG and <9:1 at 21 kG. Similar deviations were 
observed for other "C labelled ketones, viz. deoxybenzoin ("C=O) and acetophenone ("C=O or I3CH3). This novel 
enhancement or suppression effect on the CIDNP enhancement can be ascribed to the presence of a second hyperfine 
coupled nucleus in the intermediate radical pair. The individual contributions of the g factor difference (Ag), the 
external magnetic field strength (Ho), and the hfc constants of the observed (aA) and the interacting nucleus (ax) in 
the enhancement-suppression are exemplified. The experimental results are consistent with theoretical calculations of 
the mutual effect of Ag, Ho, uA and 4~ on the CIDNP enhancement factor of the observed nucleus. 


INTRODUCTION 


Since its discovery' in 1967, the phenomenon of 
chemically induced dynamic nuclear polarization 
(CIDNP) has been intensively It has been 
amply demonstrated that this technique is a very 
powerful tool for investigating organic reaction 
mechanisms. 3*4 In 1971, Kaptein' formulated two 
simple qualitative sign rules to account for the polariz- 
ation phases of nuclei, and these rules have been widely 
used to assign the magnetic parameters of the inter- 
mediate radical (ion) pairs. Most reported CJDNP 
studies were focused on the polarization of a single type 
of nucleus, typically 'H. Only a limited number of 
studies exist that probe the effect of a second magnetic 
nucleus with an appreciable hyperfine coupling constant 
(hfc) on the CIDNP pattern and enhancement factor of 
the 'primary' nucleus. 


0894- 3230/92/040209-O9$O5 .OO 
0 1992 by John Wiley & Sons, Ltd. 


Several years ago, Roth and co-workers6a3b and 
others6'Td drew attention to the CIDNP patterns in 
systems containing a second nucleus with a sizable hfc 
constant. The CIDNP spectra of such systems often 
deviate from those predicted by Kaptein's rules. We 
also observed that the CIDNP enhancement factor of 
nuclei could be suppressed by the presence of a second 
nucleus. ' More pronounced suppression effects could 
be observed if the second nucleus has a larger hfc con- 
stant than the nucleus under consideration. In this paper 
we report a novel phenomenon: CIDNP intensities can 
be either reduced or enhanced owing to interaction with 
a second magnetic nucleus. The degree of enhancement 
or suppression depends on the external magnetic field 
strength (Ho), the electron g factor difference (Ag) and 
the ratio of the hfc constants. The observed phenomena 
can be reproduced accurately by the 'exact radical pair' 
theory of CIDNP. 
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EXPERIMENTAL 


Solutions of 10-20 mM ketones in acetonitrile 
(Aldrich, 99% D) or CyClOheXane-d6 (Aldrich, 99% D) 
were purged with argon for 5-10 min and irradiated in 
an NMR probe as described elsewhere. 6b*7 The CIDNP 
experiments at 58.3 kG were performed on a Bruker 
250MHz AF Fourier transform (FT) NMR spec- 
trometer. The collimated beam of a Hanovia 1000 W 
high-pressure mercury lamp was filtered through 
aqueous CoSO4 solution and guided via a fused-silica 
rod, with mirrors at both ends, into a modified NMR 
probe. The experiment at 21 kG was executed on a 
Bruker WH 90 FT NMR spectrometer with a 200 W 
Hanovia high-pressure mercury lamp as light source. In 
all experiments, a pulse angle of 15-25 was used to 
minimize distortion of the multiplet intensities. The 
number of scans was adjusted to obtain a satisfactory 
signal-to-noise ratio. During the irradiation dibenzyl 
ketone and deoxybenzoin were noticeably depleted 
(5-20%). However, with acetophenone, the consump- 
tion of the starting ketone is negligible, since the 
starting ketone is regenerated from the intermediate 
radical pair. All CIDNP spectra were obtained by sub- 
traction of a dark spectrum, recorded either imme- 
diately before or after photolysis, from the spectrum 
recorded during irradiation. 


The materials used were dibenzyl ketone (DBK) (90vo 
C=O) and deoxybenzoin (90% I3C=O), synthesized 


according to literature procedures, 6b and ace- 
tophenones labelled in the carbonyl (90% 13C=O) or 
methyl position (91 *3% I3CH3), purchased from MSD 
isotopes and Prochem (London, UK), respectively. 


13 


RESULTS 


Photolysis of dibenzyl ketone' results in a-cleavage, 
generating a radical pair, benzyl-phenylacetyl, initially 
of triplet spin multiplicity. Following intersystem 
crossing (isc) to the singlet state, this pair may recom- 
bine to regenerate the starting material. As a result of 
the radical pair interaction the benzylic protons show 
emissive nuclear polarization9 at all fields at which the 
reaction was studied (14, 21 and 58.3 kG). When the 
carbonyl carbon is I3C labelled, the NMR signal of the 
benzyl protons is split into a doublet and an A/E polar- 
ization pattern (enhanced absorption for the low-field 
signal, emission for the high-field signal) is observed 
Figures l(A) and (B)] . We had noted previously6 that 
the multiplet shows net absorption at both 21 and 
58.3 kG, contrary to the polarization direction pre- 
dicted by Kaptein's net rule.' Since the DBK used in 
this study contained 90% I3C=O, one might have 
expected that the ratio of the polarization intensities for 
the outer doublet and the central singlet (associated 
with 10% ''C=O) would reflect the ratio of isoto- 
pomers, 9:l. However, the observed ratio is larger 


u 
3.6 3.5 
u 
3.7 3.5 3.3 


- 
4.2 4.  I 4 .O 


Figure 1. 'H ClDNP of the benzylic protons of 20 r n M  
dibenzyl ketone (90% "C=O) in acetonitrile-& at an external 
magnetic field of (A) 58.3 kG or (B) 21 kG, and (C) of 20 r n M  
deoxybenzoin (90% "C=O) in acetonitrile43 at a field of 


58.3 kG 


(11:l) at 58.3 kG Figure 1(A)] and smaller (8.2: 1) at 
21 kG Figure 1(B)]. A comparison of Figures I(A) and 
(B) clearly shows the effect of the external magnetic 
field strength on the CIDNP enhancement factor. 


Similar effects are observed for the benzyl protons of 
90% I3C=O-labelled deoxybenzoin at 58.3 kG 
Figure l(C)]. Once again, at high magnetic field 
(58.3 kG) the intensity ratio of the outer doublet to the 
central singlet is larger (12: 1) than expected on the basis 
of the 9:l isotopic abundance. The deviation in the 
polarization intensities ratio is clearly due to the 
external magnetic field and the second magnetic 
nucleus. By the presence of the carbonyl ( 13C=O), 
the CIDNP intensities (or enhancement factor) of the 
benzyl protons are enhanced at 58.3 kG and suppressed 
at 21 kG. 


In order to evaluate the effect of Ag on the CIDNP 
enhancement factor, acetophenone (90% I3C=O) was 
irradiated at 58.3 kG in the presence of different 
hydrogen donors, viz. phenol and diphenylamine. 
Photoexcited acetophenone reacts with either substrate 
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by hydrogen abstraction, generating a-phenylhydroxy- 
methyl radicals paired with either a phenoxyl or an 
N ,  N-diphenylaminyl radical [equation (111. These 
radical pairs, initially of triplet multiplicity, can either 
undergo intersystem crossing [equation (211 or diffuse 
apart ('escape') to generate free radicals [equation (411. 
Intersystem crossing can be followed by reverse 
hydrogen transfer ('disproportionation'), either 
regenerating the ketone or generating an enol 
[equations (3a) and (3b)l. Enol-to-ketone tautomeriza- 
tion also regenerates acetophenone [equation (511. As a 
result of this reaction sequence, the rnethylene protons 
of the enol and the methyl protons of the regenerated 
acetophenone are overpopulated in the 6 nuclear state 
(emissive nuclear polarization). 


PhCOCH3 + DH hu3 FhC(OH)CH3 -D] 


(1) 
where D = PhO or (Ph)2N); 


[ PhC(OH)CH3 *D] FhC(OH)CH3 -D] 


IPHC:(OH)CH3 'D] -+ D H t  + PhC(OH)=CH2$ 


( 3 4  
where $ represents a polarized nucleus; 


FhC(OH)CH3 .D] --t DHS + PhCOCH3$ 


FhC(OH)CH3 *D] + PhC(OH)CH3 + .D 
(3b) 


(4) 


( 5 )  


We have studied these reactions with acetophenone 
labelled in either the carbonyl or methyl position. The 


PhC(0H) = CH2$-+ PhCOCH3 $ 
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2.6C 2.55 


PPH 
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PPM 


Figure 2. 'H CIDNP of the methyl protons of 10 mM ace- 
tophenone (90% I3C=O) in acetonitrile-d3 in the presence of 
(A) 20 mM diphenylamine or (B) 20 mM phenol at a field of 


58.3 kG 


I I I I 1 I 
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Figure 3 .  'H CIDNP of the methyl protons of 10 mM ace- 
tophenone (91.3% "CH3) in acetonitrile-d, in the presence of 
(A) 20 mM diphenylamine or (B) 20 mM phenol at a field of 


58.3 kG 


polarization patterns observed for the CH3 signal of 
['3C=O] acetophenone during the photoreaction with 
diphenylamine and phenol as hydrogen donor, respect- 
ively, are shown in Figures 2(A) and (B). Once again, 
the outer doublets represent the methyl protons coupled 
to I3C=O (9OVo I3C), whereas the central peaks are due 
to methyl groups adjacent to "C=O (10% "C). The 
ratio of the doublet intensity (i.e. the sum of absolute 
intensities) to the singlet intensity is > 30: 1 for the 
reaction with diphenylamine [Figure 2(A)] and 9 2 : 1 
for the reaction with phenol [Figure 2(B)]. 


With 13CH3-labelled acetopheone (91 -3% I3CH3), 
the magnitude of the second hfc changes from 6.68 G" 
(of I3COH) to 5 . 5  G" (of I3CH3), which causes 
slightly different CIDNP patterns for the methyl 
protons of the regenerated acetophenone Figures 3(A) 
and (B) with diphenylamine and phenol as hydrogen 
donor, respectively). The data in Figures 2(A) and 3(A) 
are remarkable, since they show pronounced multiplet 
effects with the polarization of the central singlet near 
zero. The CIDNP intensity ratio of doublet (coupled to 
I3CH3) to singlet (attached to I2CH3) in the reaction 
with phenol is 9: 1, smaller than the ratio of I3C(H3) to 
I2C(H3) in the reagent acetophenone. 


DISCUSSION 


Under the influence of an external magnetic field, the 
electron spin will precess along the axis of the field at 
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a frequency, w ,  as defined by the equationsZb 


wSl  = p f i - ' ( g l H o  + Calml)  (6a) 


us2 = Pfi - ' (gzH0 + C a m 2  (6b) 


where gi is the electron g factor, ai is the elec- 
tron-nuclear hfc constant and mi is the nuclear spin 
quantum number. The difference in the precession fre- 
quencies of the two electrons of a given radical pair can 
be expressed by 


AU = ( a s 1  - W ~ Z )  


= Bfi- '  [(gl - g d H 0  + ( C a m  - Cazm~)I (7) 


Accordingly, the overall intersystem crossing rate is 
determined by two independent terms, the A g H o  and 
hyperfine terms. In the absence of a magnetic nucleus, 
the electron spin of each radical precesses around the 
external magnetic field axis with a constant rate pro- 
portional to A g H o .  In the presence of a magnetic 
nucleus, the electron-nuclear interactions cause the 
electron energy to be split into two different levels; 
accordingly, the electron spins will precess at two 
different frequencies, each associated with, and deter- 
mined by, a nuclear spin state. The CIDNP intensity is 
determined by the square roots of the two electron 
precession frequencies: 


la [ ( A ~ I ) ' / ~ -  ( A W Z ) " ~ ]  (8) 


Figure 4 shows the theoretical calculation of CIDNP 
intensities for the DBK system as a function of the par- 
ameter G: 


G = Agffo/UA (9) 


where UA is the hfc of the nucleus under 


*\A&& 21 kG 
"I." 


t :  
1- 


5 


Figure 4. Calculated CIDNP intensities for a two-spin system 
of UA = - 16.3 G, ax = 130 G, gl = 2.0026 and g2 = 2.OOO8. 
Curves 1 and 2 represent the intensities of the individual 
doublet lines of nucleus A; curve 3 is the sum of the absolute 
intensities of the doublet signals (curves 1 and 2); curve 4 is the 
polarization intensity of the nucleus A in the absence of 


nucleus X 


consideration;6a this approach is an extension of a 
method developed by Closs I t a  and Muller. In 
Figure 4, curves 1 and 2 represent the intensities of the 
benzylic doublet coupled to the carbonyl I3C(=O), 
whereas curve 3 is the summation of the absolute inten- 
sities of curves 1 and 2. Curve 4 is the calculated net 
intensity of benzylic protons adjacent to "C( =O). The 
benzyl radical has an electron g factor of 2.0026 and a 
benzylic 'H hfc of - 16.3 G; the phenylacetyl radical 
has an electron g factor of 2.0008 and the carbonyl 
carbon has an hfc of 130 G .  l3  The magnetic parameters 
for the radical pair generated from the deoxybenzoin 
system are identical or very close to those of the DBK 
system. One of the doublets (Figure 4, curve 2) is 
strongly field dependent. As pointed out before, 6a the 
cross-over point G,,, where curve 2 has zero CIDNP 
intensity, depends strongly on the second hfc ( a x ) .  The 
theoretical calculation predicts that the CIDNP 
enhancement will depend on A g ,  HO and the ratio 
U X : U A .  Compared with the polarization in the absence 
of a second nucleus (curve 4), the enhancement factor 
of the benzylic protons would be reduced by the pres- 
ence of the carbonyl I3C(=O) at 21 kG and increased 
at 58.3 kG, in full agreement with the observed results 
(Figure 1). 


In the case of acetophenone, hydrogen abstraction by 
the excited carbonyl group from various donors gener- 
ates the a-phenylhydroxymethyl radical with an elec- 
tron g factor of 2.00302,11313a a methyl 'H hfc of 
+ 14.1 and a I3C(-C-O-) hfc of +6.68 G." 
The CIDNP pattern of the methyl protons depends 
strongly on the electron g factor of the geminate 
counter radical. Diphenylaminyl radical has an electron 
g factor of 2-0032,14 whereas for the phenoxyl radical 
g=2-0051.15 In the case of the a-phenyl- 
hydroxymethyl-diphenylaminyl radical pair, the A g  is 
very small (ca 0.00018). Even at a field as high 
as 58.3 kG, the multiplet effect is very pronounced and 
dominates the observed effect (see Figure 2 for exper- 
iment, curves 1 and 2 of Figure 5 for theoretical predic- 
tion). The near-zero polarization of the methyl signal 
associated with "C=O (i.e. the central singlet) strongly 
suggests that the g values of a-phenylhydroxymethyl 
and diphenylaminyl radicals are almost identical. 
Therefore, the system shows a nearly 'pure' multiplet 
effect (cf. the value G = 0 in Figure 5). 


The radical pair generated by the photoreaction of 
acetophenone with phenol has a relatively large Ag 
value, ca 0.0021 (gC.OH = 2.00302,"*13a 
gArO. = 2.0051 15). In this case, the net effect ( A g H o  
term) dominates the multiplet effect (the hyperfine 
term). The magnitude of the magnetic parameters cor- 
responds to a value G = - 8.6 (Figure 6). The methyl 
doublet of acetophenone (I3C=O) shows net emissive 
polarization. The intensity summation of the doublet is 
essentially equal to that of the methyl protons of ace- 
tophenone ("C=O). The experimentally observed ratio 
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Figure 5 .  Calculated CIDNP intensities for a system of 
aA = 14.1 0, ax = 6.68 G, gl = 2.00302 and gz = 2.0032. 
Curves 1 and 2 represent, respectively, the low- and high-field 
signals of nucleus A; curve 3 is the sum of the absolute 
intensities of the doublet signals; curve 4 is the polarization 


intensity of the nucleus A in the absence of nucleus X 


I rel) I 
58.3 kG 2 1  I 


Figure 6. Calculated CIDNP intensities for a two-spin system 
of a* = 14.1 G, ux = 6.68 G, g, = 2.00302 and gz = 2.0051. 
Curves 1 and 2 represent the signals of nucleus A; curve 3 is 
the sum of the absolute intensities of the doublet; curve 4 is the 
polarization intensity of the nucleus A in the absence of 


nucleus X 


fits the theoretically predicted one value fairly well. This 
particular example shows an 'unexceptional' effect of  
the second nucleus on the CIDNP enhancement factor 
of the observed nucleus. 


Changing the acetophenone I3C label from the car- 
bony1 to methyl position slightly reduces the magnitude 
of the second hfc. This is not expected to affect the 
polarization induced in the a-phenylhydroxymethyl- 
phenoxyl radical pair, since the AgHo term strongly 
dominates the hyperfine term. Indeed, the CIDNP pat- 
terns of Figures 2(B) and 3(B) are very similar; the 
intensity ratios of the I3C-H doublet to the "C-H 
singlet are close to the respective isotopomer ratio. For 


the a-phenylhydroxymethyl-diphenylaminyl radical 
pair, on the other hand, reducing the magnitude of the 
second hfc does not change the CIDNP patterns [see 
Figures 2(A) and 3(A)]. This can be ascribed to a much 
smaller contribution to the AgHo term (i.e. AgHo = 0) 
to the overall intersystem crossing of the intermediate 
radical pair. 


The experimental and calculated CIDNP intensity 
ratios of the systems studied are summerized in Table 1. 
Most of the experimentally observed CIDNP intensity 
ratios are in acceptable agreement with those calcu- 
lated, with the notable exceptions of the results 
observed during the photolysis of DBK at 21 kG. The 
reason for this discrepancy is not obvious, insufficient 
resolution being one possible explanation. The notice- 
able overlap of the ''C with the lower field 13C signal 
may distort the assigned ratio. This effect may be 
amplifie: by the subtraction yielding the CIDNP 
spectra. 


The above examples demonstrate that Ag, HO and the 
magnitude of the second hfc all affect the CIDNP 
enhancement of the nucleus under study. The interde- 
pendence of the individual parameters is illustrated by 
Figure 7, where the relative CIDNP intensities of 
nucleus A (z axis) are plotted as a function of ax (x  axis) 
and the parameter G 0, axis). Figure 7(a) and (b) show 
the CIDNP intensities of the doublet, whereas 
Figure 7(c) and (d) show the sum of the doublet inten- 
sities and the sum of the absolute intensities, 
respectively. 


One of the signals Figure 7(a)] always has the polar- 
ization predicted by Kaptein's net effect rule.5 The 
magnetic field strength, Ho,,,,, at which this signal 
reaches maximum intensity decreases with increasing 


* A  referee raised the question of how changes in radical pair 
lifetimes (due to a chemical process, e.g. decarbonylation) 
affect the CIDNP enhancement factor and whether the large 
discrepancy between the observed and calculated CIDNP 
ratios for DBK could be ascribed to a breakdown of equation 
(8). Our previous studyI6 has shown that the most efficient 
spin sorting is achieved when the competing process(es) (e.g. 
diffusional separation, decarbonylation or chemical trans- 
formation reactions) are compatible with the intersystem 
crossing rate of radical pairs. A mismatch between the com- 
peting rates leads to less efficient spin sorting and, therefore, 
smaller CIDNP enhancement. For a given intersystem crossing 
rate, a change of radical pair lifetime (due to decarbonylation) 
will change the absolute CIDNP enhancement. Similarly, for 
a given competing process, the variation of the intersystem 
crossing of radical pairs, due to the incorporation of 
additional magnetic nuclei (a and p), will change the absolute 
CIDNP enhancement. In the case of DBK, the competing 
chemical process is the same for all radical pairs, regardless of 
the presence of a I3C nucleus and, therefore, does not show 
any net effect on the relative CIDNP enhancement factor. We 
are not aware of any conditions which cause a breakdown of 
equation (8). 
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Table 1. Experimentally observed and theoretically calculated CIDNP intensity ratios of 13CH (outer doublet) to 
‘ICH (central singlet) of systems containing a second magnetic nucleus 


~ 


Observed Interacting CIDNP ratio 
AgHo 


Product Nucleus hfc (G) Nucleus hfc (G) (G at 58.3 kG) Observed Calculated 


DBKa Benzylic H -16.3 90% ”C=O 130 104.9 11:l 12.8:1 
37.8b 8: 1 4.9:1 


DBa Benzylic H -16.3 90% ”C=O 130 104.9 12:l 12.8:l 
APa Methyl H + 14.1 90% I3C=O 6.68 10.5‘ >30:1 >30:1 


121.3d 9: 1 9.0: 1 
91.3% I3CH3 5 . 5  10.5‘ >30:1 >30:1 


9 : l  10.5:1 121.3d 


’ DBK, dibenzyl ketone; DB, deoxybenzoin; AP, acetophenone. 
bAta f i e ldHo=21kG 
‘The proton donor IS diphenylarnine. 
*The proton donor IS phenol. 


values of ax, and reaches zero field (H0,max = 0) when 
ax = aA. The direction of the second signal [Figure 7(b)] 
depends on Ag, HO and ax; its value of increases 
with ax. At low fields the two signals of the doublet 
always have opposite directions; their intensities reach 
maximum values when ax = UA. The net polarization 
(viz. the sum of the individual intensities) of the doublet 
Figure 7(c)] becomes opposite to that predicted by 
Kaptein’s net effect rule at low magnetic fields. The 
‘anti-Kaptein’ effects are observed for values of 
ax > U A ;  they cover a broad region for large ratios of 
Q X : U ~  and vanish at a x = a ~ .  The existence of this 
region has been experimentally documented. 6a3b 


Figure 7(d) shows the sum of the absolute intensities 
of the two doublet signals. For any value of ax (i.e. in 
any ICIDN~ vs G plane) there exist two maxima and one 
minimum. The two maxima occur at magnetic fields 
where the contributions of the g factor and the hyper- 
fine terms to the precession frequency of a given elec- 
tron spin cancel each other [equation (6 ) ] .  The 
magnetic field, HO,,,,~~. can be defined as 


(10) H0,max  = 1 (UA 2 ax)/& I 
Hence the larger the second hfc, the farther apart the 
two maxima grow. 


The CIDNP enhancement factor reaches a local 
maximum when the CIDNP intensities of the doublet 
signals reach a local maximum. The G (=  AgHo}&) 
values at the two local maxima can be expressed as a 
function of U A  and ax, i.e. 


Gmax = sign(Ag) I 1 2 UX/UA I (1 1) 
Substitution of equation (10) into equations (7) and (8) 
yields the CIDNP intensities at the two local maxima as 
a smooth and continuous function of ax. Therefore, the 
‘rugged’ appearance of the CIDNP intensity along the 
two local maxima (Fig. 7) is an artifact of the low 
graphic resolution of the Macintosh computer used. 
Between the two local maxima, there exists a local 


minimum the position of which can be derived from 
equations (10) and (1 1). When I QA I 2 1 ax I , the field 
strength of the local minimum is 


H m i n  = I a A / &  I ( W  
i.e. the field at the valley point is independent of the 
magnitude of the second hfc. When 1 UA I < I ax I ,  the 
field strength at the local minimum becomes 


H m i n  = I ax/& I (12b) 
The field strength of the second local minimum in- 


creases with increasing values of ax, coincides with the 
first local minimum [equation 12(a)] at the point 
a x = a ~ ,  and becomes the dominant minimum for 
values ax > UA [equation 12(b)]. Near this minimum, 
the CIDNP enhancement factor of the doublet is always 
smaller than that of the central singlet. In other words, 
there exists a region where the enhancement factor of 
the observed nucleus can be ‘suppressed’ by the pres- 
ence of a second hfc; the larger is the magnitude of the 
second hfc, the larger are the degree of ‘suppression’ 
and its range. A small hfc can also cause a suppression 
effect on the CIDNP enhancement factor of an 
observed nucleus with a larger hfc, although the sup- 
pression region is relatively smaller (see Fig. 7); this has 
been observed previously. ’ 


Curve 1 on the front of Fig. 7 describes the field- 
dependent behavior of the CIDNP intensity in the 
absence of a second hfc. The maximum net CIDNP 
effect occurs at a field (Ho,max,net) of 


where one of the electron precession frequencies of the 
intermediate radicals is zero. This curve also describes 
the generally observed tendency that the CIDNP inten- 
sity originated from a radical pair with a large A g  or a 
small UA, decreases towards relatively high fields. For 
example, a radical pair with a A g  of 0.0017 and UA of 
- 16 G (e.g. the phenylacetyl-benzyl radical pair from 
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A 


Figure 7 .  Computer simulation of relative CIDNP intensities ( I )  for a doublet of a nucleus A as a function of the hfc of a second 
nucleus X (ax)  and of the parameter G ( = AgHo/aA). The graph contains I vs G plots for values of 0 < OX < 70 G at increments 
of 1.4 G. For ease of comparison, curve 1 for ax = 0 G is plotted also at the value ax = 70 G. The parameters used in the simulation 
are aA = 50 G, Ag = 0.0016 and G = 0 to - 3.5. (a) and (b) show the intensities of the individual signals; (c) shows the sum of (a) 


and (b); (d) shows the sum of the absolute intensities of (a) and (b) 
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photolysis of dibenzyl ketone) will have a maximum 
CIDNP at a field of 9.4 kG, equivalent to a 'H fre- 
quency of 40 MHz. At high magnetic fields, viz. 
58.3 kG (ca 250MHz for 'H), the CIDNP intensity 
observed from such a radical pair will be relatively 
small. 


Pronounced suppression occurs at fields where the 
central singlet has maximum intensity (i.e. 
HO = I aA/AgI), or when the doublet has minimum 
intensity [i.e. at a field of I adAg 1 and/or I ax/Ag I ; cf., 
equations (1211. When the two coupled nuclei have 
similar hfc constants (i.e. 1 a~ 1 = 1 ax I ), the fields 
where the central singlet and the outer doublet reach a 
maximum and minimum, respectively, are close to each 
other, as illustrated in Figures 5 and 6, respectively. In 
other words, the most pronounced suppression is pre- 
dicted for a system with I O A I  = ( a x  I at a field 
HO = 1 aA/Ag 1 .  When the hfc of the second nucleus 
is much larger than that of the observed nucleus 
( 1 ax I % I UA I ), there exist two pronounced suppression 
regions, as shown in Figure 4. 


The rightmost surface of Figure 7(d) represents the 
CIDNP intensity as a function of the magnitude of the 
second hfc (ax). At zero field or for a system with 
Ag= 0, only the multiplet effect can be observed. 
Figure 7(d) shows that the multiplet effect for systems 
with Ag = 0 or at zero field (the ICIDN~ vs ax plane 
at G =  0) increases monotonically as a function of 
the second hfc (ax), and reaches a maximum when 
I ax I = I UA 1 [equation ( I  I)] ,  where two of the four elec- 
tron precession frequencies associated with the corre- 
sponding radical pair are zero. At this particular point 
I ax I = 1 UA 1 , increasing the G value (i.e. increasing the 
external field strength for systems with Ag # 0, or 
increasing the Ag value of a system at a non-zero field) 
causes the absolute intensities of the individual signals 
(and the enhancement factor) to fall off sharply. The 
signal intensities reach a minimum at a field of 
Ho,min  = I ax/Ag I [equation (12b)], and then increases 
to a second maximum at a field of Ho,max = 
( I a X b  IaAI)/lAgI. 


CONCLUSION 


We have observed novel enhancement-suppression 
effects on the CIDNP intensities of several 13C-labelled 
ketones, namely dibenzyl ketone (90% 13C=O), deox- 
ybenzoin (90% 13C=O) and acetophenone (either 90% 
13C=0 or 91.3% I3CH3). These novel effects are due 
to the presence of a second hfc, and are dependent on the 
difference in the electron g factors (Ag), the external 
magnetic field strength (Ho) and the hfc constants of 
the observed and the coupling nuclei. Theoretical calcu- 
lation shows that there exist two maximum enhance- 
ment regions at fields of 1 (ax ? aA)/Ag I, respectively. 
The most pronounced suppression effect occurs at fields 


HO = I ax/Ag I and HO = 1 aA/Ag 1 regions (for a system 
with 1 ax I = 1 U A  I , the most pronounced suppression 
occurs at a field HO = I aA/Ag I ). At an appropriate field, 
a small hfc can also cause a suppression effect on the 
CIDNP enhancement factor of a nucleus with a larger 
hfc. The radical pair theory also predicts that the pure 
multiplet effect for systems with Ag=O (or systems 
with Ag # 0 at HO = 0) reaches a maximum when the 
hfc constants of the observed and the coupling nuclei 
are equal. 
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ALKALI METAL ION-ASSISTED CLEAVAGE OF CROWN ETHER 
ANISOLES BY TOLUENETHIOLATE ANION 


ROBERTA CACCIAPAGLIA, LUIGI MANDOLIN:* AND FRANCESCO S. ROMOLO 
Centro CNR di Studio sui Meccanismi di Reazione and Dipartimento di Chimica, Universita 'La Sapienza, ' 00185 Rome, Italy 


The effect of alkali metal ions (Li+, Na', K', Cs') on the reactivity of toluenethiolate anion in the demethylation 
of 2-methoxy-l,3-xylyl-18-crown-5, 2-methoxy-l,3-xyIyl-24-crown-7 and the model compounds anisole and 2,6- 
dimethylanisole was investigated in dimethylformamide (+  3 .3  M water) at 60 "C. It was found that the metal ion 
effects are markedly influenced by the presence of the polyether chain in the reaction system. Whereas reactions of 
the model compounds are slightly inhibited by the presence of alkali metal ions, the latter strongly enhance rate of 
demethylation of the crown ether derivatives, the observed catalytic factors ranging over nearly three orders of 
magnitude. These remarkable rate-enhancing effects are ascribed to a strong transition-state stabilization by metal ions 
through cooperation of electrostatic binding with the negative charge developing on the oxygen atom of the methoxy 
group undergoing nucleophilic attack and coordinative interaction with the polyether chain. 


INTRODUCTION 


In recent investigations of acyl transfer reactions from 
aryl acetates to  alkoxide we found that the 
extent of rate enhancement brought about by hard 
(alkali and alkaline earth) metal ions is greatly mag- 
nified by polyether chains strategically placed in close 
proximity of the acetoxy group undergoing nucleophilic 
attack. In the investigated systems, efficient binding of 
metal ions to  transition states was ascribed to  a favour- 
able combination of electrostatic interaction with the 
negative charge of the anionic transition state and 
coordinative interaction with the neutral oxygen 
donors. 


Since the question of selective transition state stabi- 
lization in small model systems is crucial to  the under- 
standing and design of more complex supramolecular 
systems capable of displaying enzyme-like catalytic 
activity, we felt it worthwhile to  investigate the effects 
of metal ions on reactions belonging to  mechanistic 
types other than nucleophilic addition to carbonyl. To 
this end we considered methyl transfer from crown 
ether anisoles to  toluenethiolate anion [equation (l)]  as 
an example of S N ~  reaction. Cleavage of aralkyl ethers 
by alkali metal salts of thiolate and other soft 
nucleophiles is well precedented for preparative pur- 
poses, but kinetic investigations are generally 
unavailable. 


In this paper we report on a kinetic study of the 
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&-2 


n=5 2-Me0-18C5 


n=7 2-Me0-24C7 


demethylation reaction of 2-methoxy-l,3-xylyl-l8- 
crown-5 and 2-methoxy-l,3-xylyl-24-crown-7 (2-Me0- 
18C5 and 2-Me0-24C7, respectively) with the alkali 
metal salts of toluenethiolate anion in N,N- 
dimethylformamide (DMF) ( f  3.3 M H2O) or  in N,N- 
dimethylformamide-d7 (DMF-d-i) ( + 3 - 3  M D2O). For 
comparative purposes demethylations of the model 
compounds anisole and 2,6-dimethylanisole were also 
included. 
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EXPERIMENTAL 


'H NMR spectra were taken on a Bruker WP-80SY 
spectrometer. Gas-liquid chromatographic (GLC) ana- 
lyses were performed on a Hewlett-Packard (HP) 
5830A gas chromatograph with a flame ionization 
detector, equipped with an H P  3392A integrator 
and fitted with a 1 5 m x 0 . 5 3  mm SPB-1 fused-silica 
capillary column (1.5 pm film thickness). 


Materials. N, N-Dimethylformamide (Carlo Erba) 
and N, N-dimethylformamide-d7 (Aldrich) were 
thoroughly purged with argon before use. Toluenethiol 
(Fluka), anisole (Carlo Erba) and 2,6-dimethylanisole 
(Aldrich) were distilled under vacuum. Other chemicals 
were used as received. Concentrated solutions of alkali 
metal hydroxides in H2O or D20 were prepared from 
the corresponding alkali metal hydroxide and titrated 
with standard hydrochloric acid. 
2-Methoxy-l,3-xylyl-~8-crown-5 (m.p. 50.0-50.5 'C, 


lit.6 m.p. 50.0-50-5 C) oand 2-hydroxy-1,3-xylyl-~8- 
crown-5 (m.p. 50-5-51.5 C, lit.6 m.p. 49.0-51.0 C) 
were prepared as described. 2-Methoxy-l,3-xylyl-24- 
crown-7 was prepared in low yield from 2,6- 
bis(bromomethyl)anisole6 and hexaethyleneglycol,' 
according to an extension of the procedure used for the 
lower homologue.6 This compound had m.p. 
44.5-46.5 "C; 'H NMR (CDCh), 6 (ppm) 3-5-3.8 (m, 


ArCHZ), 7.0-7.45 (m, 3 H ,  ArH). Analysis: calculated 
for C21H3408, C 60-85, H 8.27; found, C 60 90, H 
8.34%. Demethylation6 of the above compound 
afforded a 38070 yield of 2-hydroxy-l,3-xylyl-24-crown-7 
as a waxy solid melting at  room temperature. All spec- 
tral data were in agreement with those reported in the 
literature. * 


2 4 H ,  OCH2), 3.93 (s, 3 H ,  OCH3), 4.61 (s, 4 H ,  


Kinetics. Solutions of alkali metal toluenethiolates 
were generated in situ by partial neutralisation of the 
parent toluenethiol (0-5 M in DMF or DMF-d,) with a 
calculated amount of a 5 M solution of the appropriate 
alkali metal hydroxide in HzO or D2O. After mixing the 
concentration of the toluenethiolate salt was typically in 
the range 0 .24-0 .30~.  All operations were carried out 
under argon in order to minimize air oxidation of the 
thiolate nucleophile. 


1 mol- ' s-  ') 
were determined by continuous assay by 'H NMR. 
Reactions which were inconveniently slow for the NMR 
technique (k -e 1 x lmol-'s- ') were analysed in 
the early stages by GLC after appropriate quenching 
and work-up. 


Rates of the fastest reactions (k > 1 x 


' H  NMR technique. Kinetic runs were carried out in 
an NMR tube and were started by addition of a small 
volume of a concentrated alkali metal hydroxide sol- 
ution in DzO to a solution of substLate and toluenethiol 
in DMF-d7 thermostated at 60 C. Initial concen- 


trations after mixing were substrate 0.06 M, alkali 
metal toluenethiolate 0.30 M and toluenethiol 0.20 M. 
The progress of the reaction was determined by moni- 
toring the disappearance of the signal due to the ben- 
zylic protons of the crown anisole at 6 4.5 ppm and the 
appearance of the corresponding signal of the product 
at 6 4 .4  ppm. Non-linear least-squares fit of the ana- 
lytical data to  the standard second-order equation was 
carried out with the program Sigma Plot (Jandel 
Scientific). 


GLC technique. Reactions were carried out in sealed 
ampoules which were analysed periodically. Initial reac- 
tant concentrations were substrate 0-80 M, alkali metal 
toluenethiolate 0.24 M and toluenethiol 0-26  M. After 
quenching with excess of hydrochloric acid, a known 
amount of cyclododecane (internal standard) was added 
and the mixture was thoroughly extracted with diethyl 
ether. The progress of the reaction was determined by 
analysing the ether solution for the amount of benzyl 
methyl sulphide. Analysis of data collected during the 
first 10% of reaction afforded the initial reaction rates, 
which were converted into second-order rate constants. 


Occasional checks of the concentration of 
toluenethiolate anion in the time course of the reactions 
were carried out by adding excess of butyl bromide to  
the reaction pixtures, which were allowed t o  react for 
30 min at 60 C and eventually analysed, after standard 
work-up, by GLC (cyclododecane as internal standard) 
for the amount of benzyl butyl sulphide. Whenever 
tested, the concentration of the toluenethiolate anion 
was as expected, showing that side-reactions leading to 
its consumption were unimportant under the reaction 
conditions. 


RESULTS 


The toluenethiolate anion in aqueous DMF proved to  
be a convenient demethylating agent for the purposes of 
this work. Rate measurements were carried out at 
60 OC, which was the lowest temperature compatible 
with the inherent slowness of the demethylation pro- 
cess. At this temperature the slowest reactions afforded 
conversions, after reaction times of the order of 1 week, 
of only a few percent, which could be determined by 
GLC analysis of the benzyl methyl sulphide produced. 
However, the fastest reactions gave, after a few hours, 
moderate to  high conversions, which were conveniently 
determined by continuous assay by 'H NMR (Figure I). 
In no case were significant amounts of undesirable 
by-products detected. 


Measurements by 'H NMR spectroscopy required the 
use of DMF-d7 ( + 3 . 3  M DzO) instead of DMF 
( + 3 - 3  M H20). On the assumption that the change 
from the light to  the heavy mixed solvent has a limited 
influence, if any, on the reactions at  hand, the two sets 
of rate data are strictly comparable. 


The Na' and K' reactions of 2-Me0-18C5, which 
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Figure 1 .  Demethylation of crown anisoles by $kali metal 
toluenethiolates in DMF-d7 ( + 3 . 3  M D2O) at 60 C as moni- 
tored by 'H NMR. Closed symbols, reactions of  2-Me0-18C5; 
open symbols, reactions of 2-Me0-24C7. The curves are calcu- 
lated from the integrated second-order equation and the k 


values listed in Table 1 


are the fastest of those considered, proceeded very 
nearly to  completion within the time range of 6 h 
chosen for the 'H NMR observations (Figure 1). These 
reactions display a clean second-order time dependence, 


Table 1 .  Effects of metal ions on the cleavage of anisoles by 
C~H~CHZS-M ' " 


2-Me0-18C5 


2-Me0-24C7 


~~ ~~~~~~~ 


Compound M+ k ( imoI- ' s - ' )  k,,l 


Anisole K +  . [2.2.2] 2 . 0  x 1 
Li + 5.1 X lo-' 0.26  
Na' 5 .3  X lo-' 0.27  
K +  5 .8  X 0.29 
c s  + 6 . 6  X lo-' 0.33 


2,6-Dimethylanisole K' . [2.2.2] 8 .9  x 1 
Li + 2 . 2  x 1 0 - ~  0.25 
Na' 3.8 x 0.43 
K +  3.8 x lo-' 0.43 
c s +  3.7 X lo-' 0 .42 


K' * [2.2.2Ib 4 . 6  x 1 


Na' 2 . 6 ~  565 
K +  3 . 8 x  826 
cs+ 6 . 7 ~  lo-' 146 


K' [2 .2 .2Jb 6 . 6  x 1 
Na' 2 . 3 ~ 1 0 - ~  3 


Li + 1 . 2 ~  I O - ~  26 


K' 3 . 5 ~  53 
c s +  3 . 3 ~  1 0 - ~  50 


aRate constants higher than 1 x 1 0 ~ 5 1 m o l ~ ' s - '  were determined by 
continuous assay by 'H NMR in DMF-d, (+ 3.3 M DzO). The others 
were from GLC determinations of initial rates in DMF (+ 3 . 3  M HlO). 


1.05 equiv. of [2.2.2]-cryptand added to 1 equiv. of C ~ H ~ C H I S K .  
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as shown by the good fit t o  the curves calculated from 
the second-order integrated rate equation. Second- 
order behaviour was therefore assumed for all of the 
investigated reactions, and the experimental data were 
treated accordingly. 


Second-order rate constants for all of the investigated 
reactions are collected in Table 1. The entries marked as 
K' - [2.2.2] refer to  runs where 1 equiv. of 12.2.21- 
cryptand was added as a K'-sequestering agent. On the 
reasonable assumption that the C~H~CHZSK + [2.2.2] - 
cryptand system represents the reactivity of free thiolate 
ion, the kre1 values listed in Table 1 provide a genuine 
measure of the effect of alkali metal ions on the 
investigated reactions. 


DISCUSSION 


Before discussing the influence of metal ions on the 
reactions of the crown anisoles, we shall consider briefly 
the reactions of the simple substrates anisole and 2,6- 
dimethylanisole. The first observation is that the alkali 
metal salts are in all cases less reactive than the unasso- 
ciated nucleophile. This finding is in keeping with the 
notion that nucleophilicity of ion pairs in S N ~  reactions 
is lower than that of free ions.9 The rate-depressing 
effects are rather small, presumably on account of weak 
associations of the hard alkali metal ions with the soft 
thiolate nucleophile. Much stronger rate-depressing 
effects due to pairing of alkali metal ions with harder 
nucleophiles such as aryl oxides, l o , l l  enolates "- I4 and 
carboxylates l 5  have been reported in dipolar aprotic 
solvents. We further note that in addition to being 
small, the observed effects are nearly independent of the 
nature of the cation. No trace is found in the present 
data of the presumed superiority of the small Li' ion 
as a Lewis acid catalyst,I6 nor any indication of the 
exceptional properties t o  which caesium thiolates in 
DMF solution have been ascribed. 


Finally, it is worth noting that the intrinsic reac- 
tivities of anisole and 2,6-dimethylanisole are not too 
different from each other, or from those of the crown 
substrates, showing that the presence of bulky groups in 
the ortho positions has only a modest influence on rates 
of methyl transfer and, consequently, that transition- 
state structures including charge distributions are not 
dramatically different throughout the series investi- 
gated. It appears, therefore, that the striking sensitivity 
to  metal ions of the reactions of the crown substrates as 
compared with those of the simple anisoles (Table 1) 
are ascribable to  the presence of the polyether bridges. 


The rate-enhancing effects observed with the former 
compounds are not only exceptionally large in many 
cases, but also highly dependent on the particular 
substrate-cation combination. Thus potassium 
toluenethiolate demethylates 2-Me0-18CS nearly three 
orders of magnitude more rapidly than the unassociated 
nucleophile, and about 30 times more rapidly than the 
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corresponding lithium salt. Sodium ion is very effective 
in the reaction of 2-Me0-18C5 but hardly at all in that 
of 2-Me0-24C7. The order of catalytic efficiency 
observed with 2-Me0-18C5 is K +  > Na' > Cs' > Li+ 
and with 2-Me0-24C7 it is K +  = Cs' s Na'. Further, 
the Na' and K +  reactions of 2-Me0-18C5 are much 
faster than the corresponding reactions of 2-Me0- 
24C7, whereas the Cs+ reactions of the two substrates 
proceed at comparable rates. All these effects are clearly 
of a kind which demonstrates that a host-guest interac- 
tion between the crown ether reactant and metal cation 
plays a central role. The basic mechanistic picture 
which emerges from the data is one in which the nega- 
tive charge being transferred from sulphur to the 
methoxyl oxygen [equation (2)] is responsible for a c- SCH,C& 


Lo& 
much stronger binding of the metal ion catalyst t o  the 
altered substrate in the transition state than to  the 
unaltered substrate in the reactant state. Stated in a 
different way, the metal ion which, by virtue of the 
crown ether bridge, becomes complexed to the oxygen 
of the methoxy group increases what is sometimes 
called the nucleofugality l 8  of the aryl oxide group in the 
nucleophilic displacement from methyl. It appears, 
therefore, that the transition state for methyl transfer 
from the crown anisoles can be roughly depicted as a 
lariat ether with a short side-aim bearing a partial 
negative charge and having the proper geometric 
arrangement to  effect metal ion complexation. 


CONCLUSION 


We have found that rates of methyl transfer from 
crown anisoles to toluenethiolate are greatly enhanced 
by alkali metal ions. To the best of our knowledge, 
catalytic effects by alkali metal ions comparable in mag- 
nitude to those recorded in the reaction of 2-Me0-18C5 
are unprecedented. 


Strong binding of the alkali metal ions to the tran- 
sition state results from a favourable combination of 
coordinative interaction with the polyether bridge and 
electrostatic interaction with the negative charge 
developing on the methoxyl oxygen during the acti- 
vation process. Electrostatic binding alone does not 
stabilise the transition state to  a significant extent, as is 
clearly shown by the behaviour of anisole and 
2,6-dimethylanisole. 


The results presented here coupled with previous 
reports from our 1-4, 'o and other laboratories 1 9 - 2 1  


show that catalysis by alkali metal ions is of much more 
frequent occurrence than is commonly believed. 
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ESR STUDY OF SOLVENT EFFECTS ON THE ELECTRONIC 


DIONYL RADICALS 
STRUCTURE OF 2-(4 ' -DIALKYLAMINOPHENYL)INDAN-1,3- 


YOSHIMI SUEISHI*, TAKANORI ISOZAKI, SHUNZO YAMAMOTO AND NOR10 NISHIMURA 
Depariment of Chemistry, Faculty of Science, University of Okayama, Tsushima, Okayama, 700 Japan 


The ESR spectra of 2-arylindan-1,3-dionyl radicals in various solvents at 343K were obtained and assignments of the 
hyperfine structures were made. The hyperf~ne coupling constant (hfcc) of the dimethylamino nitrogen increases 
whereas the 2'  ,6'-hydrogen hfcc decreases as the Er value, a solvent polarity parameter, increases. MO calculations 
were made according lo the semi-empirical procedure of Rieger and Fraenkel; the nitrogen and oxygen Coulomb 
integrals were adjusted so that the calculated spin density on the nitrogen atom agrees with that estimated from its 
hfcc. It is found that the r-moment of the radicals increases from 9.13 D in toluene to 9.85 D in acetic acid. The 
solvent dependence of the equilibrium between the radicals and its dimer has been explained in terms of the solvent- 
induced r-moment in polar solvents. 


INTRODUCTION 


From recent studies of solvent effects in chemical 
kinetics and equilibria, it has been clarified that the 
change in the solvent-induced solute dipole moment 
plays an important role. For example, Abdel-Mottaleb 
and Abdel-Kaker examined the solvent-induced 
change in the electronic structure of conjugation 
systems on the basis of the 'H NMR spectral shifts in 
various solvents. They considered that the spectral 
shifts are regarded as a good indication of the change 
in electronic structure. Botrel et a/.' applied the 
CNDO/SCI method to so-called push-pull molecules. 
They also pointed out the significant increase in the 
solute dipole moment with increasing solvent polarity. 
Previously, we studied the effects of pressure and 
solvent on the rate of thermal isomerizations of 
push-pull azobenzenes and 6-nitro~piroyran,~ and 
interpreted the effects in terms of solvent-induced 
changes in the electronic structures. 


Mukai et aL5 studied the variation of nitrogen hfcc 
in diphenyl nitroxide with solvents. They suggested that 
the surrounding solvents cause redistribution of the a- 
electrons. Poluektov et a/. observed the poorly 
resolved ESR spectrum of 2-(4 ' -dimethylaminophenyl)- 
indan-l,3-dionyl radical (Ia) produced on heating the 
dimer of Ia to 343K. Since Ia possesses a push-pull 
electronic character, it would be stabilized by polar 
solvents. 


*Author for correspondence 


This study was aimed at examining how solvents 
affect the ESR spectra of 2-(4 ' -dialkylaminophenyl)- 
indan-l,3-dionyl radicals. 


EXPERIMENTAL 


The dimer (D) of 2-(4 ' -dimethylaminophenyl)indan- 
1,3-dionyl radical (Ia) was prepared according to 
the method of Karele and Neiland' and recrystallized 
from acetone-water: m.p. 216-217 OC (lit.' m.p., 
216-217 "C). The dimer of 2-(4'-diethylaminopheny1)- 
indan-l,3-dionyl radical (IIa) was obtained by the 
modified procedure of Beringer ef a/.' and reocrystal- 
lized from ethanol-chloroform: m.p. 201-203 C (lit. 
m.p., 207-208'C). Melting point, IR and 'H NMR 
spectra were used for identification. Solvents of reagent 
grade were stored over molecular sieves and distilled 
just before use. 


ESR spectra were recorded on a JEOL FE-3XG 
X-band spectrometer equipped with a 100 kHz field 
modulation. Dissolved oxygen in a dimer solution (ca 
lo-' mol dm-3) was removed by the freeze-thaw 
method. Temperature was controlled using a JEOL 
variable-temperature regulator. Spectral simulation was 
made with an attached computer (DEC RT-11). The 
concentration of Ia was determined by double inte- 
gration of the first-derivative signal with the aid of an 
attached computer program, using 2,2-diphenyl- 1 - 
picrylhydrazyl as a standard. 
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I .  RESULTS AND DISCUSSION 


b )  


Solvent effects on ESR spectra 


The equilibrium between arylindandionyl radicals (R.  ) 
and its dimer (D) is expressed 


D 2R-  (1) 


This equilibrium is favourable for the dimer at room 
temperature. With increasing temperature, the dimer 
dissociates to the radicals and the intensity of the ESR 
spectra increases. We obtained the well resolved ESR 
spectra of Ia at 343 K in various solvents and represen- 
tative spectra are shown in Figures I(a) and 2(a). The 
nitrogen and hydrogen hyper fine coupling constants 
(hfccs) (ON and aH) of Ia in carbon tetrachloride, 
chloroform, 1,2-dichloroethane and acetonitrile were 
determined by the simulation technique, referring to the 
calculated spin densities (see below). The ON, ahH3 and 
a$76 values in dioxane, toluene, acetophenone, N ,  N-  
dimethylformamide and dimethyl sulphoxide were esti- 
mated directly. The estimated hfcc values are given in 
Table 1. Figures l(b) and 2(b) represent the simulated 
signals. Figure 3 shows the relationship between the 
nitrogen and hydrogen hfccs and the ET value (solvent 
polarity parameter). Knauer and Napier lo showed that 
the ON values of nitroxides are correlated well with 
solvent polarity parameters such as the ET and 2 
values. 


For la, various kinds of canonical resonance forms 
can be written as depicted in Scheme 1. The increase in 
the nitrogen hfcc means an increase in the spin density 


Figure 1. (a) ESR spectrum of in cc14 at 343 K;  (b) 
computer-simulated spectrum 


a)  I I I 


I 


Figure 2. (a) ESR spectrum of Ia in acetonitrile at 343 K; (b) computer-simulated spectrum 
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on it. As expected, the absorption band of Ia in the 
visible region is also sensitive to solvent polarity 
(Table 1). We have already reported a similar trend for 
push-pull  molecule^^^^ and quinazoliyloxyl radical. * 


The ESR spectra of IIa in toluene, 1,2- 
dichloroethane and acetonitrile are shown in Figure 4. 
The ESR signals consist of 11 equidistant lines. 
Poluektov et al. have ascribed the hfs to nitrogen, four 
equivalent hydrogens of methylene groups and two 
equivalent hydrogens of the phenyl ring, assuming that 


W- 


t 


Scheme 1 


the magnitude of hydrogen hfccs is,just half that of 
nitrogen hfcc: aN = 2 a f f H 2  = 2a$'6 . The additional 
incomplete splitting of each line shows small differences 
in the hfccs of these hydrogen groups and/or the par- 
ticipation of other hydrogens. The nitrogen hfccs for 
IIA in various solvents are given in Table 1 .  It should 


30 40 50 
E T I  k c a l  mol-I 


Figure 3 .  Relationship between the nitrogen and hydrogen 
coupling constants and ET values for la. (a)  aN; (0) asw3; 


( 0 )  a&b' 
Figure 4. ESR spectra of IIa at 343 K: (a) in toluene; (b) in 


1,2-dichIoroethane; (c)  in acetonitrile 
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be noted that the uhHz value for each solvent is about 
half that of u s H 3  for Ia. Abakumov el al." reported 
similar results for dialkylaminophenoxyl radicals, attri- 
buting the barrier to rotation about the Calkyl-N bond. 
The dependence of the nitrogen hfcc for IIa on the Er 
value is similar to the values observed for la. 


Estimation of spin density 
The s-electron spin density in aromatic compounds can 
be estimated by the following empirical relationship: l 3  


ah = QCHP, (2) 
where ah denotes the hfcc for the hydrogen bonded to 
the i-th carbon atom, p l  is the *-electron spin density on 
the carbon atom and QCH is a constant, a value of 
22-5Gl4 usually being used. A similar relationship is 
used for nitrogen and the QN value is 21.1 GI5 The spin 
densities ( p ~  and ) calculated by equation (2) are 
plotted against ET in Figure 5. 


Rieger and Fraenkel l6 performed molecular orbital 
(MO) calculations for nitro-substituted aromatic anion 
radials using the Hiickel LCAO theory combined with 
McLachlan's approximate configuration-interaction 
method. They showed that if the Coulomb integrals the 
nitrogen and oxygen are properly chosen from solvent 
to solvent, the calculated spin densities on the nitrogen 
and carbon atoms for the nitrobenzene anion radicals 
are well correlated with those estimated from exper- 
imental hfccs. 


We have carried out similar MO calculations for Ja. 
The integral parameters required for the MO calcu- 
lations are given by the equation a x  = a! + 8x0, where a! 


and /3 are the Coulomb and resonance integrals for 
benzene, respectively, a x  is the Coulomb integral for 
atom X, and 6~ is the empirical parameter. At first, the 
MO calculations for la  were made to fit the spin den- 
sities in C C 4  with a proper choice of the parameters. As 
a result of trial-and-error, we adopted the values 
6~ = 0.595 and 60 = 1.42 for Ia in CCL. The spin den- 
sities calculated by using these parameters are 
p~ = 0.1796, ~ f ' ~ '  = 0.1031 and p i ' . 5 '  = 0*0223,* which 


* The following parameters were used for the calculations. I6,I7 


0119 = 0121 = OI - 0.  10, 0120 CY22 = 01 - 0.50, 
01 .2  = 0 2 . 3  = 61.8 = 0 3 . 9  = 0.90, PI5.18 = ~ I S , I Y  = P I ~ , Z I  = 0.80, 


019.20 = 021.22 = 30. 
When resonance integrals P l , ~ 0  = @ 3 , , l  = 2.60 were chosen, the 
spin densities calculated by the Hiickel MO best agreed with 
the experimental values. 


0.60 0.55 6~ 
1.60 1.50 1.6060 


I .  
I 


b 
30 40 50 


ET I kcal mol-' 


Figure 5 .  Plots of the spin densities on the nitrogen atom ( 0 )  


and the carbon atoms at 2',6'-positions (*) as a function of 
ET values. Solid lines represent the spin density calculated as 
a function of the Coulomb integral parameters for the oxygen 


(60) and nitrogen ( 8 ~ )  atoms of Ia 


are in good agreement with those estimated according 
to equation (2) ( PN = 0.171, p$'s6' = 0.121 and 
~ 2 ' 7 ~ '  = 0.030). A set of Coulomb integrals for the 
nitrogen and oxygen (1.40-1.56 for the oxygen and 
0.60-0.56 for the nitrogen) was chosen so that the cal- 
culated spin densities on the nitrogen for each solvent 
reproduce those estimated by equation (2) (Figure 5 ) .  
Using these Coulomb integrals, the spin densities on the 
2',6'-carbon atoms were calculated. It should be noted 
that the lower solid line in Fig. 5 has a negative slope 
and passes through the experimentally estimated points. 


Solvent Effects on equilibrium constants 


The equilibrium constant K between arylindandionyl 
radical (Re) and its dimer (D) is expressed by 


K =  [R*12/[D] =2[R*12/(2[Dlo- [Re]) (3) 
where [D] and [R-] are the concentrations of the dimer 
and the radical at equilibrium, respectively, and [DIo 
denotes the initial concentration of the dimer. The K 
value estimated by means of ESR method at 323K in 
toluene, 1,2-dichloroethane, acetone and acetonitrile 
are given in Table 2. The estimation of the 
radical concentration in the remaining solvents was 
unsuccessful owing to technical difficulties. The equi- 
librium constants in toluene, chloroform, 
1,1,2,2-tetrachloroethane, N,N-dimethylformamide 
and acetic acid at 323 K were calculated from the 
reported enthalpy ( A H )  and entropy (AS)  changes for 
the radical-dimer equilibrium. It can be seen from the 







SOLVENT EFFECTS ON INDAN-l,3-DIONYL RADICALS 


Table 2. Calculated r-moments of la and equilibrium constants in various solvents at 323 K 
~~~ 


No. Solvent ET(kcal mol - ’) (2) a p(r)(D) 109K(mol dm-3)b 


1 Toluene 33.9 0.240 9.13 0.741 


2 Chloroform 39.1 0.356 9.34 (2.51) 
3 1,1,2,2-Tetrachloroethane 0.414 (8 .53)  
4 1,2-Dichloroethane 41.9 0.433 9-45 41.7 
5 Acetone 42.2 0.465 9.46 23.1 
6 N,  N-Dimethylformamide 43-8 0.480 9.52 (9 .85)  
I Acetonitrile 46.0 0-480 9.61 68.5 
8 Acetic acid 51.9 0.388 9.85 (6.71) 


(0.492) 


Dielectric constants at 298 K were used. 
bThe presumed equilibrium constants are given in parentheses (see text). 


that the equilibrium constants generally tend to increase 
with increasing solvent polarity. 


the dielec- 
tric influence of solvents on the equilibrium constants is 
given by 


In K = In KO + ( N / R T ) [ ( 2 p k / r k )  - (&/&)I (c - I)/ 
( 2 E +  1) (4) 


where p~ and F D  are the dipole moments of the radical 
and the dimer, respectively. Equation (4) predicts a 
linear relationship between In K and (E  - 1)/(2e + 1) 
with a slope of ( N / R T ) [ ( 2 p k / r k )  - ( ,uk/rh)] .  Figure 
6(a) shows the Kirkwood plots using the data in 
Table 2. It can be seen that the plots deviate upwards as 
(f - 1)/ (2.c + 1) increases. We reported previously such 
a non-linear behaviour of the Kirkwood plot for the 
isomerization of push-pull azobenzenes3 and 
~pi ropyrans ,~  and suggested that this arises from the 
neglect of the enhanced polarization in polar solvents. 


Using the empirically determined parameters in the 
above procedure, the n-moments of Ia in several sol- 
vents can be calculated from the charge densities and 
they are given in Table 2. As expected, the n-moments 
are larger in media with higher ET values. With the aid 
of the Corey-Pauling-Kolton (CPK) model, the hydro- 
dynamically equivalent approximate radii of the dimer 
and the dadical were estimated to be rD = 5 . 5  and 
rR = 3.5 A ,  respectively, From a plausible torsion of 
dimer moieties, we roughly assumed the dipole moment 
of the dimer to be pD = 3 D without explicit evidence. 
Owing to the approximate nature of the Kirkwood 
treatment, we tentatively used the value of the T- 


moment instead of the total dipole moment (n + a) .  In 
Figure 6(b), In K is plotted against 
[ ( 2 p i / r k )  - (pb / r&) ]  ( E  - 1)/(2.c + 1). Although a con- 
siderable scatter is observed, the linearity is improved. 
Equation (4) predicts that the slope of the plot should 
be N / R T  ( =  2 x lozo J - I ) ,  but the actual slope is 
0.4 x lozo J - ‘ .  Owing to the approximate nature of the 
above treatment, the agreement could be said to be fair. 


On the basis of the Kirkwood treatment, 


I s  I 
0.4 -, 0.5 


2 E + l  


0.2 0.3 - 


9 
f 


-17 -  
U - e ..- 
r 
C 
--20 - 


223 


I 
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Figure6. (a) Ln K vs (c- 1 ) / ( 2 ~ +  1 )  relationship for the 
dimer-radical equilibrium at 323 K.  (b) Ln K vs 


plot. For numbering, see Table 2 
[ (2p2R/rf t ) - ( (p8/r9)1(~-  1)/(2c+ 1) 


In conclusion, the all above findings clearly show that 
solvent-induced polarization plays an important role. 
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SURVEY OF THE DNA BINDING PROPERTIES OF NATURAL 
AND SYNTHETIC POLYAMINO COMPOUNDS 


KENT D. STEWART* AND THOMAS A. GRAY 
Department of Chemistry and Winship Cancer Center, Emory University, Atlanta, Georgia 30322, USA 


Using a fluorescence-detected ethidium displacement assay, the calf thymus DNA complexation properties of 27 
mono-, di-, tri-, tetra- and hexacationic polyamines were determined. The DNA-binding affinity of these polyamine 
compounds increased with increasing cationic charge on the polyamine. Although most of the compounds exhibited 
no base pair binding selectivity, two of the tricationic polyamines possessing additional neutral amine groups exhibited 
approximately tenfold GC binding selectivities. 


INTRODUCTION 


One of the goals of DNA complexation studies is to  
develop a sufficient understanding of the binding forces 
to  allow the design of novel DNA binding agents. The 
conformational flexibility of the receptor and the exist- 
ence of multiple binding modes and sites complicate the 
design process. One particularly challenging goal is the 
design of molecules which bind to DNA in the major 
groove. Whereas examples of biopolymers (nucleic 
acids’ or proteins’) which bind in the major groove 
may be cited, no unambiguous examples of ‘organic’ 
compounds which bind in the major groove exist. For 
example, the polyamine class of compounds (spermine, 
spermidine, etc.) binds to  DNA in a non-intercalative 
manner, however, the exact position (or positions) of 
the binding interaction (major groove, minor groove, 
or phosphate backbone) has not been e ~ t a b l i s h e d . ~  
Three crystal structures of polyamines bound to DNA 
oligomers indicate that well defined groove-binding 
orientations can be achieved in the solid state.’-’ In the 
case of the B-DNA conformation, spermine was 
observed to span the major groove.’ Accordingly, we 
embarked on a general study of polyamine-DNA inter- 
actions to  establish rules that might be useful in future 
design of DNA complexation agents for major groove 
binding. In this paper, we report on our results with 27 
polyamines. 


EXPERIMENTAL 


Polyamines 1-24 (Table 1) were purchased from 
Aldrich Chemical and used as received. Compounds 


24-27 were prepared from the corresponding aryl- 
dibromides or aryltribromides by procedures analogous 
to  published procedures. * All new compounds gave 
satisfactory nuclear magnetic resonance, mass spectral 
and combustion analysis data. 


DNA-binding studies. Calf thymus DNA (CT-DNA) 
was a generous gift from Professor W. D. Wilson and 
was purified according to a literature procedure.’ Poly 
d(AT)2 and poly d(GC)2 were purchased from Sigma 
Chemical. The experimental details of the ethidium 
displacement assay have been discussed in the 
literature. losll  The CSO value refers to the concentration 
of test compound required to  displace ethidium from 
DNA under a given set of  assay conditions ( 2 m ~  
HEPES, 8 mM NaCI, 0-05 m M  EDTA pH 7 .0 ,  [ethi- 
dium] = 1.26 f i ~ ,  [DNA] = 1 pM, 25 ? 0 - 3  “C)  as 
measured by fluorescence spectroscopy. DNA thermal 
denaturation studies and viscometric studies were 
carried out using literature procedures. All measure- 
ments were made in duplicate. Error limits on C50 


values are 2 10% and on AT,,, values ? 1 OC. 


RESULTS AND DISCUSSION 


The direct study of polyamine-DNA binding interac- 
tions is made difficult by the lack of an ultraviolet or 
visible light chromophore in the polyamine compounds. 
In this work, polyamine binding was measured 
indirectly by monitoring their displacement of the inter- 
calator ethidium from DNA. The ethidium displace- 
ment assay has been used to  assess the DNA binding 
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Table 1. Electrostatic charge and C50 values for polyamine binding to calf thymus DNA 


cs 0 


CT-DNA 
(PM 1 


V a l u e  
:harge 
n 
olution 
H = 7.0 


+1 


COMPOUND 


I NH 


28,000 


29,000 +1 


+2 2,500 


+2 2,300 


+2 2,700 


1,400 +2 


+2 1,100 


+2 300 


+2 12,000 


+2 1,800 
110 LJ 


2,100 


I. +2 2,000 


1 L  


NH +2 2,400 


+ 2/+ 3 230 


continued 
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Table 1. (Confinued) 


+2/+3 140 


+3 36 


+3 41 


+3 180 


+3 20 


+3 17 


+3 22 


+3 31 


+4 1.6 


+4 2.2 


+4 1.9 


+6 0.15 


+6 0.13 
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strengths of a number of dasses of compounds, 
including both intercalators and groove binders. The 
c50 binding value determined in this measurement has 
been shown to correlate with the dissociation constant 
for the polyamine class of compounds. 8,13914 Interpre- 
tation of the CSO values in terms of a well defined 
binding process is not possible, however. Displacement 
of ethidium from DNA could result from polyamine 
binding in the major or minor groove or along the 
phosphate backbone. Also, conformational changes in 
the DNA induced by the polyamine would not be 
apparent in this assay. With these caveats, the ethidium 
displacement assay is still appropriate for screening 
groups of compounds to  discover binding trends. Our 
work was focused on making relative comparisons of 
c50 values. The structures and CSO values (in PM units) 
of polyamines 1-27 binding to  calf thymus DNA are 
shown in Table 1. 


The monocationic amines guanidine and piperazine 
(1 and 2)  exhibit the weakest binding of all of the 
amines studied (a high C50 value indicates a low DNA 
affinity). The c50 values listed in Table 1 are only rough 
estimates of the DNA binding affinity of these 
polyamines because the binding titration concentrations 
(10-100mM) are well above the buffer salt concen- 
tration (10 mM). 


A chain length dependence was observed in the 
binding of a ,  a-diamine compounds 3-8 binding to 
DNA. While the CsO values for ethanediamine (3) 
putrescine (4) and hexanediamine ( 5 )  binding to 
CT-DNA are similar, there is a slight increase in 
binding strength for octanediamine (6) and decane- 
diamine (7) and a significant increase for dodecane- 
diamine (8). This chain length dependence has been 
reported previously in thermal denaturation studies of 
DNA. l 5  Interestingly, the distances between opposing 
phosphates in duplex B-DNA (19 A )  is similar to the 
distance between charged amines in the fully extended 
dodecanediamine. A binding interaction of dodecane- 
diamine spanning the major groove analogous to  that 
observed in the crystal structure' of spermine bound to  
B-DNA may be envisioned, although this proposed 
complex requires further experimental support. Incor- 
poration of cyclohexane rings in the aliphatic backbone 
of the diamino compounds 10 and 11 did not alter the 
binding affinity significantly. 


The DNA-binding affinity of the bis-quaternary 
amine 9 is much weaker than the corresponding decane- 
diamine 7. Even though these two compounds possess 
equal chain length, a tenfold difference in c50 values 
was observed. While hydrogen bonding interactions 
with DNA are not possible for compound 9 ,  electro- 
static interactions may also be diminished. 


The reported pK, values for diethylenetriamine (12) 
are 9.9, 9.1 and 4 . 3 ,  and therefore at pH7 the com- 
pound is dicationic. l 6  As shown in Table 1, the CSO 
value for compound 12 binding to CT-DNA is similar 


to  the values determined for compounds 4 and 5,  indi- 
cating that the uncharged amine group in 12 has little 
effect on the CT-DNA binding affinity. 


Incorporation of the polyamino system into a macro- 
cylic ring, as in compounds 13 and 14, did not sig- 
nificantly alter the binding affinity from that seen for 
other di- or tricationic amines. A inore precise interpre- 
tation of the results for 13 and 14 is made difficult 
because results for suitable open-chain compounds are 
not available. 


The reported pK, values for triethylenetetraamine 
(15) are 10.0, 9.3, 6.9 and 3.7, and therefore at p H  7 
the compound exists in a number of protonated states 
with the net charge close to  + 2.5. In agreement with 
this analysis, the C50 value for compound 15 binding to  
CT-DNA is between that for putrescine (4), +2,  and 
spermidine (17), + 3. 


The tricationic polyamines 16-22, including spermi- 
dine (17), exhibit a greater affinity for DNA than the 
dicationic amines. Although not listed in Table 1 ,  most 
of the polyamines studied in this work exhibited similar 
c50 values (within a factor of 2) when calf thymus DNA 
was replaced with poly d(AT)2 or poly d(GC)2. These 
polyamines show very little base-pair binding selec- 
tivity. Two notable exceptions are compounds 19 and 
20. The CsO values for 19 and 20 binding to  poly d(AT)2 
were 55 and 5 0 p ~ ,  respectively, while the values for 
binding to poly d(GC)2 were 5.3 and 6.0 PM, respect- 
ively. The lower numbers with poly d(GC)2 indicated 
that these two compounds preferentially bind to  GC 
rather than AT base pairs with ten- and eightfold selec- 
tivity, respectively. The reported pK, values for 19 are 
10.7, 10.0, 8.5 and 5 - 8  and those for 20 are 10.0,9.2,  
8.2, 4.1 and 2*6. '72 '8  In neutral aqueous solutions, 
compounds 19 and 20 would be expected to be tripro- 
tonated and to possess neutral amine groups. Perhaps 
the presence of neutral amine groups in these two com- 
pounds allows other binding interactions to occur in 
addition to the electrostatic interactions. While electro- 
statik interactions are certainly dominant for the 
binding of 19 and 20, an interaction such as hydrogen 
bonding with the guanine N-7 or cytosine 4-NH2 group 
might cause the GC binding selectivity. * Further inves- 
tigation of these observations is in progress. 


The tetracationic polyamines 23-25, including sper- 
mine (23), exhibit c50 values approximately ten times 
lower than the tricationic polyamines, indicating that 
the binding to  DNA is stronger than the tricationic 
polyamines. The novel hexamine compounds 26 and 27 
are each assumed to be hexacationic at neutral pH 
based on comparisons of their structures with other 
amine compounds. l 9  These two compounds exhibit 
C50 values ten times lower than the tetracationic 
compounds, indicative of high DNA affinity. 


To confirm the tight DNA binding of the hexaamino 
compound 27 observed in the ethidium displacement 
assay, thermal denaturation studies were performed 
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Figure I .  Plot of CSO versus electrostatic charge for the 27 
polyamines listed in Table 1 


with putrescine, spermidine, spermine and compound 
27 and values of A T ,  of 2, 5 ,  12 and 16 ‘C, respect- 
ively, were determined. Hence there was a correlation 
between CSO values and AT, values for these four 
polyamines. In addition, a viscometric titration of 27 
indicated that the compound with its single aromatic 
ring does not intercalate into DNA. 


The Cso values in Table 1 were plotted against the 
charge for all the polyamines studied. Charges at 
neutral p H  were assigned by comparison with com- 
pounds with known pK, values. l 9  Two of the com- 
pounds, 14 and 15, were assigned charges of + 2 * 5  
because they had estimated pKa values close to 7.  The 
resultant graph is shown in Figure 1. There was a linear 
correlation between the logarithm of the C ~ O  values and 
the electrostatic charge of the compounds. To  the 
extent that the c50 values reflect dissociation constants, 
the log Cso, and therefore the free energy of complexa- 
tion, AG, correlated directly with charge. The same 
kind of correlation has been observed with oligolysine 
derivatives” and has a theoretical basis in Manning’s 
theory of counterion condensation on poly- 
electrolytes. 21,22 


CONCLUSIONS 


Evidence presented here and elsewhere4rz3 suggests that 
some compounds of polyamine structure can make site- 
specific interactions in the grooves of DNA. The chain- 
length dependence of the dicationic linear diamines and 
the GC base-pair selectivity of compounds 19 and 20 
attest to  this conclusion. Binding can be significantly 
enhanced by adding positive charges, as shown by the 
hexaamine compounds 26 and 27. Combination of this 
powerful electrostatic interaction with appropriate 


hydrophobic and hydrogen bonding interactions should 
be a fruitful, albeit challenging, research strategy in the 
future for designing DNA groove binding agents. 
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A bond and grouf equivalent scheme that allows the calculation of heats of formation for aldehydes and ketones from 
ab initio 6-316 energies has been developed. For a group of 24 aldehydes and ketones, the RMS error for the 
calculated heat of formation was 0.46 kcal mol-’. Heats of formation have been predicted for an additional seven 
compounds for which the experimental values are believed to be either in error or unknown. There are some problems 
with the norbornanones. 


INTRODUCTION 
In previous papers in this series, ’*’ we defined a scheme 
for the calculation of heats of formation of organic 
molecules from ab initio energies obtained using the 
Hartree-Fock approximation and the 6-3 1G* basis set. 
The pertinent equations were rigorously derived using 
statistical mechanics. Like similar schemes developed 
by Wiberg3 and Ibrahim and S~h leye r ,~  the heat of for- 
mation is calculated by adding a series of empirically 
determined equivalents to the Hartree-Fock energy 
(HFE). In our scheme, these equivalents are of two 
types, bond energy increments (BE) and group incre- 
ments (GE) .  The various bond energy increments cor- 
respond to different types of bonds in the molecule and 
generally have a substantial magnitude and contain the 
majority of the energy terms needed to convert the HFE 
to a heat of formation. Group increments correspond 
to structural units of the molecule that are larger than 
individual bonds, or to adjustments to the basic bond 


* Deceased. 
t Author for correspondence. 


energy increments. They usually have smaller magni- 
tudes and allow the ‘fine tuning’ of the calculation 
based on structure that is needed to give chemical 
accuracy. They also include corrections for the lack of 
explicit inclusion of electron correlation. However, this 
scheme differs from those developed by Wiberg3 and 
Ibrahim and S ~ h l e y e r , ~  since it also explicitly includes 
terms to account for the statistical mechanical effects of 
populating higher energy conformers of the molecule 
(POP), low-lying vibrational states (TOR), transla- 
tional and rotational states and a term for the conver- 
sion from AE to AH. Thus the heat of formation is 
calculated as 


AH;= CBE i- CGE i- HFE i- POP i- TOR i- 4RT 
where 4RT is the classical value for the translational 
and rotational energy, and the conversion from AE to 
AH. 


Since the number of experimental determinations of 
heats of formation has been declining in recent years, 
we are endeavoring to develop this scheme so that heats 
of formation may be calculated for molecules con- 
taining most of the common functional groups. In 
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previous papers, we have shown that it is possible to 
calculate heats of formation with RMS errors that are 
competitive with experimental determinations 
( < 1  kcalmol-I) (1 kcal=4*184kJ) for alkanes,' 
amines' and simple alcohols' and ethers.' The results 
were less good for compounds containing two single- 
bonded oxygens bound to the same carbon, but the 
experimental data here also appear to be less reliable. 
This paper reports our results for aldehydes and 
ketones. 


COMPUTATIONAL METHODS 


The ab initio calculations described here were carried 
out using the 6-31G* basis set5 and either the 
CADPAC, HOND08' or Gaussian-90' program. 
Starting geometries for the ab initio calculations were 
obtained from MM39 using a modified parameter set 
designed to give re rather than r, geometries (the re 
value of a bond length corresponds to the point in the 
potential well of minimum energy. The r, value is the 
vibrationally averaged distance between the atoms. The 
latter is usuallyo longer because of anharmonicity, by as 
much as 0.03 A in the case of C-H bonds. With this 
kind of a starting geometry, the ab initio geometries 
were always optimized in less than ten iterations). These 
geometries were then optimized at the 6-31G* level 
until the largest component of the gradient was 
5 x hartree bohr-'. 


The POP terms were estimated by the usual 
procedure2b using relative energies of the conforma- 
tions that were calculated by MM2 or MM3 or esti- 
mated. The TOR terms were estimated using the 
assumption that this term arises from the population of 
low-energy internal rotational modes. Therefore, in line 
with our practice with MM3, for each bond around 
which there is relatively free rotation (barrier less than 
7 kcal mol-' and excluding methyl groups) a contribu- 
tion of 0.00067 hartree to TOR was assigned.lS2 


The required experimental heats of formation were 
taken from the compilations of Pedley et ai. or Cox 
and Pilcher. lob All heats of formation in this paper are 
for compounds in the gas phase at 298 K. 


RESULTS AND DISCUSSION 


We have chosen to fit carbonyl compounds by using 
three bond energy increments and five group incre- 
ments. The bond increments consist of the carbon-ox- 
ygen double bond (C=O), the bond between the 
carbonyl and another (saturated) carbon (OC-C) and 
the bond between the carbonyl and a hydrogen 
(OC-H). These three variables are not linearly inde- 
pendent. Therefore, we fixed the value of the C=O 
increment as 93.74056 hartree. This allowed us to 
determine values for the other two that give the best 
possible fit to the data. 


Table 1 .  Input data for aldehydes and ketonesa 


Compound HFE(6-3 1G*) POP TOR T/R( = 4RT) 


Formaldehyde -113.86633 0.00000 0.00000 0.00382 
Acetaldehyde -152.91597 0.00000 0~oooo0 0.00328 
Propanal -191.95227 O.oooO8 0.00067 0-00382 
Butanal - 230.98694 0.00083 0.00134 0.00382 
Pentanal -270.02168 0.00139 0.00201 0.00382 
Hexanal - 309.05642 0.00194 0.00268 0.00382 
2-Methylpropanal - 230.98695 0.00027 0.00067 0.00382 
Acetone -191.96224 0~00000 0.00000 0.00382 
Butan-2-one - 230.99805 0.00000 0.00067 0.00382 
Pentan-2-one -270.03267 0.00043 0.00134 0-00382 
Pentan-3-one - 270.03365 0.00000 0.00134 0.00382 
Hexan-2-one - 309.06739 0.00099 0.00201 0.00382 
Hexan-3-one - 309.06823 0.00043 0.00201 0.00382 
3-Methylbutan-2-one -270.03089 O ~ O O 0 1 0  0.00067 0.00382 
3,3-Dimethylbutan-2-one - 309.06339 O*oooOO 0.00067 0.00382 
3-Methylpentan-2-one -309.06339 0.00043 0.00134 0.00382 
3,3-Dimethylpentan-2-one -348.09528 0.00043 0.00134 0.00382 
4-Methylpentan-2-one -309.06689 0.00000 0.00134 0.00382 
4,4-Dimethylpentan-2-one -348.09870 0.00000 0.00134 0-00382 
2-Methylpentan-3-one - 309.06607 0.00000 0.00134 0.00382 
2,2-Dimethylpentan-3-one -348.09835 0.00000 0.00134 0.00382 
2.4-Dimethylpentan-3-one - 348.10038 0.00018 0.00134 0.00382 
Cyclopentanone -268.86641 0.00000 0.00067 0-00382 
Cyclohexanone - 307.90591 0.00000 0.00067 0.00382 


=Energies in hartrees. 
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Three of the group increments, OC-Me, OC-set 
and OC-tert, can be thought of as adjustments to the 
OC-C bond increment. The exact value of increment 
for a carbonyl-carbon bond is actually slightly depen- 
dent on the type of carbon (methyl, primary, secondary 
or tertiary) that the carbonyl is bonded to. Wiberg l 1  has 
shown that the well known 'branched-chain' stabiliza- 
tion is mainly (or completely) due to electron correla- 
tion, and so is not found at the Hartree-Fock level; 
hence the need for these empirical increments here. To 


Table 2. Bond and group increments for aldehydes and 
ketones" 


Type Bond or group Value 


Bond increment o=c 
OC-H 
oc-c 


Group increment OC-Me 
OC-sec 
OC-tert 
OC-neo 
OC-is0 


93.740560 
10.0405 17 
18.944324 
0.000907 


- 0.005632 
-0.007780 
- 0.003678 
- 0.002338 


aEnergies in hartrees. 


model this behavior, we have chosen the OC-C incre- 
ment to fit attachment of the carbonyl to a primary 
carbon, and we use these three group increments as 
small adjustments to this value in the other situations. 
The OC-Me increment is a special case. Even though 
there will always be relatively free rotation around the 
carbonyl-methyl bond, we have chosen not to count a 
unit of TOR for this bond. Rather, we allow the energy 
associated with this rotation to be included in the 
increment. 


The two remaining increments, OC-iso and 
OC-neo, account for branching at the carbons 0 to the 
carbonyl. There are only a limited number of com- 
pounds containing these structural features in our data 
set. However, they are fitted much better by including 
these increments. This is analogous to what we found 
in parameterizing MM3 for heats of formation of 
carbonyl compounds. 


The values of the increments were determined by a 
least-squares fitting to the experimental data for 24 car- 
bony1 compounds. These data are shown in Table 1 and 
the resulting increments are shown in Table2. In 
Table 3 are compared the calculated heats of formation 
and the experimental values for this set of compounds. 
The standard deviation for this set of compounds is 


Table 3. Heats of formation for aldehydes and ketonesa 


Compound A H ;  
(calc.) A H ;  


(exp.1 Difference (calc. - exp.) 


Formaldehyde -25.67 -25.92 0.25 
Acetaldehyde - 39.98 -39.73 - 0.25 
Propanal -45.06 -45.45 0.39 
Butanal -49'65 -48.94 -0.71 
Pentanal - 54.41 -54.45 0.04 
Hexanal - 59.16 - 59.31 0.21 
2-methyl propanal - 52.44 - 52.25 - 0.19 
Acetone -52.17 -51.90 -0.26 
Butan-2-one - 56.99 - 57.02 0-03 
Pentan-2-one - 61.75 - 61 '92 0.18 
Pentan-3-one -61.69 - 61 '65 - 0.03 
Hexan-2-one -66.49 - 66.70 0.21 
Hexan-3-one - 66.42 -66.51 0.09 
3-Methylbutan-2-one - 63.27 -62.76 -0.51 
3,3-Dimethylbutan-2-one -69.72 - 69.47 -0.24 
3-Methylpentan-2-one -66.77 -67.90 1.14 


4-Methylpentan-2-one -69.60 - 69.60 0.00 
4,4-Dimethylpentan-2-one - 76.60 -76'60 0.00 
2-Methylpentan-3-one -67.77 -68.38 0.61 
2,2-Dimethylpentan-3-one - 74.01 - 74.99 0.98 


3,3-Dimethylpentan-2-one - 73-34 -72.60 - 0.73 


2,4-Dimethylpentan-3-one - 74.92 -74.40 -0.52 
Cyclopentanone -46.11 - 46.03 -0.08 
Cyclohexanone -54.63 -54.04 - 0.58 
Standard deviation 0.46 


'Energies in kcal mol-', gas phase. 
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0-00074 hartree (0.46 kcal mol-I). The largest error in 
this set of compounds is 0-00181 hartree 
(1 - 14 kcal mol-') for 3-methylpentan-2-one. These 
errors are of approximately the same magnitude as the 
experimental errors in the data that they reproduce. 
Hence we cannot expect to obtain results much better 
than these. 


In addition to the 24 compounds used to evaluate the 
equivalents, we calculated heats of formation for an 
additional nine compounds, and the necessary input 
data are given in Table 4. Three of these compounds, 
cycloheptanone, norbornan-2-one and norbonan-7-one, 
have experimentally determined heats of formation. 
The results are given in Table 5. For these compounds 
there are substantial deviations between the calculated 
and experimental heats. MM3 also fails to calculate 
heats of formation for these compounds that are in 
agreement with the experimental values.' Therefore, we 
have not included these compounds in the set used to 
determine the values of the increments. 


In the case of cycloheptanone, the present method 
and MM3 calculate heats that are in good agreement 
with each other but not with experiment: -55.81, 
- 55.28 and - 59.10 kcal mol-', respectively. This is 
an ordinary compound for which the MM3 value 


should be reliable. We therefore believe this conflict 
with experiment is due to experimental error. 


For norbornan-2-one and norbornan-7-one, the ab 
initio-calculated heats are too negative by 1 a30 and 
3 a73 kcalmol-', respectively. MM3 calculates these 
values to be more positive than experiment by +3.34 
and +3.48 kcalmol-', respectively. It is known that 
Hartree-Fock calculations with the 6-3 lG* basis set 
give energies of compounds with eclipsed butane 
interactions that are too positive. l2 However, the 
present scheme calculates the heats of formation for 
norbornane well, - 12.83 calculated vs 
- 12.40 kcalmol-' experimental. The 7-keto com- 
pound has a highly distorted carbonyl group, far 
beyond anything that was available for the 
parameterization of MM3. The MM3 value for this 
molecule is accordingly not well founded. However, it 
would seem that the 2-keto derivative should be an 
ordinary compound, and we would expect that MM3 
would calculate the value reasonably weH. The large 
discrepancy between the experimental, ab initio and 
MM3 values is therefore very disturbing, and we are 
unable to account for it. Accordingly, we can only con- 
clude that the heats of formation for these compounds 
are uncertain. 


Table 4. Data for aldehydes and ketone predictionsa 


Compound HFE(6-3 1G') POP TOR T/R ( = 4R T )  


Cycloheptanone 
Norbornan-2-one 
Norbornan-7-one 
2.2-Dimethylpropanal 
3,3-Dimethylbutanal 
Cyclohexane- 1,4-dione 
2-Methylcyclohexanone 
Heptan-2-one 
Heptan-3-one 


'Energies in hartrees. 


- 346.93386 0*00013 
- 345.761 52 0.00000 
- 345.75291 0.00000 
- 270'02184 0.00000 
- 309.05349 O.ooOo3 
-381'59970 0.00000 
- 346.94201 0.00000 
-348.10213 0.00194 
-348.10298 0.00138 


0.00067 0.00382 
0.00000 0.00382 
0.00000 0.00382 
0.00067 0.00382 
0.00134 0.00382 
0.00067 0.00382 
0.00067 0-00382 
0.00268 0.00382 
0.00268 0.00382 


Table 5.  Predictions for aldehydes and ketones' 


Compound 
AH;  AH," Difference Difference 


(calc.) (exp.1 (calc. - exp.) MM3 (calc. - MM3) 
~~ ~ 


Cycloheptanone 
Norbornan-2-one 
Norbornan-7-one 
2,2-Dimethylpropanal 
3,3-Dimethylbutanal 
Cyclohexahe-l,4-dione 
2-Methylcyclohexanone 
Heptan-2-one 
Heptan-3-one 


-55.81 
-41.50 
- 35-73 
- 60.49 
-65.05 
-76.61 
-63.02 
-71.00 
- 70.36 


- 59.10 
-40.20 
- 32.00 
- 


3.29 
- 1.30 
- 3.73 
- 


~ 


-55.30 
- 37.43 
-28.46 
-59.20 
-64.77 
-77.16 
-62.76 
-71.70 
-71.36 


~ 


-0.51 
-4.07 
- 7.27 
- 1.29 
-0.28 


0.55 
-0.26 
+ 0.70 
+ 1 . 0 0  


'Energies in kcal mol-' 
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Also presented in Table 5 are calculated heats of for- 
mation for six compounds for which experimental 
values could not be found in the literature. We carried 
out MM3 calculations of these quantities, and in 
Table 5 are also given the Hartree-Fock vs MM3 com- 
parisons. The agreement is within the expected 
combined errors of the two methods. 


Foundation, Grant CHE 8918839, for financial support 
of this work, and to the Ohio Supercomputer Center 
for a grant of Cray-YMP computer time. 


CONCLUSIONS 
A combined ab initio - empirical scheme for 
calculating the heats of formation of carbonyl com- 
pounds has been developed and shown to give results 
that in general are competitive with experimental deter- 
minations. In addition, heats of formation for six com- 
pounds have been predicted. Application of this 
technique has revealed that the experimental heat of 
formation for cycloheptanone is seriously in error. 


We have now reported how this general method using 
ab initio calculations can be used to obtain heats of for- 
mation for a variety of compounds. So far studied have 
been hydrocarbons, alcohols and ethers, amines, 
sulfides and, in this work, aldehydes and ketones. In 
most cases the results of the calculations and of the 
experiments are in good agreement, in cases where the 
experiments are believable. The only exceptions to date 
are with acetals (which shown considerable scatter, and 
for which it is not clear just how good the experimental 
data are) and the norbornanones discussed above. For 
the latter compounds, there is not only a conflict 
between the experiment and the ab initio calculations, 
but also the MM3 calculations do not agree with either. 


Our conclusion concerning the above classes of com- 
pounds is that the ab initio calculations are probably at 
least as reliable as the experimental measurements, but 
there are still some unresolved problems. 
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KINETIC EVIDENCE FOR INTERDIGITATION IN MODEL LIPID 
BILAYERS 


ROBERT A. MOSS* AND SOUMENDU BHATTACHARYA 
Department of Chemistry, Rutgers, The State University of New Jersey, New Brunswick, New Jersey 08903, USA 


Pseudoglyceryl ammonium ion caliposomes constructed from an arachidoyl probe lipid and either stearoyl or 
palmitoyl host lipids display unusually slow transverse bilayer migration ('flip-flop') of the arachidoyl probe molecule 
compared with the behavior of shorter probe lipids in similar colipsomes. This phenomenon is probably associated 
with interdigitation of the arachidoyl lipid across the bilayer's midplane. 


INTRODUCTION 


Liposomal bilayers are usually depicted as opposing 
monolayer leaflets with the acyl chain termini meeting 
in a well defined bilayer midplane. However, depending 
on structural factors, such as overall chain length and 
chain length asymmetry, one or both of the lipids' 
hydrocarbon chains might penetrate the opposing 
monolayer, affording interdigitated chains. ' With 
glycerol-based phospholipid or glycosphingolipid 
bilayers, grossly mismatched chains that are longer than 
16 carbon atoms can interdigitate among the chains of 
the opposing bilayer, leading to enhanced local chain 
order, decreased fluidity and better packing. 2 t 3  


However, kinetic and dynamic studies of simple 
tetraalkylammonium ion vesicles or covesicles, con- 
structed of surfactants 1 or 2 (with R and R '  varied 
from n-C16H33 to n-Cz&*), provided no cogent evi- 
dence for chain interdigitation or enhanced bilayer 
packing or ~ t a b i l i t y . ~  We now report on related exper- 
iments with liposomes derived from the pseudoglyceryl 
ammonium ion lipids 3-6. Using the functional arachi- 
doyl (eicosanoyl) lipid, 6-F, as a probe, we find that 
liposomes constructed of 6-F/4-NF and 6-F/5-NF mani- 


fest unusual dynamic stability at 5 5  oc that may well be 
associated with chain interdigitation. 


RZN'MeAr, Br-  RR'N'MeAr, Br 
1 2 


RESULTS 


Synthesis 


Lipids 4-F, 4-NF, 5-F and 5-NF were available from 
previous studies. 596 The functional and non-functional 
lipids of structures 3 and 6 were prepared as shown in 
Scheme 1. Thus, in the myristoyl series (3), ruc-3-N,N- 
dimethylamino-l,2-propanediol (7) was acylated with 
myristoyl chloride (Et3N, EtzO, 0-25 OC, 48 h) 
affording fert-amine (8) in 89% yield. The latter was 
quaternized with MeBr (saturated in EtzO, sealed tube, 
25 OC, 5 days, 89%) to give 3-NF, or witho 3- 
(bromomethyl)-4-nitrophenyl benzoate' (EtzO, 25 C, 
48 h, 68%) to yield 3-F. The quaternary salts were 
purified either by recrystallization from acetone (3-NF) 
or by trituration with diethyl ether, followed by hot 


R-COOCHz 
I 
I 


OOC P h 


3, R n-C13H27 
4, R = n-C15H31 
5, R = n-C17H35 
6. R = n-C i~H39 


R&H 


I 
CH2N+Me$H2G B i  
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HOCHz 


HOC H 
I 
I 
CH2NMe2 


7 


RCOOC Hz 
I MeBr, € 1 2 0  


25 OC 
+ RCOX 7 RCOOCH 


I * CH2NMe2 


RCOOC Hz 


RCOOC H 
I 
I 
CH2NIMe3, B i  


3 - N F  or 6 - N F  


RCOOC H2 


RCOOC H 
I 
I 
CHzN'MeZCHzG, B f  


3-F or 6-F  


Scheme I 


acetone (3-F). Structures were established by 200 MHz 
' H  NMR spectroscopy and by appropriate C,H,N 
microanalyses. 


In  the arachidoyl series (6), amine 7 was directly 
acylated with arachidic (eicosanoic) acid, using 
Ph3PBr-l as the coupling agent' (CHlC12, NaHC03, 
25 OC, 12 h). The acylated product, 8, was obtained in 
55% yield, after elution through silica gel to  remove 
Ph3PO; it was used without further purification. 
Quaternization with MeBr (saturated in EtzO, sealed 
tube, 25 "C, 12 days, 90%) afforded 6-NF (recrystal- 
lized from CHCIj), whereas reaction of 8 with 3- 
(bromomethyl)-4-nitrophenyl benzoate (acetone, 45 "C, 
2 days, 66%) gave 6-F (recrystallized from acetone). 
Both 6-F and 6-NF afforded appropriate ' H  NMR 
spectra and C,H,N microanalyses. Details of synthetic 
procedures, melting points, TLC conditions, and spec- 
troscopic and analytical characterizations are available 
on request. 


Kinetics and dynamics 


Coliposomes of 1:7 blends of functional (F) and non- 
functional (NF) lipids were created by sonication 
(probe-type sonicator, 60 W, 3 min) of CHC13-cast lipid 
films in 0.01 M aqueous KCI solution that had been 
adjusted to pH 3.9 with HCl. The sonication ternpera- 
ture was maintained at or above the gel to  liquid 
crystalline phase transition temperature (Tc )  of the 
particular coliposome (see below). 


The T, values of the coliposomes were determined 
from temperature-dependent discontinuities in the 
fluorescence polarization of covesicallized 1,6- 
diphenylhexa-l,3,5-triene; 7,9 they are collected in Table 
1. The T, values increase with increasing acyl chain 
length in an appropriate manner. I t  is interesting that 


the T, values of the heteroacyl (1:7) 20/16 and 20/18 
coliposomes were only 2-3 " C  lower than those of the 
corresponding homoacyl 16/16 and 181 18 systems. 


Hydrodynamic diameters ( d )  of the coliposomes 
were obtained from dynamic light-scattering measure- 
ments (argon laser, 488 nm), and are also given in Table 
I .  Details of this procedure were given in a previous 
paper.' The coliposomes all had d values between 41 
and 45 nm. 


The coliposomes of 1 :7 F/NF lipid pairs, prepared at 
pH 3-9 ,  were surfaced differentiated' by brief exposure 
to 1 x M glutathione in 0.005 M Tris buffer (pH 
8), p = 0.01 (KCI). The final lipid concentrations were 
[F] = S x 


The exoliposomal p-nitrophenyl benzoate esters of 
the F lipids were rapidly cleaved (kf = 0.1-0.2 s-I, 
Table l), affording p-nitrophenylate residues that were 
monitored spectrophotometrically at 400 nm. Endo- 
liposomal esterolyses occurred at slower rates (cf. the k ,  
values in Table I),  limited by counterion-coupled 
H + / O H -  permeation across the liposornal membranes, 
and driven by the imposed p H  8/3.9 exolendo 
gradient. l o  All cleavage processes were clearly biphasic; 
the division between exoliposomal and endolipsomal 
cleavage averaged ca 72 : 28% (cf. Table I ) .  


We note that k,  decreased with increasing acyl chain 
length of the liposomes, from 1.3 x s - '  for the 
14/14 system to 1.7 x IO-'s-' with the 20/20 colipo- 
some. This expected phenomenon" reflects the 
increasing barrier to  H' /OH- permeation afforded by 
the increasing hydrophobic membrane barriers created 
by the longer acyl chains. 


Lipid dynamics within surface differentiated colipo- 
somes could be studied according to our normal 
protocol. 5 - 7  Immediately following the cleavage of the 
exoliposomal benzoate groups, the bulk pH was 


M and [NF] = 3.5 x M. 
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Table 1 .  Dynamics of liposomes 
~ ~~~~~ 


Systema Liposomea db(nm) TCc('C) kfd(s- l )  104k,d(s-') %f: %se fl/z'(min) 


14/14 3-F/3-NF 45 25 0.2EBh 13g 70 : 30 ~ 0 . 5 ~  


20120 6-F/6-NF 45 70 0.10 0.17 67 : 33 > 30 
201 16 6-F/4-NF 45 42 0.17 0.94 69:  31 > 30 


16/16 4-F/4-NF 41 44 0. I5 1.4 76 : 24 4 
18/18 5-F/5-NF 44 591 0.13 0.6 75 : 25 5 


201 18 6-F/5-NF 44 56 0.15 0.40 71 : 23 18 
~ ~~~~~ 


a See text for structures; F/NF = 1 : 7. The entries under 'System' refer to the acyl chain lengths of the F and NF lipids 
(respectively) in the coliposome. 
bDiameters from dynamic light scattering at pH 3.9, 0.01 M KCI. 
Temperature of gel to liquid crystal transition. 
Rate constants ( 2  10%) for glutathione cleavage of exoliposomal ( k t )  and endoliposomal ( k , )  p-nitrophenyl benzoate 


Ratio ( 2  10%) of fast to slow kinetic phases. 
moieties; see text. Reaction temperature is 25 ' C ,  unless stated otherwise. 


'Approximate (220%) half-time for decay of surface differentation a: 55 OC; see Refs 5 and 6. 
gAt 20'C. 


'Ref. 5 .  
'Ref. 6. 


[Glutathione] = 6 x lo-* M; this concentration is I x 10.' \I in the other cases. 


lowered to  3 * 9  with HC1, quenching further esterolysis. 
The liposomes were then incubated at  55 "C for periods 
of 2, 3, 5 ,  10, 25 or 30 min, fostering transverse lipid 
migration between the endo- and exoliposomal bilayer 
leaflets (i.e. lipid 'flip-flop'). Cooling to  25 "C (20 "C 
for 14/14) and readjustment to p H  8 with NaOH then 
generated a new fast (k f )  p-nitrophenylate absorbance 
that was taken t o  represent the rapid esterolysis of for- 
merly endolipsomal G residues that had flipped with 
their lipid molecules to  exoliposomal sites during 
incubation. '-' Residual endoliposomal G groups were 
detected in subsequent, slow (kp) esterolysis reactions. 
The sum of all observed p-nitrophenylate absorbances 
(initial kf, post-incubation kf and k , )  came to within 
10% of the stoichiometric value. 


The observed partition between the new, post- 
incubation kf  and the residual k, esterolyses gives the 
extent of flip-flop equilibration induced in the surface 
differentiated liposomes by the incubation process. The 
approximate equilibration half-times ( t l / 2 )  estimated 
from four incubation experiments at 55°C (with 
incubation times chosen from those cited above) are 
given in Table 1 for the six coliposomal systems that 
were studied. 


DISCUSSION 


It is clear that, at 55 "C, reequilibrations of the 
exolendo differentiated coliposomes are relatively fast 
( t1/2 < 5 min) for the 14/14, 16/16 and 18/18 systems, 
but considerably slower for the 20116, 20/18 and 20120 
systems, where the functional arachidoyl lipid, 6-F, is 
employed as the flip-flop probe. With the 20d20 colipo- 
somes, very slow flip-flop is expected at 55 C because 
these agogregates are in their less fluid gel phase 
(Tc = 70 C). In contrast, the T, values of 18/18 and 


20/18, and also those of 16/16 and 20/16, are closely 
matched, with the heteroacyl liposomes possessing a 
slightly lower T, in each case. Nevertheless, the 20/18 
and 20/ 16 coliposomes are much more resistant to  flip- 
flop than are their 18/18 and 16/16 analogues. 


We attribute these behavioral differences to interdigi- 
tation of the 20 (6-F) arachidoyl probe lipid molecules 
across the bilayer midplanes of their coliposomes with 
the nonfunctional 18 (5-NF) or 16 (4-NF) host lipids. 
Thus, extension of the CZO acyl chains of 6-F into the 
CIS or C16 acyl chains of the host 5-NF or 4-NF lipids 
in the opposing leaflet of the bilayer would enhance the 
resistance of the 6-F probe lipids to thermally driven 
flip-flop. 


We note that it is not simply the sum of the acyl chain 
lengths in the two bilayer leaflets that is important. The 
homoacyl 18/ 18 systems (5-F/5-N:), acyl carbon 
sum=36,  has t l / 2  = 5 min at  5 5  C, whereas the 
heteroacyl20/ 16 (6-F/4-NF) coliposome, with the same 
acyl carbon sum, has t 1 / 2  > 30 min, and is much more 
resistant to flip-flop. Apparantly, a mismatch in acyl 
chain length is important to  chain interdigitation. In 
this respect, the arachidoyl pseudoglyceryl ammonium 
ion probe lipid 6-F appears to  resemble certain long- 
chain interdigitating phospholipids. ' - 3  


One may question whether the effects reported here 
might in some way be attributable to  domain formation 
within the heteroacyl coliposomes. This seems unlikely 
because all of the coliposome systems display similar 
sizes and comparable kinetic phasings (i.e., %f: %s), in 
addition to  T, values and k, rate constants that vary 
rationally with acyl chain length. There are no 
behavioral discontinuities that might signal domain 
formation. 


We are intrigued by the apparently greater resistance 
to flip-flop of the 20/ 16 coliposomes vs the 20/ 18 system 
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( t l / 2  > 30 min vs 1112 =L 18 min). Perhaps there is 
greater (and more effective) interdigitation when there 
is a larger mismatch in the chain lengths of the probe 
and host lipids. In a very simple model, where the 
bilayer’s host lipids d o  not interdigitate, and all lipid 
head groups align at the membrane surfaces, the Czo 
probe lipid would insert two carbons into a n  opposing 
CL8 lipid leaflet, but it would intrude to  a depth of four 
carbon atoms into an opposing C16 lipid leaflet. 


The effects, however, must be delicately balanced. If 
the incubations of surface differentiaied 20/16 and 
20/18 coliposomes are carried out at 60 C, rather than 
5 5  ‘ C ,  the t l / 2  values for both systems decrease to about 
5 min; differential and overall dynamic stabilities are 
undermined together. 


Finally, we note that these apparent effects of inter- 
digitation, although observable with liposomes derived 
from the better packed pseudoglyceryl ammonium ion 
lipids of general structure 3-6, are not seen with lipo- 
somes constructed from the simple ammonium ion sur- 
factants 1 or 2 . 4  


CONCLUSION 


The arachidoyl pseudoglyceryl ammonium ion probe 
lipid 6-F exhibits low transverse bilayer migration (‘flip- 
flop’) in coliposomes with stearoyl (5-NF) or palmitoyl 
(4-NF) host lipids. This behavior is most likely associ- 
ated with interdigitation of the arachidoyl lipid. 
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Rate, endolexo and diastereofacial selectivities of the Diels-Alder reaction between cyclopentadiene and ( - )-menthy1 
acrylate were measured in a series of organic solvents and organic-aqueous mixtures. Regression analyses show that 
a model with the a! empirical solvent parameter accounts for most of the changes in rates and diastereofacial 
selectivities, whereas in the case of the endolexo selectivity, inclusion of the T* and 6 parameters is needed. Theoretical 
calculations camed out on the model reaction between methyl acrylate and cyclopentadiene using dielectric continuum 
and supermolecule models do not clearly show the effect of the different solvation mechanisms on rate. However, they 
agree with the above-mentioned influence of a! and T* on the endolexo and diastereofacial selectivities 


INTRODUCTION 


Interest in the role of the solvent in Diels-Alder 
reactions has increased over the last few years because 
of the noticeable improvement in these reactions 
achieved by the use of aqueous solvents. ' While several 
authors293 have shown that log k of intermolecular 
Diels-Alder reactions is linearly correlated with values 
of solvophobic power ( S P ) , ~  Desimoni and co-workers5 
have used Gutmann's ANparameter. The influence of 
the solvent on endolexo selectivity has been explained 
on the basis of polarity parameters, ' solvophobic par- 
ameters' or both.3 Recently, Blokzijl et al.9 discussed 
the rate enhancements for Diels-Alder reactions in 
media with a high water content in terms of enforced 
hydrophobic interaction between diene and dienophile. 


Leconte etal.'' studied the reduction of a$- 
didehydroamino acids in various media, showing a 
relationship between the enantioselectivity and the 
solvophobic parameter Sp. Although Lubineau and 
co-workers studied the use of glyco-organic substrates 
in aqueous Diels-Alder reactions, to the best of our 


t Author for correspondence. 
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knowledge there are no studies of the influence of the 
solvent on asymmetric Diels-Alder reactions. 


The Diels-Alder reaction of ( -)-menthy1 acrylate 
with cyclopentadiene has become a benchmark for 
asymmetric induction in cycloaddition reactions. 
Several workers have reported that this reaction gives 
8% diastereomeric excess ( d e )  for the endo cyclo- 
adducts when run neat or in a series of solvents. The 
diastereofacial and endo/ ex0 selectivities increase when 
Lewis acids are used. 12313 Corey et al. l4 recently found 
that the de of this reaction can be further increased by 
the use of an optically active catalyst. 


In this paper we report an experimental and theor- 
etical study of the influence of the solvent on rate, 
endolexo selectivity and de of the Diels-Alder reaction 
between cyclopentadiene (1) and ( - )-menthy1 acrylate 
(2) (Scheme 1). 


RESULTS AND DISCUSSION 


Experimental results and statistical analyses 


As we tried to cover a broad range of solvent character- 
istics, the solvents were selected according to their 
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Sp values4 and normalized E=(30)(E?) values. '' The 
reason for choosing these two solvent parameters is 
twofold. First, they have already proved to be of use in 
explaining results of rate and endolexo selectivity in 
Did-Alder reactions. 293,8 Second, there are to date 
few empirical solvent parameters which have been 
determined for a comprehensive set of organic solvents 
and binary aqueous mixtures. Further, they account for 
most solvation mechanisms, namely solvophobic or 
cavity effects, polar effects and hydrogen-bonding 
(HBD) effects. I s  


The reactions were monitored by gas chromatog- 


raphy. The flame ionization detector was calibrated by 
repeated injection of mixtures of (- )-menthy1 acrylate 
and cycloadducts at different relative concentrations. 
Compounds 3a and 3b were assigned by comparison of 
the gas chromatograms obtained in the reactions 
studied with those obtained in several reactions of 
cyclopentadiene and ( -)-methyl acrylate using Lewis 
acids as catalysts, the diastereoselectivites and absolute 
configurations were described in previous papers. l 3  


Table 1 shows the twenty solvents and solvent mix- 
tures finally chosen together with their corresponding 
Sp and EP values and the results obtained in the 


Table 1. Experimental results for the reaction between ( -)-menthy1 acrylate and cyclopentadiene in several organic solvents and 
organic-aqueous mixtures 


Code Solvent E? Sp ** 6 a 0 Log k [3/41 Log [3/4] [3a/3b] de (Vo) Log [3a/3b] 


a Dichlorornethane 0-309 O.oo00 0.820 0-5  0.300 0-OOO -4-473 3.662 f 0.058 0.564 1-175 f 0-014 8.1 0.070 
b n-Hexane 0.009 0.0091 -0.080 0.0 O'OOO 0.OOO -4.645 2.379 f 0.081 0.394 1.182 f 0.019 8.3 0.081 
c Ethyl acetate 0.228 0.0635 0.550 0.0 0.450 0.OOO -4.578 3.196 f 0.058 0.505 1.158 f 0.014 7.3 0.064 
d Acetonitrile 0.460 0.2167 0.750 0.0 0.190 0.310 -4.408 4.347 f 0.040 0.638 1.204f 0.016 9.3 0.081 
e Benzene 0.111 O.oo00 0.590 1.0 0.OOO 0-100 -4-443 2.715 f 0.017 0.434 1.156 f 0.004 7.2 0.063 
f Toluene 0.099 O.oo00 0.540 1.0 0.OOO 0.110 -4.539 2.734 f 0 4 4 9  0.437 1.210 f 0.010 9.5 0.083 
g Chlorobenzene 0.188 O'ooOO 0.710 1.0 0.OOO 0.070 -4.456 3.009? 0.009 0.478 1.213 k 0.005 9.6 0.084 
h Benzonitrile 0.333 0.0810 0.900 1.0 O'OOO 0.410 -4.411 3.981 f 0.015 0.600 1.284 ?; 0.006 12.4 0.109 
i Nitrobenzene 0.324 0'0650 1.010 1.0 O'OOO 0.390 -4.296 3.821 f 0.049 0,582 1.316 f 0.019 13.7 0.119 
j Acetone 0.355 0.1267 0.710 0.0 0.080 0.480 -4.545 3.581 f 0.106 0.554 1.199 f 0,011 9.1 0.079 
k Acetone (80%) 0.664 0.2390 - - - - -4.000 5.055 f 0.062 0.704 1.255 f 0.021 11.3 0.099 
I Dioxane 0.164 0.0794 0.550 0.0 O'OOO 0.370 -4.470 3.109 f 0.055 0.493 1.155 f 0.015 7.2 0.063 
m Dioxane (60%) 0.667 0.3900 - - - - -3.512 6.046 f 0.159 0.781 1.276f 0.014 12.1 0.106 
n Dioxane (50%) 0.707 0.5210 - - - - - 7-057 +. 0'247 0.849 1.308 f 0.027 13-3 0.117 
o Propan-2-01 0.546 0*1OOO 0.480 0.0 0.760 0.950 -4.094 4.607 f 0.106 0.663 1.241 2 0.023 10.8 0.094 
p Methanol 0.765 0.2000 0.600 0.0 0.930 0.620 -4.073 5.363 50.112 0'730 1.195 f 0.024 8.9 0.084 
q Methanol (70%) 0.818 0,4460 0.910 0.0 0.910 0.530 - 7.786 f 0.247 0.891 1.295 f 0.025 12.9 0.112 
r Methanol (60%) 0.836 0.5310 0.980 0.0 0.870 0.500 - 9.191 k0 .533  0.963 1.3165 0.026 13.7 0.119 


t Hexafluoroisopropanol 1.068 0.2800 0.650 0.0 1.960 O*OOO -3.707 7.106 f 0.109 0.852 1.717 k 0.012 26.4 0.235 
s Trifluoroethanol 0.898 0'3250 0.730 0.0 1.510 O'OOO -3'697 6'574k 0.053 0,818 1.460 f 0.003 1 8 - 7  0.164 
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Diels-Alder reaction between cyclopentadiene (1) and 
(-)-menthy1 acrylate (2). Log k values for reaction 
media n, q and r could not be determined because of the 
low solubility of the reagents, which makes the use 
of very dilute solutions necessary. Water and binary 
aqueous mixtures with higher water contents were also 
considered, but the even lower solubility of the reagents 
prevented their use as reaction media. As can be seen 
from the results in Table 1, the reaction medium sig- 
nificantly influences the reaction rate and the endolexo 
and diastereofacial selectivities. In fact, the results 
obtained for de in the case of hexafluoroisopropanol (t) 
are close to those obtained using a conventional Lewis 
acid catalyst (such as AlCl,). 


In order to analyse the influence of these solvent par- 
ameters on the reaction rate, endo/exu selectivity and 
diastereoselectivity, we tested linear regression models 
of log k ,  log[3/41 and log[3a/3bl with Sp and E?. The 
results obtained are given in Table 2. 


The regression models obtained for log k and 
log [3/4] versus E p  and Sp are in good agreement with 
those previously described for the reaction between 
methyl acrylate and cyclopentadiene. ’ In both cases E? 
and Sp have statistically significant coefficients (a 
cut-off of 95% of probability is used throughout the 
work). The normalized coefficients [0.456 for E? and 
0.490 for Sp in log k, and 0.579 for E? and 0.453 for 
Sp in log [3/41 show that both parameters are of similar 
importance in log k and E? is slightly more important 
in log[3/4]. 


The lack of information about the influence of the 
solvent on diastereofacial selectivities increases the 
interest of these experimental results. Unfortunately, 
the regression model for log [3a/3b] is worse than those 
obtained for reaction rate and endolexo selectivity. In 
spite of this, the lack of significance of the Sp coeffi- 
cient seems to show that de tends to increase when the 
E? of the solvent increases. 


The colinearity between E? and Sp remains very high 
( r  > 0.80) despite the inclusion of highly polar solvents 
of medium solvophobicityi6 such as fluorinated 
alcohols. This makes the discussion of the physico- 


chemical factors that influence the reaction course 
difficult. 


In view of this, we tested a different empirical 
approach. The Abboud-Abraham-Kamlet-Taft 
(AAKT) model” avoids in principle the above- 
mentioned problem b the use of quasi-independent 
parameters, namely H , 6 , ~  and (3, which account for 
the dipolarity-polarizability and HBD-HBA abilities, 
respectively. Given that these parameters are not known 
for several aqueous mixtures, the set of solvents is now 
reduced to 17 (Table 1). The regression models 
obtained for log k ,  log [3/4] and log [3a/3b] are given in 
Table 2. 


The use of the AAKT model for log k shows that 
only the Q coefficient is statistically significant. In fact, 
a regression model of log k vs. Q gives almost the same 
result, which agrees with the results previously reported 
by Desimoni and co-workers5 using the A N  parameter. 


Both dipolarity-polarizability and the HBD proper- 
ties of the solvent influence the endolexo selectivity. 
The normalized regression coefficients (0.533 for H*, 
-0.325 for 6 and 0.574 for a )  provide a clearer view 
of the relative influence of each parameter, showing 
that both solvation mechanisms are of similar 
importance. 


A poorer result is again obtained for the diastereo 
facial selectivity, but the model clearly shows that 
log [3a/3b] tends to increase in HBD solvents. 


In summary, the use of the AAKT model shows that 
Q plays the most significant role in determining the 
reaction course. This is not incompatible with the 
results of similar quality obtained using the E? and Sp 
parameters, because of the strong correlation between 
E? and Q (r = 0.93) and Sp and Q ( r  = 0.70). 


The former correlation was expected because of pre- 
vious knowledge about the nature of E p ,  which consists 
of a blend of dipolar and HBD properties. Is However, 
the use of T* and 6 in the AAKT model enables us to 
decide about the relative influence of both solvation 
mechanisms. 


On the other hand, there was no previous report 
about the correlation between Sp and Q, although 


r 


Table 2. Regression model result of rate, endo/ exo and diastereofacial selectivities with several empirical solvent parameters 


* 
n c s Intercept E T N  SP r 6 (2 P 


Log k 17 0.912 0.151 
15 0.975 0.078 
15 0.947 0.099 


hg(3/4)  20 0.986 0.030 
17 0.963 0.054 
17 0.957 0.056 


Log(3~/3b) 20 0.791 0.026 
20 0.758 0.027 
17 0.894 0.023 
17 0.832 0.026 


-4.646 0.520 f 0.243 
-4.654 - 
-4.489 - 
0.415 0.320 t 0.040 
0.328 - 
0.345 - 
0.050 0.142 t 0.034 - 
0.053 0.099 ? 0.020 
0.060 - 
0.103 - 


1.354t0 .590 - 
- 0.104 f 0.103 
- - 


0.432 t 0-069 - 


- 0.332 t 0.064 
- 0.367 k 0.061 


-0.089 ? 0.059 - 
- - 


- 0.017 t 0.027 


- - 
0.117 ? 0.063 0.491 2 0.042 


- 0.446 ? 0.042 
- - 


-0.093 t 0.042 0.176 2 0.029 
-0.121 t 0.038 0.163 ? 0.028 


- - 
0.021 ? 0.017 0.067 ? 0.012 - 


- 0.060 2 0.006 


- 
0.137 t 0.084 


- 
- 


0.080 ? 0.058 
- 
- 
- 


.0.024 ?r 0.024 
- 
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judging from the nature of both parameters it was to be 
expected. This makes a clear interpretation of the role 
of solvophobicity difficult. The use of Hildebrand's S& 
parameter, 17,18 included in the AAKT model, should 
lead, at least in theory, to a correct interpretation of the 
relative importance of each solvation mechanism. 
Unfortunately, as this parameter is not defined for the 
aqueous mixtures, which present the highest solvo- 
phobicities, it therefore cannot be used in our case to 
assess the importance of this solvent property. 


As a consequence, the influence of solvophobicity on 
reaction rates cannot be discounted, because the 
reaction is faster in the more solvophobic solvents, 
which are not the most HBD in the series. However, the 
diastereofacial selectivity shows a clear dependence on 
solvent HBD ability. In this case, the most HBD sol- 
vents lead to the greatest increase in de, in spite of the 
fact that these solvents are not the most solvophobic. 


As this is the best possible result from an empirical 
viewpoint and the establishment of the physico- 
chemical factors influencing the course of asymmetric 
Diels-Alder reactions is of prime importance for 
further work in this area, we considered a different 
approach from a theoretical point of view. 


The pure electrostatic solute-solvent interactions 
may be introduced into SCF procedures l9 and make it 
possible to compute a reaction path for a solvated 
system. The comparison between the transition state 
(TS) energies calculated as isolated species and in a 
dielectric continuum enables us to estimate the solva- 
tion energies. In this way, the electrostatic influence of 
the solvent on the endolexo and diastereofacial 
selectivities can be studied, at least in a qualitative 
manner. 


The specific effects of the solvent can also be con- 
sidered by means of the well-known supermolecule 
approach. One or several molecules of the solvent are 
explicitly considered to interact with the solute mol- 
ecule. The solvation energy is usually calculated by the 
difference in the energies between the supermolecule 
and the isolated species. This methodology is computa- 
tionally expensive but, in most cases, the use of a single 
solvent molecule is enough to show the solvation trend 
of the system. 


Given that (-)-menthy1 acrylate is a large molecule 
and the complete study of the reactive system must 
include eight TSs (two endo s-cis, two endo s-trans, two 
ex0 s-cis and two ex0 s-trans), we chose methyl acrylate 
as a simpler model of the reaction studied. An AM1 
study showed that the dipole moments of the s-cis and 
s-vans conformers of methyl acrylate are similar to 
those of the corresponding conformers of ( - )-menthy1 
acrylate so that the electrostatic solute-solvent interac- 
tions should lead to comparable effects. The calculated 
conformational equilibria in the gas phase are also 
similar for both dienophiles (Table 3). Further, the sol- 
vents affect the endolexo selectivity of the reactions of 


Table 3. Dipole moments and heats of formation of methyl 
and (-)-menthy1 acrylates in the s-cis and s-trans 


conformations, as calculated by AM1 


Dienophile AHr (kcd mol-')a B (D) 


Methyl acrylate s-cis - 70.0 1.60 
Methyl acrylate s-trans - 69.6 2.32 


(- )-Menthy1 acrylate s-trow - 112.2 2.27 
(-)-Menthy1 acrylate s-cis - 112.6 1.52 


' 1  kcal=4.184 kJ. 


both dienophiles with cyclopentadiene in approximately 
the same way. 


Methyl acrylate is obviously not a chiral dienophile, 
but in the asymmetric Diels-Alder reactions of pro- 
chiral 1,3-dienes with chiral acrylates, the de obtained 
depends on the shielding effect of the chiral auxiliary 
and, given that s-cis and s-trans conformers display 
reversed topicity in their top and bottom faces, on 
the conformational equilibrium of the acrylate 
(Scheme 2). 2o 


In our study the chiral auxiliary does not change, so 
it can be concluded that variations in de depend on the 
nature of the solvent and are mainly related to 
the change in conformational equilibrium in the TS 
induced by the solvent. This equilibrium can be studied 
in the case of methyl acrylate. 


s-trans scis 


Scheme 2 


Computational analyses 
We first used a cavity model to represent the solvent. In 
this model, the molecule is placed in an ellipsoidal 
cavity surrounded by an infinite polarizable and dielec- 
tric continuum, characterized by its dielectric permit- 
tivity E. The charge distribution of the molecule 
polarizes the continuum, which in turn creates an elec- 
tric field inside the cavity. The Hamiltonian of the elec- 
tric interactions is added to the Hartree-Fock operator 
and a complete SCF calculation is made so that polariz- 
ation effects are also taken into account. The total free 
energy of solvation (electrostatic plus induction) is 
given by the simple expression l9 
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where M y  is a component of the multipole moment 
operator of order I and RP its corresponding reaction 
field component, which in the linear response approxi- 
mation is given by 


c f 7."'' M;" 
/ ' i l l '  


The components f:!"' depend on the cavity axes and 
the dielectric permittivity c only. 


The solvation energy contains other terms (disper- 
sion, cavitation) which are not included in this model. 
Their role will be discussed below. 


The definition of the cavity is a crucial point in this 
model and we have used a procedure described else- 
where.21,22 It consists of the determination of an ellip- 
soid which fits as best as possible the isodensity surface 
enclosing a volume equal to  the molecular volume. 
Computations were carried out with the GEOMOS23 
and GAUSSIAN 8624 programs for the semi-empirical 
and ab inifio parts, respectively. 


Semi-empirical computations were performed with 
the AMlZ5 and PM326 methods. A b  initio computa- 
tions were carried out at the minimal basis set STO-3G 
level. After inspecting the potential energy surfaces, the 
transition state (TS) structures were located by using 
Powell's algorithm2' as implemented in the MOPAC 
5.0 program28 (for the semi-empirical calculations) and 
Schlegel's algorithm2' as implemented in GAUSSIAN 
86 (for the ab initio calculations). The TS structures 
were checked and characterized by the presence of only 
one negative eigenvalue of the Hessian matrices. A 
complete optimization of the molecular geometries was 
performed for the isolated molecules. In the case of the 
solvated species, we retained the same geometry but 
checked that there were no large modifications in the 
equilibrium geometry for the reagents. In STO-30 cal- 
culations we also used a recently reported algorithm 
which enables us to search for TSs in the cavity.30 
There are no significant differences between the TS 


structures obtained by this method and those obtained 
in vacuum. 


The pure electrostatic and HBD effects of the sol- 
vents were analysed by comparing the results obtained 
for the isolated molecules with those obtained with the 
cavity model in a polar solvent (we shall arbitrarily take 
E = 78, i.e. the dielectric permittivity of water) and 
those obtained by means of the supermolecule 
approach (considering a single water molecule solvating 
the carbonyl oxygen), respectively. 


The geometrical structures and the energies of the 
TSs, as predicted by the AM1 and STO-3G calcu- 
lations, are given in Figure 1. The structural results are 
in good agreement with those obtained previously" for 
the TSs of similar Diels-Alder reactions at  3-21G level. 
The AM1 structures are slightly more asynchronous 
than the STO-3G structures and the C--C distances (for 
the bonds created) are slightly shorter. Both methods 
predict a longer distance for the C-C bond which 
carries the carbomethoxy group. It can also be seen that 
(a) the STO-3G structures present a greater asynchroni- 
city for the endo configurations, in accordance with 
previous results, but the AM1 results show similar asyn- 
chronicity for the various TS structures, (b) the ex0  
structures d o  not change much from the s-cis to  the 
s-trans conformations, (c) the TS structures are 
approximately half way between the reagents and pro- 
ducts and (d) the TS energies calculated by both 
methods show a preference for the s-cis over the s-trans 
forms. The STO-3G calculations show a preference 
of the endo over the ex0 TSs, whereas the AM1 
calculations show the reverse order. 


The total energies of solvation for the reagents 
(cyclopentadiene and methyl acrylate) and for the four 
possible TS structures (endo s-trans, endo s-cis, ex0 
s-trans and e x 0  s-cis) are given in Table 4. Table 4 also 
gives dipole moments for the isolated species. 


Although the solvation energies are larger for the 
most dipolar species, the detailed analysis of the multi- 
polar expansion shows that the quadrupole and the 


Table 4. Calculated dipole moments and free energies of solvation of the reagents and transition state structures for the reaction 
between methyl acrylate and cyclopentadiene 


AM1 STO-3G PM3: 


P (D) EsOlv (kcal mol-*) P (D) Esalv (kcal mol-I) ErOlv (kcal mol-') 


Reagents 
Cyclopentadiene 0-53 
Methyl acrylate s-cis 1.60 
Methyl acrylate s-trans 2.32 


endo s-cis 2.61 
endo s-trans 2.88 
ex0 s-cis 1.85 
ex0 s-trans 2.79 


Transition states 


- 1.06 
-3.22 
-3.61 


- 3.24 
-3.81 
- 2.79 
- 3.66 


0.38 -0.50 
1.37 - 1.56 
2.33 - 1.70 


1.66 -1.88 
1.96 -2.34 
1 -08 - 1.62 
1-81 -2.22 


- 
- 3-85 
- 3-97 


-3.75 
- 4.95 
- 3-92 
-4-47 
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1.410 


1.365 
1.411 


sQ.oo 93.30 


; 1.419 
; 1.410 i 2.315 


2.135 ; 
2.014 \ 2.225 


104.6' 1.366 


E (STOJG) = -491.151554 a.u. 
E (AM1) = -71.804453 a.u. 


endo s-cis 


E (STOJG) = -491.150481 a.u. 
E (AM1) = -71.803619 a.u. 


90.10 z: f i  93.2' 


I 1.419 
1.410 / 2,308 


2.140 i 
2.019 ; ; 2.221 


100.6' 


1.397 


0 


endo s-frans 


91.10 
93.1 ' 


', 1.413 


E (ST03G) - -491.151472 a.u. 
E (AMI) - -71.806988 8.u. 


ex0 s-cis 


Figure 1. Side and front views of the endo s-cis, endo s-trans, ex0 s-cis and ex0 s-trans transition structures at the STO-3G (;oman 
typeface) and AM1 (italic typeface) levels for the reaction between cyclopentadiene and methyl acrylate. Distances are in A and 


angles are in degrees 
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97.8' 98.90 A 
1.373 /A/ 
1.422 --L 


3 


E (STO-3G) = -491.150250 a.u. 
E (AM1) P -71.805951 a.u. 


Figure 1 


ex0 s-trans 


octupole moments play an important role in the solva- 
tion process. I n  fact, the contributions of these 
moments to the free energy of solutions are in some 
cases greater than the dipole moment contribution. 


The use of the AM1 method in the supermolecule 
approach leads to unrealistic geometries and solvation 
energies. This fact is well-known, and has been 
documented. 32 On the other hand, it has been 
reported28332 that the semi-empirical PM3 method leads 
to a more correct representation of hydrogen-bonding 
species, so this method was finally chosen to calculate 
the solvation energies of reagents and TSs (Table 4). In 
each case, the water molecule position was fully 
optimized, fixing the geometry of the remainder of the 
supermolecule. 


The supermolecule model (and, to a lesser extent, the 
STO-3G cavity model) predicts a decrease in the tran- 
sition barrier for the s-trans TSs and a slight increase 
for the s-cis TSs, so these models do not account for the 
increase in rates found experimentally in aqueous 
media. 


A recent theoretical study by Blake and J ~ r g e n s e n ~ ~  
of the reaction between cyclopentadiene and methyl 
vinyl ketone has shown that the transition barriers 
substantially decrease when going from the vacuum to 
solution in protic solvents. This study was carried out 
using Monte Carlo simulations and showed the import- 
ance of the role played by non-hydrophobic interac- 
tions. Since our cavity calculations show that the effect 
of the pure electrostatic interactions on the transition 
barriers can be neglected, dispersion forces may be 
invoked to explain the differences between the reaction 
rates. In fact, dispersion energy is expected to be 
substantially different for the reagents and for the TS 
structures owing to the change in the number of T-elec- 
trons. 34 


However, it should be remembered that a detailed 
study of the reaction rates would require a further 


(Continued) 


', 1.419 
; 1.410 


2.143 \ 
2.019 :. 


91.10 
93.1 


2.316 
2.225 


discussion of the dynamics of the process, namely the 
relaxation of the solvent around the species present 
along the reaction path. Given that the above- 
mentioned computations do not take this aspect of the 
problem into account, their conclusions have to be 
considered qualitatively. 


On the other hand, the cavitation term of the solva- 
tion energy has to be considered. In order to obtain 
an approximate estimation of this term, we applied 
Pierotti's scaled particle theory (SPT), 35 which enables 
us to calculate the free energy of cavitation from the 
following equation: 


G, = ko + klr  + kzr2 + k3r3 


where r is the (spherical) cavity radius and ko-k3 are 
constants depending on several solvent properties 
(solvent radius, density) and pressure. 


The radii for the TSs were estimated from the data of 
the corresponding activation volumes, A Vf ,36  and the 
molar volumes of the reagents. The values obtained 
show a decrease of cu 1-9  kcal mol-' in the transition 
barrier, which agrees with a significant effect of 
solvophobic interactions. 


The solvation energies calculated using the cavity 
model lead to an increase in the endo preferences in the 
STO-3G calculation and to a decrease in the ex0 pre- 
ference in the AM1 calculation. These results show that 
the electrostatic effect of the solvent favours the endo 
over the ex0 isomers, which agrees with the experimen- 
tally found importance of T* on endolexo selectivity. 
Further, the solvation energies obtained by means of 
the supermolecule approach account for the increase in 
endo selectivity in HBD solvents. 


The application of the above-mentioned SPT 
equation using the experimental values of AAV' for 
endo and ex0 T S S ~ ~  show that the differences in cavita- 
tion energies for both TSs (and, in consequence, the 
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corresponding solvophobic effect) are negligible 
(<0-005 kcal mol-I). 


In all the previously mentioned reaction media the 
(lR, 2R)-cycloadduct (3a) is preferentially obtained, 
which requires a preferential approach of the diene on 
the Si face of the dienophile. Given that this face is the 
less shielded in the s-trans conformation (Scheme 3), it 
can be assumed that a relative stabilization of the 
s-trans with respect to the c-cis TS will increase the de. 


Hydrogen bond formation clearly favours the s-trans 
conformation for the TSs and makes it possible to 
explain the increase of de in HBD solvents. It should be 
noticed, however, that this interaction contains a sub- 
stantial electrostatic component whose average effect 
is included in the cavity model computations which, 
qualitatively, lead to a comparable effect. It can there- 
fore be concluded that pure electrostatic interactions 
increase de slightly, whereas in the case of HBD sol- 
vents this effect is substantially enhanced. 


A consideration similar to that used for the endo/ ex0 
selectivity can be invoked for the cavitation energy 
differences between s-cis and s-trans TSs, so a signifi- 
cant solvophobic effect on de cannot be expected. 


Scheme 3 


CONCLUSIONS 


Combined empirical studies and theoretical studies have 
proved to be valuable tools for investigating the effect 
of the solvent on the results of an asymmetric 
Diels-Alder reaction. The results obtained suggest that 
the solvophobicity (through the cavitation energy) and 
the dispersion energy may play an important role in the 
effect of the solvent on the rate of these reactions. How- 
ever, the influence of these terms on endolexo and 
diastereofacial selectivities seems to be negligible. In 
fact, pure electrostatic and hydrogen-bonding inter- 
actions account for the changes observed in both 
responses. 


Although the calculation levels used do not accu- 
rately reproduce the absolute energies of the TSs, they 
succeed in the qualitative pattern of solvation energies, 
which determine the modification of the endolexo and 
diastereofacial selectivities induced by the solvent. 


EXPERIMENTAL 


Calculations. AM1 calculations for isolated systems 
were done using the standard AM1 method,25 as 
implemented in the MOPACZ8 semi-empirical mol- 
ecular orbital package. AM1 calculations for the same 
systems considering the solvent effect by means of the 
dielectric continuum theory and also PM3 26 supermole- 
cule calculations were carried out using the GEOMOSZ3 
package.. Ab initio STO-3G calculations for both iso- 
lated and solvated systems were performed using a 
locally modifiedz2 version of the GAUSSIAN-86z4 
package. 


General. Gas chromatographic analyses were carried 
out with an apparatus with a flame ionization detector, 
cross-linked methylsilicone column (25 m X 0.2 mm 
i.d. x 0.3 mm o.d.), heliup as carrier gas (18 psi), 
inje$tor temperature 230 C, detector temperatyre 
250 C and oven temperature programmed from 190 C 
(held for 1 min) a', 2 "C min-' to 180°C and then at 
1 "C min-' to 170 C (held for 5 min). Retention times 
were (-)-menthy1 acrylate (2) 3 -7  min, ex0 cyclo- 
adducts (4) 17.6 min, endo (2S)-cycloadduct (3b) 
18.2 min and endo (2R)-cycloadduct (3a) 18.6 min. 
All organic solvents were dried and purified according 
to standard procedures. Water was deionized and 
doubly distilled in an all-glass apparatus. 


Kinetic procedure. In a typical run, 0-396g 
(6 mmol) of cyclopentadiene (1) dissolved in the corre- 
sponding ,organic solvent or organic-aqueous mixture 
(4 ml) was added to a thermostated (30 2 1 "C) solution 
of 0.42 g (2 mmol) of (-)-menthy1 acrylate (2) in the 
same solvent (28ml) and the solution obtained was 
stirred magnetically. Reaction rates were determined by 
gas chromatographic analyses of aliquots of the 
reaction mixtures, following the formation of cyclo- 
adducts (3a, 3b and 4). All the reactions, which were 
repeated three times, followed second-order kinetics. 
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A series of bridged calix [41 arenes (5-10 methylene groups in the bridge) were synthesized and transformed into their 
tetraester derivatives by reaction with ethyl bromoacetate. The stability constants for complexes of the tetraester 
derivatives with sodium, potassium and silver cations, determined in methanol by spectroscopic or potentiometric 
techniques, show a drastic decrease (more than lo5 for Na') for the shorter methylene chains. 'H NMR studies 
demonstrate a conformational rearrangement of the calixarene part to fourfold symmetry to be necessary for the 
complexation of a cation, which is prevented by the shorter chains. This is further con6rmed by the X-ray structure 
of a tetraester derivative with a CH2CHzCOCHzCHz bridge; crystals were monoclinic, space group P2, /c ,  
a = 11.847(2), b =39.773(5), c = 12*127(2) A, j3 = 109.24(1)0, Y =  5395.1 A3, Z =  4, 0, = 1.186 Mgm-3. 


INTRODUCTION way. numerous new ionovhores have been vreoared 
duiing the last decade. By analogy with- natural 
ionophores (such as valinomycin or enniatin), ester (11, 
amide (2) or keto functions (3) proved to be most effec- 
t i ~ e . ~  In general, derivatives of calix 141 arenes show a 


Calixarenes, easily available in many cases by one-pot 
procedures, I may be used as platforms on which 
various ligating functions may be assembled.' In this 
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high selectivity for sodium ion over the other alkali 
metal ions and for calcium (which has a similar ionic 
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R ' , C 4 0  
I 


1 R' = 0-alkyl 


la R = t-Bu , R' = OEt , m = 4 


f 2 R' = N-(alkyl), , NH-alkyl 


2a R = t-Bu , R' = N(CH2), , m = 4 


2b R = t -Bu , R' = N(Et), , m = 4 


C R  I, 3 R' = alkyl 


radius) among the alkaline earth metal cations.' 
Derivatives of calix [6] arenes prefer larger cations such 
as potassium, rubidium or caesium, but their selectivity 
is less pronounced, and derivatives of calix [8] arene in 
general are less efficient ionophores. Thus, compound 
la (R'  = OEt, m = 4) shows a selectivity for sodium 
over potassium of S N ~ / K  = 400 and 2a [R '  = N(CH2)4, 
rn = 41 a selectivity for calcium over magnesium of 
sCa/Mg = 7 x 10'. 


Probably one reason for the high complexation con- 
stants and for the radius-related selectivity is the high 
degree of preorganization which is found especially in 
the calix[4] arene derivatives fixed in the cone confor- 
mation. The molecular structures and conformations of 
various ligands of type 1-3 have been elucidated by 
X-ray analysis, 3 2 7  but remarkably only one metal com- 
plex, namely K' with 2b (R' = NEt2, m = 4), has been 
studied in this way.8 Its beautiful structure with four- 
fold symmetry, the potassium ion being surrounded by 
the phenolic and the carbonyl oxygens, is tacitly 
assumed for all similar complexes. Indeed, it has been 
shown by 'H NMR spectroscopyga for the tetraester 
derivative of an asymmetrically substituted calix- 
[4]arene that in solution also the complexation of a 
sodium ion imposes fourfold symmetry on the 
calixarene. 9b 


Recently, we have shown in a preliminary study'' 
that the extraction of sodium picrate by tetraester 
derivatives of bridged calix [4] arenes, in which two 
opposite para positions are connected by an aliphatic 
chain, is strongly dependent on the length of this chain. 
Especially remarkable is a drastic change from extrac- 
tion to  non-extraction when the number of carbon 
atoms in the chain decreases from 7 to 6. To elucidate 


this observation more quantitatively (and to obtain in 
general a better insight into the conformational require- 
ments for complexation), we have prepared an entire 
series of bridged calixarenes, and determined the com- 
plexation constants of their tetraester derivatives for 
Na', K +  and Ag' in MeOH. To allow as close a com- 
parison as possible with the corresponding derivative of 
(the unbridged) tert-butylcalix [4] arene, the p-tert-butyl 
group was chosen as substituent for the phenolic units 
not connected by the bridge. 


SYNTHESlS AND GENERAL. PROPERTIES 


The bridged calixarenes 4 were obtained by condensa- 
tion of diphenols [a,w-bis(4-hydroxyphenyl)alkanes] 
with 2,6-bisbromomethyl-4-tert-butylphenol in dioxane 
using Tic14 as catalyst (and probably template) as 
described for 5 .  I '  The best yields for the pure products 
(characterized by TLC and 400MHz 'H NMR and 
mass spectrometry) were in the range 13% ( n =  10) - 
34% (n = 7) .  It must be stated, however, that different 
runs to prepare the same compound sometimes resulted 
in different yields, even under the same conditions; the 
reason for these differences is unknown. 


The distortion of the cone-shaped calix [4] arene 
nucleus, which is brought about by the shorter bridges, 
is nicely demonstrated by the chemical shift for the OH 
protons in the 'H NMR spectra in CDCl3. Whereas for 
n = 16 the singlet at 10.36 ppm is virtually identical 
with the value found for tert-butylcalix [4] arene, for the 
shorter chains shifts to higher field are observed (see 
Figure I), indicating a continuous weakening of the 
intramolecular hydrogen bonds. Two different signals 
are observed for chain lengths of n < 8, their difference 


4 R = t -Bu , R' = H 


5 R = C H ,  , R ' = H  


6 R = t -Bu , R' = CHz-CO-OEt 
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Table 1. Complexation properties of tetraester derivatives 6 
(derived from bridged calix [4] arenes 4) in comparison with the 


corresponding l a  (derived from tert-butylcalix [ 41 arene)” *A 


Na’ K+ Ag + : 


Compound Logpb  E% Logpb E% L o g o b  


I n 
I I I 1 I I I I L  


5 6 7 8 9 10 12 


Figure 1. Chemical shifts for the OH protons for two series of 
bt-idged calix[4]arenes, ( 0 )  4 and ( A ) 5, as a function of the 


chain length, n 


being larger for n = 6 or 7 than for n = 5 or 8. This 
behaviour is similar for 4 [R =C(CH3)3] and 5 
(R = CH3), whereas the chemical shift for 5 in general 
is slightly lower. 


Reaction of 4 with ethyl bromoacetate (refluxing 
acetone, K ~ c 0 3  as base) led to  the tetraester derivatives 
6, isolated in 35-65% yield of pure product 
(characterized by TLC and ‘H NMR and mass 
spectrometry) after recrystallization from ethanol. 


COMPLEXATION CONSTANTS AND 
EXTRACTION PROPERTIES 


For the series of tetraester compounds 6 the stability 
constants for their complexes with sodium, potassium 
and silver ions have been determined in methanol by 
spectroscopic and/or potentiometric methods. Both 
techniques had already been employed for the simple p -  
terf-butylcalix [4] arene tetraethylester l a 4  and two 
tetraamide derivatives. ’ The results for p, defined as 


P = c(MJ-+)/[c(M+) c(JJ1 
with M +  = Na’, K’, Ag+ and L = 6 are collected in 
Table 1 and plotted graphically in Figure 2, where for 
comparison the corresponding values for the tetraester 
of rert-butylcalix [4] arene (la) are also given. The fol- 


6a (n  = 5) 1’ (01 1.3’ [O] - 
6b (n  = 6) 2-8’ [2] 1.9” [O] 1.4’ 
6c (n=7)  4.6’ [241 2.4’ (51 3.6’ 
6d (n = 8) 6.0’ [44] 3.9”’ [14] 4.5’/v 
6e (n=9)  5 . 5 ’  (251 2.7’ [8] 4.1’’’ 
6f (n = 10) 6.1’ 1491 3.8’ [9] 4.SP 


l a c  5.0 [29] 2.4 [ 5 ]  4.0 


‘Stability constants are given as logo, and compared with E% (in 
brackets) for the extraction of picrates from water into CHzCh. All 
values are the arithmetic means of at least three independent exper- 
iments with the precision 26,”-1 -0.1-0.2 I0.5-11. 


s = spectrophotometric determination; 
p = potentiometric determination. 
Taken from Reference 4. 


- *  / 


n 
1 , I I I - 
5 6 7 E 9 10 


Figure 2. Stability constants (log (3) as a function of the chain 
length (n) for tetraester derivatives 6 and (*) Na’, ( A ) K C  and 
(0 )  Ag’. For comparison, the values for la are shown on the 


left 
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lowing features are evident: 


(a) For all three cations the ligands with n = 8, 9 and 10 
form stronger complexes than la ,  the largest differ- 
ence in log (3 being observed for K' and n = 8 with 
1.5. This can be understood by a better 'preor- 
ganization' of the ligand, which is held in the 
optimum cone conformation (with approximately 
fourfold symmetry) by the bridging chain. 


(b) For all cations the values for n = 9 are lower than 
those for n = 8 and 10, reflecting the fact that con- 
formational preferences in the chain (staggered con- 
formations of the CH2 groups) also have some 
influence on the conformation of the calixarene part 
and consequently on the arrangement of the ligating 
ester functions. 


(c) A continuous decrease in the complexation constant 
is found for all three cations on going from n = 8 to 
n = 5 .  Whereas the compound with n = 7 is still a 
reasonable ligand with (3 values slightly lower than 
for the tert-butylcalix 141 arene derivative l a ,  the 
complexation constants for n = 5 are lower than 10 
in the case of Na' and probably Ag+.  


(d) Whereas for the longer chains (n  = 7-10) the 
same sequence for the stability constants is found 
as for the tert-butylcalix 141 arene derivative 
(Na' > Ag' > K' ) ,  th is  decrease is less pro- 
nounced for K' and there is a selcctivity change for 
Ag+/K+ between n = 7 and n = 6 and for Na+/K' 
between n = 6 and n = 5 .  


Table 1 also contains values for the extraction of 
sodium and potassium picrate from water into 
dichloromethane, determined according to Pedersen. I 2  


They reflect closely the trends in complexation 
mentioned above and need no further discussion. 


Considering the structural similarity of all the com- 
pounds, these results suggest that there exist small, but 
obviously significant, differences in the mutual arrange- 
ment of ligating functions offered by the ligand, differ- 
ences which must be caused by the different chain 
length of the bridge. X-ray structures are available for 
several bridged calix [4] arenes, I ' , I 3  showing that the 
distance between the carbon atoms attached to the para 
positions decreases by 1-1-1.3 A and 1.0-1.1 A if the 
chain length decreases from 7 to 6 and from 6 to  5 
carbon atoms, respectively. This necessarily leads also 
to a distortion of the arrangement of the phenolic 
oxygens, which in terf-butylcalix [4] areneI4 are found at 
the corners of a regular square with diagonal 0-0 dis- 
tances of ~ 3.78 A.  For these diagonal dist9nces 


R = CH3, no= 6), 4.46/3*39 A (4, R = t-Bu, n = 6) and 
4.76/3.31 A (5,  R = CH3, n = 5 )  are found in bridged 
calix [4] arenes, where furthermore these oxygen atoms 
no longer lie within a plane. This situation is more or 
less fixed for n = 5 and n =  6, where the connecting 


4.13/3.48 A (5, R = CH3, = 7), 4.32/3.45 A (5, 


chain assumes already a rather stretched conformation, 
whereas for longer chains a certain flexibility of the 
calixarene part remains. 


'H NMR SPECTROSCOPIC STUDIES 


Further insight into the conformational requirements 
necessary for the complexation of a cation are obtained 
from ' H  NMR studies. tert-Butylcalix [4] arene at low 
temperature (where the cone conformation is fixed on 
the ' H  NMR time scale) shows the singlet for the Ar-H 
protons at 7.05 ppm, the two doublets for the methy- 
lene protons at 4.25 (axial) and 3.45 ppm (equatorial) 
and the singlet for the tert-butyl group at 1 . 1 5  ppm, 
while the corresponding signals in the tetraester deriva- 
tive appear at 6.75 (ArH), 4.83 and 3.17 (ArCHzAr) 
and 1.05 ppm, respectively.2 Complexation of an Na' 
cation leads to upfield and downfield shifts of these 
signals (in a complex kinetically stable on the 'H NMR 
time scale), which then appear again in a range similar 
to  that of the free calixarene [7.09 (ArH), 4.22 and 
3.37 (ArCH2Ar) and 1.12 ppm (t-Bu)] . L'' 


In the light of present knowledge (see also later), the 
changes in chemical shifts observed for the complexa- 
tion of a sodium cation may be generally interpreted by 
the assumption of a conformation with fourfold sym- 
metry (CA,,) in the complex, whereas the signals for the 
free ligand are due to a rapid interconversion of ident- 
ical conformations with twofold symmetry (CZ,) as they 
are found also in the crystalline state. In fact, this con- 
formation with twofold symmetry (C2 in this case) is 
frozen at -90°C on the 'H NMR time scale for a 
tetraester derivative of a calix [4]arene with 3,4- 
dimethylphenol units. I 5  


Table 2 contains the chemical shifts for the whole 
series of ligands 6 and for the Na+ complexes of the 
compounds with n = 7-10, which are easily obtained by 
shaking a solution of 6 in CDC13 with solid NaSCN. 
For n = 5 and n = 6 kinetically stable complexes (on the 
400 MHz ' H  NMR time scale) are not formed 
(although changes in the chemical shifts are observed 
also), which is in accordance with the low stability con- 
stants for these two compounds. The data, e.g. the two 
sets of signals for the CHzCOOEt groups (with differ- 
ences between the two CH2 singlets up to 0 .72ppm) 
clearly reveal the distorted cone conformation (CzV sym- 
metry), in which the two bridged phenolic units are 
pulled into the cavity, while consequently the two p-  
tert-butyl groups are pushed outwards. From the 
chemical shifts of the aromatic protons and from the 
protons of substituents attached to  the para positions, 
it may be concluded that apparently the conformation 
for n = 8 in this series has the less distorted cone: the 
Archa,,,-H signal passes through a maximum at n = 8 
( =  lowest field, minimum shielding by the adjacent 
rings) whereas Areu-H here has a slight minimum. The 
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Table 2. Chemical shifts of tetraester derivatives 6 and of their Na' complexes (CDCIx, 400 MHz)" 


Proton 


ArH 


CHzCO 


ArCHzAr 


CHzCH, 


ArCHzCHz 
C(CHs)3 
CHzCH3 


CHrCHzCHz 


n = 5  n = 6  


7.082 7.082 
6.073 6.236 
5.022 5.106 
4.463 4.449 
4.845 4.839 
3.149 3.159 
4.241 4-248 
4.134 4.125 
2.069 2-100 
1.343 1.328 
1.300 1.307 
1-236 1.228 
0.983 1.128 


-0.140b 0.297 


n = 7  n = 8  


7.070 (7.187) 7.068 (7.176) 
6.326 (6.691) 6.407 (6.769) 
5.157 (4.493) 5.173 (4.471) 
4.453 (4.424) 4.453 (4.426) 
4.850 (4.217) 4.862 (4.214) 
3.180 (3.319) 3.187 (3.332) 
4.248 (4.351) 4.246 (4-357) 
4.120 (4.351) 4.118 (4.354) 
2.137 (2.265) 2.184 (2.352) 
1.302 (1.256) 1.288 (1.236) 
1.311 (1,391) 1.315 (1.394) 
1.221 (1.391) 1.220 (1.394) 
1.035 (1.096) 1.093 (1.39) 
0.793b (0.379b) 0.936 (0.729) 
0.410 (-0.222) 0.534 (0.013) 


n = 9  


7.081 
6.148 
5.034 
4-450 
4.829 
3.150 
4.238 
4.122 
1.967 
1.343 
1.298 
1.225 
1.2' 
1.16b 
1.084 


(7.146) 
(6.862) 
(4.446) 
(4-425) 
(4.217) 
(3.349) 
(4.357) 
(4-352) 
(2.353) 
(1.189) 


(1.391) 
(1 .305) 
(0.666) 


(0.075b) 


(1.395) 


(0.342) 


n =  10 


7.082 (7.109) 
6.097 (6.878) 
5.014 (4.428) 
4.449 (4.428) 
4.823 (4.221) 
3.148 (3.361) 
4.236 (4.357) 
4.120 (4.351) 
1.952 (2.406) 
1.348 (1.165) 
1.297 (1.396) 
1.224 (1.391) 
l . l gd  (1.23) 


(0.93) 
(0-6') 


acornpounds with n = 5 and n = 6 do not form kinetically stable comdexes under these conditions. 


'Four CHI groups. 
dEight CHz groups. 


CH2 group. 


same is true for the Ar-CHl and f -Bu  signals, 
respectively. 


The uptake of the Na' cation enforces conforma- 
tional changes on the ligand, which are demonstrated 
by the following changes in the 'H NMR spectrum. 
First, the difference between the ether and ester chains 
disappears. The two signals for the CHzCO protons 
merge completely on going from n = 7 to n = 10 
(A6 = 0-069, 0.045, 0.021 and 0.00 ppm). This 
rearrangement of the ester groups also affects the con- 
formation of the calixarene part, which again becomes 
more and more evident on going from n = 7 to  n = 10, 
with differences for the two ArH singlets from 0.496, 
0.407, 0.284 and 0.231 ppm, the latter being entirely 
due to the different s u b s t i t ~ e n t s . ~  It corresponds, for 
instance, exactly to  the difference observed for the 
ortho protons in tert-butylbenzene and toluene. In the 
region of the ArCHzAr protons the usual upfield shift 
for HA and downfield shift for He is observed, con- 
firming also the above-given interpretation for the 
tetraester derivatives of unbridged calix [4] arenes. 
Owing to the conformational rearrangement the t-Bu 
group is pulled into the cavity (upfield shifts of 
-0.046, -0.052, -0.154 and -0-183 ppm in com- 
parison with the free ligand going from n = 7 to n = 10) 
and even more pronounced, the ArCHzCHz is moved 
outwards (downfield shifts of 0.128, 0.168, 0.386 and 
0.454ppm are observed from n = 7  to  n =  10). This 
movement is still found for the second CH2 groups for 
n = 7 and 8 whereas the middle of the chain is pulled 
into the cavity, clearly visible by strong upfield shifts 
for the corresponding CH2 protons, which now come 
into the shielding region of the tert-butylphenol units. 


Figure 3.  Schematic representation of the conformational 
changes of the calixarene part in tetraester derivatives 6, 
necessary for the complexation of a Na' cation 


(R '  = CHZCOOEt) 


All these conformational changes of the calixarene 
part which are necessary for complexation are indicated 
schematically in Figure 3. Not only do they explain the 
inability (or low ability) to  form complexes with the 
compounds with n = 5 and n = 6, where the short chain 
prevents this conformational change, they even explain 
the slight minimum in stability constants observed for 
n = 9. Obviously here the calixarene is not as 'pre- 
organized' as for n = 8 and on the other hand not yet 
as 'flexible' as was for n = 10. 


X-RAY STRUCTURE 


Although single crystals have not yet been obtained 
from any of the tetraester derivatives 6 discussed here, 
the X-ray structure of a similar compound 7, in which 
two opposite para positions are linked by a 
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CHzCHzCOCH2CH2 bridge, may help in under- 
standing the results. The effective distance of the para- 
substituting carbon atoms in this bridge, found in-a  
bridged calix[4]arene with R = cyclohexyl, l 6  is 5*04A, 
whereas for a (CH2)s bridge and R = CH3 a slightly 
longer distance of 5.15A was found, l 3  which suggests 
that both bridges obviously should cause a similar 
distortion. 


Crystal data for 7, C ~ H 7 0 0 1 3 ,  Mr=963.2  are 
monoclinic space group P?I/C,  a = 11.847(21, 
b = 39.773(5), c = 12.127(2) A, /3 = 109.24(1) , 
V = 5395.1 A’, Z = 4, F(000) = 2064, D, = 
1.186 Mgm-3. Atomic coordinates for 7 are given in 
Table 3 and its molecular conformation is shown in 
Figure 4. The bond lengths and bond angles are close to 
the usual values. Remarkable deviations, which will be 
discussed in detail elsewhere, are found only in the 
bridge. 


The calixarene moiety of 7 is similar to that of anal- 
ogous derivatives of non-bridged calixarenes, including 
the tetradiethylamide of tert-butylcalix [4] arene (2b), 
the only ligand where also an X-ray structure of a 
complex (with K’) is described.8 Two opposite phe- 
nolic units (connected by the bridge) are nearly parallel 
(6.3”), wher5as the other two units are almost perpen- 
dicular (95 - 6  ). Interestingly, the above-mentioned dis- 
tance between the para-substituting C atoms [C(25) and 
C(29)] is even shorter (4.85 A) than in an analogous 
compound with free hydroxyl groups. The dihedral 
angles which the phenolic units include with the plane 
of the methylene carbons are 85.6/88.4” and 
139.8/ 135.8”, respectively, a situation similar to that in 
2b. [According to a proposal of Ugozzoli and 
Andreetti, ” the conformation of a calixarene is better 
described (especially in the case of the larger oligomers) 
by torsion angles for the ArCHz a-bonds. For 7 these 


Table 3. Fractional atomic coordinates ( x  10‘) of the 
non-hydrogen atoms of 7 a  


5167(4) 
4181(3) 
4121(3) 
2978(3) 
19 12(3) 
1 l16(3) 
269(3) 
237(3) 


1007(3) 
1057(3) 
2151(3) 
2323(4) 
3 349(4) 
4257(3) 
4119(3) 
5157(3) 


2858( 1) 
29 lo( 1) 
3172( 1) 
3227(1) 
3280(1) 
301 4( 1 ) 
3023(1) 
3305(1) 
3573( 1) 
3861(1) 
3838(1) 
3559(1) 
3518(1) 
3749(1) 
4034(1) 
4281(1) 


4327(4) 
3368(3) 
2579(3) 
155313) 
1982(3) 
1898(3) 
2458(3) 
3 1 1 l(3) 
3220( 3) 
4072(3) 
5121(3) 
5863(3) 
6806(3) 
6991 (3) 
6274(3) 
65 l8(3) 


Table 3. (Continued) 


6262(3) 
7142(3) 
8061(3) 
8035(3) 
7192(3) 
71 1 l(3) 
6 l07(3) 
6121(3) 
5179(5) 
5255(7) 
4127( 13) 
4398(7) 
349q5) 
3077(3) 
6335(3) 
5104(3) 
18 16(3) 


-531(5) 
- 1602(6) 


42@) 
- 750(6) 


10125(4) 
897 l(4) 


9254(4) 
8437(4) 
227q3) 
2196(4) 
1054(5) 


5399(3) 
6067(5) 
7663(6) 
8478(6) 
5560(3) 
5462(5) 
4436(6) 
3363(6) 
2628(3) 
1898(4) 
1686(5) 
2387(6) 
2931(2) 
5489(2) 
5048(2) 
2636(2) 
2866(3) 
1266(3) 
5825(3) 
6946(3) 
6058(3) 
4606(3) 
1075(3) 
2297(3) 
3091(5) 


-31(5) 


41 02( 1) 
3996(1) 
3780(1) 
3671(1) 
3770( I )  
3604(1) 
3349(1) 
3081(1) 
2560(1) 
265 l(2) 
2778(3) 
2980(2) 
32 19( I )  
4075( 1) 
4004( 1) 
3382(1) 
3562( 1)  
2722( 1) 
2787(2) 
2521(2) 
2505(2) 
3656( 1) 
3537(1) 
39 1 O( 1) 
336l( 1) 
461 3( 1) 
491 6( 1) 
5406(1) 
5513(2) 


4568( I )  
4488(2) 


3580( 1) 
3873(1) 
4380(2) 
4387(2) 
4023(1) 
4339(1) 
4872(1) 
51 14(1) 
4360(1) 
4099( I )  
3652(1) 
3825(1) 
4989( 1) 
5 102( 1) 
4831(1) 
4383(1) 
3910( I )  
4079( 1) 
4390( 1) 
4556(1) 
2735(1) 


4447( 1) 


4399(3) 


6422(3) 
74 19(3) 
7415(3) 
6305(3) 
5283(3) 
4143(3) 
3794(3) 
4538(3) 
5148(4) 
6337(6) 
6394(9) 


7588(4) 


5352(3) 
2808( 3) 
26 16(3) 
2402(5) 
2667(9) 
3392(7) 
1452(6) 
8536(4) 
8408(4) 
9486(4) 
8968(4) 


4268(4) 
3586(5) 
3282(7) 
4030(3) 
3255(4) 
252 I(7) 
2599(9) 
1169(3) 
384(4) 


7497(7) 


5 373( 3) 


5003(3) 


- 349(6) 
- 1204( 5) 


1842(3) 
1701 (3) 
801(5) 
534(6) 


4664( 2) 
4302(2) 
2051(2) 
2807(2) 
3764( 3) 
4253(3) 
2749(3) 
3246(3) 


-210(3) 
379(3) 


201 l(3) 
1077(3) 
5804(5) 


‘The numbering scheme follows the rational name, which is tetra- 
ethyl [7,19-di-terf-buryl-27-oxohexacyclo[ll. I1  . 5 . 1 ’ ~ 2 3 . 1 3 ~ 9 .  1 “.”. I ”,”] 
tritriaconta-l,3(30),5.7,9(33), 11,13,15(32), 17,19, 21(3 I), 23-dodecaen- 
30,3 1,32,33-tetra(yIoxy)J tetraacetate. 
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Figure 4. Molecular conformation of 7 in the solid state, seen from different directions. Hydrogen atoms are omitted for clarity 


are (starting with the unbridged unit to which the car- 
bony1 group points, and including always the carbon 
atoms carrying the phenolic oxygen) -68.8, 113.2, 
- 118.9,72*2,  -72.3, 115.1, - 119.8 and 66.9". The 
alternating + / - sequence is characteristic for the cone 
conformation, and the deviation from 90" indicates its 
deformation.] 


In its complex with K', however, 2b assumes a con- 
formation with fourfold symmetry and dihedral angles 
of 113.3" for all phenolic units. This rearrangement 
obviously is not possible for 7, and for similar com- 
pounds such as 6. The K +  ion in (2b/K+) is situated 


(sandwich-like) between two regular squares formed by 
the phenolico oxygens (distance of opposite 0 
atoms = 4 - 7 0  A) and the carbonyl oxygens (distance of 
opposite 0 atoms = 5.19 A), which are twisted by 32" 
relative to  each other. In contrast, the phenolic oxygen 
atoms of 7 are 'less coplanar' (the deviation from the 
best plane is 5 0 . 1 4  A), and (probably more important) 
their diagonal distances are 3 - 4 4  and 5.44  A, a situ- 
ation, which cannot be rearranged significantly, 
because it would require a further expansion of the 
bridge, which already assumes more or less its most 
stretched conformation. The closest possible distance of 
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the opposite carbonyl oxygen at the bridged phenolic 
units cannot be derived unambigously from the X-ray 
structure, since in principal it is influenced by rotations 
around the ArOCHzCO o-bonds. If ,  however, as in the 
K +  complex, the CH2 groups are assumed to be turned 
outwards, the situation illustrated in Figure 4(b) occurs, 
and the distance between O(5) and O(10) [rotation 
around C(SO)-C(S 1) brings the carbonyl oxygen O(9) 
into a similar position] may be then taken a? an 
approximate estimation. This distance (6.306 A) is 
longer again by more than 1 A than found in the K +  
complex of 2b. 


CONCLUSION 


We have shown that small conformational changes 
imposed on the cone conformation of a calix [4] arene 
system by an aliphatic bridge have drastic influences on 
the stability constants of complexes of their tetraester 
derivatives. This observation may be used in numerous 
ways if compounds with a suitable bridge of variable 
length are available or if  the distance of two opposite 
para positions in a calix [4] arene derivative can be 
varied by other means. This variation obviously must 
not be greater than 1-2 A, which is just the length of 
a single covalent link. We are currently attempting to 
synthesize various new calixarenes capable of showing 
such allosteric effects. 


EXPERIMENTAL 


General procedure f o r  the preparation of the bridged 
calix[4] arenes 1. The ol,w-bis(4-hydroxyphenyl)alkane 
( 5  mmol) and 2,6-bis(bromomethyl)-4-rert-butylphenol 
(3-36 g, 10 mmol) were dissolved in 300 ml of dry 
dioxane (freshly distilled from sodium). The solution 
was warmed to 60°C and Tic14 (2.85-4.55 g, 
15-24 mmol) was added together with an additional 
200ml of dioxane. The mixture was heated at reflux 
under an argon atmosphere for 70-120 h, the progress 
of the reaction being monitored by TLC. The solvent 
was then removed under vacuum, the dark-red to 
brownish residue dissolved in 150 ml of CH2C12 and, 
after the addition of 50g of silica gel, evaporated to 
dryness again. The dry silica gel was extracted by means 
of a Soxhlet apparatus with CHzCl2 and the crude 
product thus obtained was purified, as indicated below 
for the individual compounds. Melting points reported 
were determined in sealed capillary tubes under argon. 


4a (n = 5):  Flash chromatography with CHCh gave a 
crude product which was triturated and finally 
recrystallised from acetone to yield white crystals, m.p. 
274-275 OC, yield 10-29%. 'H NMR (CDCI3, 
200MHz): 6 (ppm) 7.11 (s, 4H, ArH), 7.04 (s, 2H, 
ArOH), 6.96 (s, 2H, ArOH), 6-24 (s, 4H, ArH), 4.13 
(d, J =  14.3 Hz, 4H, ArCHAHAr), 3-30 (d, 
J =  14.4 Hz, 4H, ArCHHBAr), 2.13 (m, 4H, ArCHz), 


1.35 (s, 18H, C(CH3)3), 0.87 (m, 4H, CH2), -0.64 
(m, 2H, CH;?). Electron impact mass spectrometry: m/z 
604 (M', 100). 


4b (n = 6): Repeated flash chromatography with 
CHCI3 gave a crude product, whizh finally was tri- 
turated with acetone, m.p. 314-316 C, yield 15-21%. 
'H NMR (CDCI3, 200MHz): 6 (ppm) 7.98 (s, 2H, 
ArOH), 7.82 (s, 2H, ArOH), 7.11 (s, 4H, ArH), 6.41 
(s, 4H, ArH), 4.14 (d, J =  14.1 Hz, 4H, ArCHAHAr), 
3.34 (d, J =  14.1 Hz, 4H, ArCHHBAr), 2.09 (m, 4H, 
ArCHZ), 1-32 (s, 18H, C(CH3)3), 0.82 (m, 4H, CHI), 
-0.07 (m, 4H, CH2). EI-MS: m/z 618 (M+, 5 9 ,  382 
(M+,  100). 


4c (n = 7): Flash chromatography with CH2C12 or 
CHC13 and trituration of the residue with acetone gave 
a product of m.p. 330°C, yield 9-34%. 'H NMR 
(CDC13, 200 MHz): 6 (ppm) 8-77 (s, 2H, ArOH), 8.59 
(s, 2H, ArOH), 7.09 (s, 4H, ArH). 6.54 (s, 4H, ArH), 
4.17 (d, J =  13.9Hz, 4H, ArCHAHAr), 3.38 (d, 
J =  13.9 Hz, 4H, ArCHHBAr), 2.25 (m, 4H, ArCHz), 
1.28 (s, 18H, C(CH3)3), 0.97 (m, 4H, CHz), 0-31 (m, 
2H, CHz), -0.27 (m, 4H, CH2). EI-MS: m/z 632 


4d (n  = 8): Repeated flash chromatography with 
CHCl? and trituration with acetone gave a product of 
m.p. 378-38OoC, yield 23% 'H NMR (CDCI1, 
200 MHz): 6 (ppm) 9.18 (br s, 2H, ArOH), 9.05 (br s, 
2H, ArOH), 7.07 (s, 4H, ArH), 6.63 (s, 4H, ArH), 
4.18 (d, J =  13.8 Hz, 4H, ArCHAHAr), 3.39 (d, 
J =  13.8 Hz, 4H, ArCHHBAr), 2.33 (m, 4H, ArCH2), 
1.25 (s, 18H, C(CH3)3), 1.13 (m, 4H, CHz), 0.46 (m, 
4H, CHl), -0-02 (m, 4H, CH2). EI-MS: rn/z 646 (M+, 
1 00). 


4e (n  = 9): Repeated flash chromatography with 
CHCI3 and trituration with acetone gave a product of 
m.p. 354"C, yield 6-13%. 'H NMR (CDC13, 
200MHz): 6 (ppm) 9.64 (s, 4H, ArOH), 7.06 (s, 4H, 
ArH), 6.74 (s, 4H, ArH), 4.21 (d, J =  13.7 Hz, 4H, 
ArCHAHAr), 3.42 (d, J =  13.8 Hz, 4H, ArCHHBAr), 
2-36 (m, 4H, ArCHZ), 1.22 (s, 18H, C(CH3)3), 1.22 
(m, 4H, CHZ), 0.48 (m, 4H, CHZ), 0.12 (m, 4H, CH2), 
-0.18 (m, 2H, CH2). EI-MS: m/z 661 ( M + ,  100). 


4f (n  = 10): Flash chromatography with CHCl3 and 
subsequently with CHCI3 - light petroleum (1  : 1) gave 
a product of m.p. 349 'C, yield 11070. 'H NMR (CDCI,, 
200MHz): 6 (ppm) 9-84 (s, 2H, ArOH), 7-02 (s, 4H, 
ArH), 6.76 (s, 4H, ArH), 4.21 (d, J =  13.7 Hz, 4H, 
ArCHAHAr), 3-41 (d, .I= 13.8 Hz, 4H, ArCHHBAr), 
2-40 (m, 4H, ArCH2) 1.21 (m, 4H, CH2), 1.18 (s, 
18H, C(CH3)3), 0.63 (m, 4H, CHz), 0.44 (m, 4H, 
CH;?), 0.30 (m, 4H, CH2). El-MS: m/z 674 (M', 100). 


General procedure f o r  the preparation of the 
tetraethylester derivatives 6. The bridged calix [4] arene 
4 (1 mmol) was dissolved with warming in 15 ml of dry 
acetone, 0 .6  g (4-4 mmol) of KzCO3, a trace of K1 and 
0.735 g (4.4 mmol) of ethyl bromoacetate were added 
and the heterogeneous mixture was refluxed for 20 h in 


(100). 
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an argon atmosphere. The solvent was evaporated and 
the residue dissolved in water - CHzClz (20 ml each). 
The aqueous phase was further extracted with CHzC12 
and the combined organic phases were dried with 
MgS04 and evaporated to give a slightly yellow oil, 
which more or less rapidly crystallized. The following 
data refer to samples further purified by recryst a 11' iza- 
lion from ethanol. 'H NMR data are given in Table 2. 


6a: Yield 64%; m.p. 165'C; field desorption (FD) 
MS: m/z 948.6 (M', 100). 


6b: Yield 31%; m.p. 122-124 OC; FD-MS: m/z 962.7 
(M', 100). 


6c: Yield 64%; m.p. 123-125 OC; FD-MS: m/z  976.4 
(M', 100). 


6d: Yield 44%; m.p. 120-121 OC; FD-MS: m/z 990.8 
(M+,  100). 


6e: Yield 53%; m.p. 131-132°C; FD-MS: m/z 
1004.8 (M', 100). 


6f: Yield 34%; m.p. 105-109 "C; FD-MS: m/z 1019.1 
(M', 100). 


Preparation of 7. The tetraester derivative 7 was 
obtained in an analogous way from the corresponding 
bridged calix [4] arene, l6 but using acetonitrile as sol- 
vent, which might be advantageous with respect to the 
yield. 


The bridged calix[4]arene (0.2 g, 0.32 mmol), ethyl 
bromoacetate (0.22 g, 1.3 mmol) and K2CO3 (0.18 g, 
1.3 mmol) were refluxed in 25 ml of dry acetonitrile for 
20 h. After the usual work-up, the crude product was 
recrystallized from methanol to gize 264 mg (85%) of 
colourless crystals, m.p. 128-130 C. Analysis: calcu- 
lated for C57H70013, C 71.10, H 7.27; found, C 71-28, 
H 7-029'0. 'H NMR (CDCI3, 200MHz): 6 (ppm) 7.13 
(s, 4H, ArH), 6 -  14 (s, 4H, ArH), 4.99 (s, 4H, CHzCO), 


ArCHAHAr), 4-24 (q, J =  7.2 Hz, 4H, CHZCH~) ,  4.14 


4H, ArCHHBAr), 2-34 (m, 4H, ArCHz), 2.04 (m, 4H, 
ArCHzCHz), 1-42 (s, 18H, C(CH3)3), 1.31 (t, 


4.46 (s, 4H, CHzCO), 4.83 (d, J =  13*2Hz,  4H, 


(q, J =  7.2 Hz, 4H, CHZCH~) ,  3.15 (d, J =  13.3 Hz, 


J = 7 . 2 H z ,  6H, CH2CH3), 1.24 (t, J = 7 . 2 H z ,  6H, 
CHzCH3). EI-MS: WZ/Z 962 (M', 100). 


X-ray structure analysis. Single crystals of 7 were 
grown from ethanol. A crystal of 0 - 5 m m x  
0 . 4 m m x 0 * 2 m m  was sealed in a Lindepann glass 
capillary. Twenty-five reflections with 8 > 7 were used 
to determine the cell constants. Reflections with 
I FI > 1 u ( F )  (12 114 of 13 011 unique reflections) were 
used for the structure analysis with a computer con- 
trolled diffractometer (Siemens), MoKa, 
p = 0.083 mm-' ,  T =  293 K. 


The weighting system was w = 1/Sz(I F I )  according to 
the counting statistics; S = 2.04; - 15 < h < 6, 
0 < k < 49, - 16 < 1 < 16, Rint = 0.041. The phase 
problem was solved by direct methods. '' Parameters 
were refined by least-squares analysis using the cascade 


method (631 parameters, 11 481 degrees of freedom). 
The coordinates of the H atoms were calculated 
according to theoretical considerations. In the last least- 
squares cycle the largest change of a parameter was 
smaller than 0.3% of its estimated standard deviation. 
The ten largest maxima of an electron density difference 
Fourier map were between 0-37 and 0.47 electrons per 
A'. The final values R=0.179 and R,=0.071 are 
different, the main reason being that reflections as small 
as 16 were used for the calculations. 


Further details of the structure analysis are deposited 
at the Fachinformationszentrum Karlsruhe, 
Gesellschaft fur wissenschaftlich technische Infor- 
mation mbH, D-W-7514 Eggenstein-Leopoldshafen, 
Germany. The full literature citation of this publication 
and the code number CSD-56234 should accompany the 
request. 


Determination of stability constants. All measure- 
ments were done in pure methanol (Carlo Erba, 
maximum water content 0-01 Yo). The following metal 
salts were used according to the method: the alkali 
metal chlorides NaCl (Prolabo, p.a.) and KCI (Merck, 
p.a.) or the perchlorates NaC104 (Fluka, purum), 
KC104 (Prolabo, Normapur) and AgC104 (Fluka, 
puriss.). They were dried for 24 h under vacuum at 
ambient temperature before use. In all cases the ionic 
strength was maintained at 0.01 M by use of Et4NCI or 
Et4NCI04 (Fluka, purum). 


Two protocols were used to follow the complexation 
by spectrophotometry: the spectra were recorded from 
300 to 250 nm after addition of increasing amounts the 
metal salts (alkali metal chlorides or silver perchlorate) 
either to 2 ml of a methanolic solution of the ligand 
(CL = I x 10-4-2 x M) directly in the spectropho- 
tometric cell of 1 cm path length or to 10 ml of the 
ligand solution in a series of volumetric flasks. The 
former method was generally preferred because it is less 
ligand consuming, although the complexation is better 
expressed by the latter as there is no dilution effect. 
Figure 5 illustrates the case for the complexation of 
Na+ by ligand 6c. The absorbances selected at different 
significant wavelengths were treated by the program 
Letagrop-Spefo l9 and interpreted on the basis of the 
formation of 1 : 1 complexes. 


Potentiometric measurements with Ag' as auxiliary 
cation were performed at 25 -t 0.01 OC with the 
following electrochemical cell: 


Ag, I AgCIO4, NaC104 or KC104, Et4NC104 
0.01 M I[ Et4NC104 0.01 M [I AgC104 0.01 M 1 Ag, 


The response of the working electrode was checked 
by adding increasing amounts of AgC104 
(cAg = 2 x 10-4-4 x lo-" M) in methanol to 10 ml of a 
solution of Et4NC104 in MeOH in the presence of alkali 
metal perchlorate (CM = 2 x 10-4-4 x M). At the 







480 F. ARNAUD-NEU ET AL.  


Figure 5 .  Spectral changes observed for 6c ( n  = 7) in the presence of various amounts of NaCI: CL = M ,  0 < CM/CL 6 3.4. The 
top curve is the spectrum of the ligand alone 


end of the calibration, increasing amounts of ligand 
were added up to a metal to ligand molar ratio of at 
least 2 .  The corresponding potential changes were 
treated by the program Miniquad” using the stability 
constants for the corresponding silver complexes pre- 
viously determined by potentiometry from solutions 
without alkali metal cations and/or by 
spectrophotometry . 


Extraction measurements. The percentages of 
extraction, E%,  of alkali metal picrates from water into 
dichloromethane were determined according to the 
method of Pedersen. I’ The experimental details are 
described e l ~ e w h e r e . ~ . ~  In this case equal volumes (5  ml) 
of a 2 . 5  x M aqueous solution of sodium or pot- 
assium picrate and of a 2 - 5  x 1 0 - 4 ~  solution of the 
ligand in CH2Clz were placed in glass tubes and shaken 
manually and then magnetically for 5 and 30 min, 
respectively. After waiting 30 min to allow the two 
phases to settle, the absorbance A of the metal picrate 
in the aqueous phase was determined spectrophoto- 
metrically at 355 nm ( E =  14 416 l m o l - l c m - l ) .  The 
extraction percentages are expressed as the ratios 
E% = 100(Ao-A)/Ao, where A0 is the absorbance of 
the aqueous phase in blank experiments in the absence 
of a ligand in the organic phase. 
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SUBSTITUENT EFFECT ON THE RELATIVE STRENGTH OF 


ARYLSULPHONYLMETHYLBENZOIC ACIDS 
SOME ARYLTHIOMETHYL- AND 


ALI A. EL-BARDAN, NABILA M. EL-MALLAH AND EZZAT A. HAMED* 
Chemktry Department, FacuIty of Science, Alexandria University, P. 0. 426 Ibrahimia Alexandria 21321, Egypt 


The pK values of some arylthiomethylbenzoic acids and the corresponding sulphones were determined 
spectrophotometerkally. The role of substituent and the position of the carboxylic group are discussed. 


INTRODUCTION 


It has been found that compounds containing thioether 
and sulphonyl linkages have wide chemotherapeutic 
properties. ' However, some phenylsulphonylmethyl- 
benzoic acid derivatives such as 4- [(4 '-bromophenyl- 
sulphonyl)methyl] -3-nitrobenzoic acid were found to be 
effective against bacteria in addition to being non-toxic 
to the tested crops, including weeds.2 


The conjugative effect of the sulphonyl group, in 
conjunction with the rehybridization of the carbon 
atom from sp3 to sp2, and the conjugative overlap of 
the 3d orbitals on the sulphur atom with the sp2 orbitals 
of the carbon atom have been used to explain the 
unusual acidity of hydrogens attached to an a-carbon 


On the other hand, it was reported that the 
substituents have an effect on the dissociation of car- 
boxylic acids' and of the a-hydrogen of the sulphonyl 
group. 7 7 9  Agrawal and Shukla" reported that the ther- 
modynamic ionization constants of para-substituted 
benzohydroxamic acids gave a straight line when 
plotted against Hammett c constants. Others '*" found 
a good linear relationship between the ionization con- 
stants and Hammett u values, indicating the role of the 
substituent . 


In this paper, we report the synthesis of 3-[(4'-substi- 
tuted pheny1thio)methyll benzoic acids (la-f) and 
3- [(4 ' -substituted phenylsulphonyl)methyl] benzoic 
acids (2a-f). We also investigated the acid dissoci- 
ation constants of la-f, 2a-f, 4- [(4'-substituted 
phenylthio)methyl] benzoic acids (3a-f) and 4- [(4' - 
substituted phenylsulphonyl)methyl] benzoic acids 


* Author for correspondence. 


fYse ' COOH 


(ye 
/ COOH 


'a-f 2,-f 


COOH 6OOH 


3,-1 4 a-1 
a,Y = Hi  b,Y z OCH3 c,Y = CH3; d,Y = Br; e,Y=CI ; f,Y =PO2 


(4a-f) and the effect of the 4'-substituents (Y) on the 
ionization constants of thioether derivatives la-f and 
3a-f and of the acidity of the a-hydrogen in sulphonyl 
derivatives 2a-f and 4a-f. 


RESULTS AND DISCUSSION 


The series of compounds 1-4 were prepared following 
the literature procedure. ''-I4 


The ionization constants of the compounds were 
determined spectropohotometrically in 50% (v/v) 
ethanol-water at 25 C. Two clear isosbestic points 
covering all the pH range utilized (2.8-10) at 248 and 
272nm were observed for la,  while Id showed five 
isosbestic points at 281 and 246 nm (pH 6-5-10), 278 
and 252 nm (pH 2.8-5-7) and 248 nm (pH 5-10), indi- 
cating that the equilibrium under investigation was pH 
dependent. These values show that different absorbing 
species are present in equilibrium. 
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Table 1. pK values of 3-[(4'- 
substituted phenylthio)methyl] benzoic 
acids la-f and 4- [(4'-substituted 
pheny1thio)methylyl benzoic acids 3a-f 


in 50% VIV ethanol-water at 25 "C 


PK 


Y la-f 2a-f 


H 4.22 3.91 
OCH3 5.41 5-22 
CH3 4.84 4.63 
Br 4.51 4.45 
c1 4.53 4.32 
NO1 4.91 4.81 


The variation in A ,  with pH could be used to calcu- 
late the pK values of the acid sulphides la-f and 3a-f 
and the acid sulphones 2a-f and 4a-f. The A ,  versus 
pH plot gave titration curves of acid-base features. 
Reproducible results were obtained from the 
relationship '' 


where A,,, is the maximum absorption, Amin is the 
minimum absorption and A is the absorption at various 
pH values. Colleter's method'6 gave nearly the same 
results. 


The absorbance versus pH curves of acid sulphide 
derivatives la-f and 3a-f show one sharp inflection, 
indicating that one proton is available for ionization. 
The pK values calculated by the least-squares method 
are given in Table 1. It is observed that both electron- 
donating and electron-withdrawing substituents 
decrease the acidity. 


Generally, the thiophenyl group acts as an electron- 
withdrawing substituent '' which leads to an increase in 
the acidity of the acid sulphides la-f and 3a-f. 
Attempts were made to rationalize the effect of 4 ' -  
substituents and pK, values. Plots of pK versus 
Hammett u values for la-f and 3a-f gave upward 
concave curves (Figure 1). This break in the Hammett 
plots can be explained on the basis that the sulphur 
atom resonates with the Y-substituent, leading to 


r I 


COOH 5 COOH 6 


resonance structures4 (5 and 6 )  which can inhibit the 
electron-withdrawing ability of the thioaryl group more 
than the thiophenyl group, i.e. the decrease in acidity 
presumably due to the intrinsic effect of the relayed 
electrostatic force from the full or partial charge 
imposed at the sulphur atom. 


The A ,  versus pH curves of the acid sulphones 2a-f 
and 4a-f show two separate inflections, indicating that 
two protons are available for ionization. This is due to 
the presence of the active methylene group a to the 
sulphonyl group (pK2) in addition to the carboxylic 
group (pK1). the pK values calculated by the least- 
squares method are given in Table 2. 


Plots of pK values for the ionization of the carboxylic 
groups in the acid sulphones 2a-f and 4a-f against 
Hammett u values gave straight lines (Figure 2) with 
slopes of - 0.55 and - 0.32, respectively. Again, the 
charge imposed on the sulphonyl sulphur atom by 
resonance between itself and the 4'-substituent (Y) pre- 
sumably affects the ionization of the carboxylic group. 


Table 2. pK values of 3- [(4'-substituted phenylsulphony1)- 
methyl] benzoic acids 2a-f and 4- [(4'-substituted phenyl- 
sulphonyl)methyly] benzoic acids 4a-f in 50070 v/v 


ethanol-water at 25 OC 


2a-f 4a-f 


Y PK1 PK2 PKI pK2 
~ 


H 5.81 8.88 5.31 8.62 
OCH3 6.82 8.52 5.84 8.81 
CH3 6.43 8.72 5,62 8.73 
Br 5.33 9.53 4.84 8.24 
c1 5.42 9.42 5.01 8.32 
Noz 3.51 10.81 3.93 7.53 


3'5' -012 6 d 2  d.4 016 d8  
I 


o-' 


Figure 1. Plots of pK values of carboxylic groups in ( A ) la-f 
and (0) 3s-f against Hammett u constants 


I I I I I 


-0.2 0 0.2 04 0.6 0.8 
IT 


Figure 2. Plots of pK values of carboxylic groups in ( A ) 28-f 
and (0)  4a-f against Hammett u constants 
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COOH 


Electron-donating substituents, e.g. 4' -0CH3, can 
resonate with the sulphonyl group4 (7), leading to inhi- 
bition of its electron-withdrawing effect and reflecting a 
decrease in the ionization of the carboxylic group, 
whereas electron-withdrawing substituents enhance the 
electron-withdrawing effect of the aryl sulphonyl 
group, thus increasing the ionization ~ o n s t a n t . ~  This 
effect is greater in the case of the 4'-NOz substituent 
owing to the proximity of the 4'-N01- 
benzenesulphonyl moiety to the carboxylic group at 
position 3 in 2f. 


Similarly, the plots of pK values of the ionization of 
the a-hydrogen of the acid sulphones 2a-f and 4a-f 
against Hammett u constants gave straight lines with 
slopes of 0.44 and -0.81, respectively (Figure 3), indi- 
cating the opposite effects of the substituents in the two 
types of sulphones. This is explained by the suggestion 
that in sulphones 4a-f the developed carbanion can 
resonate with the 4-carboxylate anion, giving the poss- 
ible resonance structures 8 , 9  and 10. Consequently, the 


8 


10 


9 


I I I I I I I I 
-0.2 0 0.2 0.L 0.6 0.8 


V 


Figure 3 .  Plots of pK values of -CH~SOZ- protons in ( A ) 
2a-f and (0) 4a-f against Hammett u constants 


electron-withdrawing substituents stabilize these 
resonance structures, leading to an increase in the 
acidity of the a-hydrogen, whereas electron-donating 
substituents can resonate further between themselves 
and the sulphonyl group to give 11, which involves the 
d-orbital on the sulphur atom.' Structure 11 seems to 
be less stable than 8-10, leading to a lowering in the 
acidity of the a-hydrogens. 


On the other hand, the effect of the 4'-substituent 
(Y) on the acidity of the a-hydrogens in the sulphones 
2a-f reveals the direct interaction occurring between 
the developed carbanion and the sulphonyl group (12). 


This interaction derives much stability from rehybri- 
dization from sp3 to sp', thus allowing delocalization 
of charge to the more electronegative oxygen atoms of 
the sulphonyl group. According to resonance hybrid 12, 
electron-withdrawing substituents stabilize whereas 
electron-donating substituents destabilize this sulphone 
dianion, leading to the behaviour shown in Figure 3. 
This is consistent with the observation of different 
isosbestic points at 296 nm (pH 2-8-10), 252 nm (pH 
2.8-6.5), 226nm (pH 2.8-5.7) and 216nm (pH 
5-5-10) for the 4' -bromo derivative 36, which suggests 
the presence of different absorbing species. 


It appears that the position of the carboxylic group 
plays an important role in the acidity of the a-hydro- 
gen, which consequently leads to different effects of the 
4'-substituent (Table 2). Also, the data obtained led to 
the conclusion that the thioether linkage and sulphonyl 
group of the compounds under investigation can trans- 
mit the electrical effect of the 4 '  -substituents. 


EXPERIMENTAL 


Infrared and ultraviolet spectra were measured on Pye 
Unicam SP 1025 and SP 800 spectrometers, respect- 
ively. 'H NMR spectra were measured on a Varian 
EM-390 90 MHz spectrometer (Alexandria University, 
Egypt). Microanalyses were performed at Cairo Univer- 
sity, Egypt. Melting points are uncorrected. 


Preparation of materials. 4- [(4' -Substitutedphenyl- 
thio)methyl] benzoic acids 3a-f and 4- [(4' -substituted- 
phenylsulphonyl)methyl]benzoic acids 4a-f were 
prepared as reported. ''-I4 
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3- [ (4 '-Substitutedphenylthio)methyl] benzoic acids 
(la-f). A mixture of 3-chloromethylbenzoic acid I8,l9 


(0- 1 mol) and the sodium salt of an arylthiol (0- 1 mol) 
in ethanol was refluxed on a water-bath for 1-2 h. The 
reaction mixture was cooled, diluted with cold water 
and acidified with 10% hydrochloric acid, giving a solid 
that was crystallized from dilute ethanol. 


3- [ (Phenylthio)methyl] benzoic afid (la). Colourless 
needles, yield 97%, m.p. 105-107 C. Analysis: calcu- 
lated for C ~ ~ H I Z O Z S ,  C 68.85, H 5.35, S 14-28; found, 
C 68.40, H 5.4, S 14.60%. UV: Amax=208nm 
( E =  21 070). 'H NMR(acetone-da): 6 4.22 (s, 2H, ben- 
zylic), 7.18 (m, 4H, H2,,3,,42,5*,6,), 7.48 (t, 1H, Hs), 
7.75 (d, 2H, H4.6) and 7.88 ppm (s, lH,  Hz). 


3- [ (4 '-Methoxyphenylthio)methyl] benzoic acid (lb). 
Colourless needles, yield 88%, m.p. 115-116 "C. 
Analysis: calculated for C15H1403S, C 65.69, H 5.11, 
S 11.68; found, C 65.30, H 5.00, S 11.90%. UV: 
Xmax = 213 nm (E = 24260). 'H NMR (acetone-d6): 
6 3.68 (s, 3H, 4'-OCH3), 4-02 (s, 2H, benzylic), 6.72 


7.72 (d, 2H, H4,6) and 7-80 ppm (s, lH,  Hz). 
(d, 2H, H3t.50, 7.18 (d, 2H, H2',6'), 7.32 (d, 2H, Hs), 


3- [ (4 '-Methylphenylthio)methyl] benzoic acid (lc). 
Colourless needles, yield 94%, m.p. 136-138 "C. 
Analysis: calculated for CLSHI~OZS, C 69.97, H 5.42, 
S 12.40; found, C 69.60, H 5.30, S 12.00%. UV: 
Xmax = 210 nm (E  = 23 150). 'H NMR (acetone-d6): 
6 2-20 (s, 3H, 4'-CH3), 4.15 (s, 2H, benzylic), 7.00 (d, 


7-78 (d, 2H, H4.6) and 7.82 ppm (s, lH, H2). 
2H, H3,,5,), 7.15 (d, 2H, H2,,6,), 7.44 (d, lH, Hs), 


3- [ (4 I-Bromophenylthio)methyl] benzoic acid (Id ). 
Pale yellow needles, yield 93%, m.p. 128-129 "C. 
Analysis: calculated for C M H I I B ~ O ~ S ,  C 52.01, H 
3-40, S 9.91; found, C 52.50, H 3.50, S 9.90%. UV: 
Amax = 208 nm (C = 21 169). 'H NMR (acetone-d6):6 
4.25 (s, 2H, benzylic), 7.18 (d, 2H, H2',6'), 7-35 (d, 
2H, H3,,5,), 7.50 (t, lH,  Hs), 7.82 (d, 2H, H4,6) and 
7.92 ppm (s, lH, H2). 


3- [ (4 '-ChlorophenyNhio)methyl] benzoic acid (le). 
Colourless needles, yield 93%, m.p. 107-108 "C. 
Analysis: calculated for CI~HIICIOZS, C 60.32, H 
3-92, S 11.49; found, C 60.70, H 3.70, S 11.90070. 
UV: Xmax = 208 MI (E  = 21 040). 'H NMR (acetone-d6): 
6 4-20 (s, 2H, benzylic), 7.22 (m, 4H, HZ, ,~, .S, ,~,) ,  7-45 
(t, lH,  H5), 7.80 (d, 2H, H4.6)~ and 7.90ppm 
(s, 1H, Hz). 


3- [ (4 I-Nitrophenylthio)methyl] benzoic acid (If). 
Yellow needles, yield 85%, m.p. 192-194 "C. Analysis: 
calculated for CMHIINO~S, C 58-13, H 3.80, S 11.07; 
found C 58.30, H 3.90, S 11.00% UV: = 206 nm 
( E  = 17 810). 'H NMR (acetone-d6): 6 4.45 (s, 2H, ben- 


zylic), 8.00 (d, 2H, H2',6'), 8.10 (d, 2H, H3,.5,), 7.35 
(t, lH,  Hs), 7.68 -7.85 (dd, 2H, a . 6 )  and 7-50 ppm 
6, 1H, H2). 


3- [(4 '-Substituted phenylsulphonyl)methyl] benzoic 
acids (2a-f). Compounds la-f (0.1 mol) in glacial 
acetic acid (10 ml) were treated with excess of 30% 
hydrogen peroxide. The mixture was refluxed for 24 h 
and the product was crystallized from dioxane-water. 


3- [(4 '-Phenylsulphony1)methyll benzoico acid (2a). 
Colourless needles, yield 90'70, m.p. 210 C. Analysis: 
calculated for C M H I ~ O ~ S ,  C 60.86, H 4.34, S 11-59; 
found, C 60-90, H 4.50, S 11.20%. UV: 
Amax = 207 nm (E = 18 070). 'H NMR (acetone-d6): 
6 4.55 (s, 2H, benzylic), 7.32 (s, 2H, H2',6'), 7.33 (s, 
3H, H3,,4,,5,), 7.54 (d, 2H, H4,6), 7.78 (s, lH,  H2) and 
7.88 ppm (t, lH, Hs). 


3- [(4 '-Methoxyphenylsulphonyl)methyl] benzoic acid 
(2b). Colourless needles, yield 8O%, m.p. 225 "C. 
Analysis: calculated for C I S H I ~ O ~ S ,  C 58-82, H 4.57, 
S 10.45; found, C 59.30, H 4-40, S 10.90%. UV: 
A,,, = 208 nm (E = 20028). 'H NMR (acetone-d6): 
6 3.78 (s, 3H, 4'-OCH3), 4.45 (s, 2H, benzylic), 7.26 


H4,6), 7.72 (s, lH, H2) and 7.83 ppm (t, lH,  H5). 
(d, 2H, HZ, ,~,) ,  6.92 (d, 2H, H3,,5,), 7.42 (d, 2H, 


3- [(4 '-Methylphenylsulphonyl)methyl] benzoic %cid 
(2c). Colourless needles, yield 85070, m.p. 227 C. 
Analysis: calculated for C ~ S H I ~ O ~ S ,  C 62.06, H 4-82, 
S 11.03; found, C 62.10, H 4.80, S 11.10%. UV: 
Amax = 206 nm (E = 18 250). 'H NMR (acetone-d6): 
6 2-38 (s, 3H, 4'-CH3), 4.50 (s, 2H, benzylic), 7.28 (d, 
2H, Hz, ,~,) ,  7.15 (d, 2H, H3,,50, 7.45 (d, 2H, H4.6), 
7-74 (s, lH,  Hz) and 7.90ppm (t, lH,  Hs). 


3- [(4 '-Bromophenylsulphonyl)methyl] benzoic yid 
(2d). Pale yellow needles, yield 85%, m.p. 321 C. 
Analysis: calculated for C14HllBr04S, C 47.32, H 
3.09, S 9.01; found, C 47.60, H 3.60, S 9.30%. UV: 
Amax = 207 nm (C = 19000). 'H NMR (DMSO-d6): 6 
4.80 (s, 2H, benzylic), 7.60 (d, 2H, H2',6'), 7.70 (d, 
2H, H~' ,s , ) ,  7-35 (d, 2H, H4,6), 7-75 (s, lH,  H2) and 
7.88ppm (t, lH,  H5). 


3- [(4 '-Chlorophenylsulphonyl)methyl] benzoic y i d  
(2e). Pale yellow needles, yield 85070, m.p. 310 C. 
Analysis: calculated for C14H1lC104SI C 54- 10, H 
3.54, S 10.30; found, C 54-40, H 3.50, S 10.60%. 
UV: Amax = 207 nm (E  = 18 360). 'H NMR (DMs0-d.~): 
6 4.75 (s, 2H, benzylic), 7.55 (m, 4H, H2',3',5',6'), 7.32 
(d, 2H, &,a), 7.70 (s, lH,  Hz) and 7.85 ppm (t, lH,  
Hs). 


3- [(4 '-Nitrophenylsulphonyl)methyl] benzoic acid 
(2e). Yellow crystals, yield 80%, m.p. 230 "C. Analysis: 
calculated for C14H1lN04SI C 52-33, H 3.42, S 9.96; 
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found, C 52.80, H 3.60, S 10.30%. UV: 
A,,, = 209 nm (e = 22210). 'H NMR (DMSO-da): 
6 4.90 (s, 2H, benzylic), 7.58 (d, 2H, H2',6'), 7.90 (d, 
2H, H3,,~,), 7.35 (d, 2H, H4,6), 7.72 (d, lH,  H2) and 
8-20 ppm (t, lH,  Hs). 


The IR spectra (KBr) for all compounds showed a 
broad band at 3100cm-' (OH) and a sharp band at 
1680-1710 cm-' (C=O). In addition, a stretching band 
at 630-650 cm-' (C-S) for the sulphides la-f and a 
strong band at 1350, 1150 cm-' (S02) for the sulphones 
2a-f were detected. 


Spectrophotometeric measurements. The measure- 
ments were made on a Pye Unicam SP8-400 double- 
beam spectrophotoometer . The cell compartment was 
maintained at 25 C .  The ionic strength was 0-03 M 
KCI and the concentration of the studied compounds 
was 5 x lo-' M. The measurements were carried out in 
50% (v/v) ethanol-water. 


A Radiometer PHM 62 pH meter fitted with a com- 
bined glass electrode (type GK 2401 C) was used to 
record the pH of the solutions. The pH meter was Cali- 
brated by standard Radiometer buffers of pH 4.0 and 
7-0 .  The instrument was accurate to kO.01 pH unit. 
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0-VERSUS S-PROTONATION IN DIARYL SULFOXIDES: 
A SEMI-EMPIRICAL MO INVESTIGATION: COMPARISON WITH 


SOLUTION STUDIES IN SUPERACIDS 
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AND 


JOHN J .  HOUSER* 
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The protonation of diphenyl sulfoxide and several substituted diphenyl sulfoxides was probed by the MNDO-PM3 
method to gain a theoretical insight into the experimentally observed preference for stable diphenyl sulfoxonium ion 
formation (0-protonation) in 1 : 1 FSOJH-SbFs (Magic Acid)-SO2. In agreement with solution studies, 0- 
protonation is uniformly favored (by ca 17 kcal mol-’) over S-protonation. The differences in the heats of formation 
of protonated and unprotonated diphenyl sulfoxides are increased by electron-withdrawing substituents (F, CF,) and 
decreased by electron-donating groups (Me, OMe). Variations in the SO bond length and bond order in the onium 
ions are compatible with simple resonance arguments and the oxonium/sulfonium character of both the 0- and 9 
protonated onium ions. Surprisingly, the 0- and S-protonated dibenzothiophene S-oxides are predicted to have 
identical energetics as compared with the corresponding protonated diphenyl sulfoxides. On structure optimization 
dibenzothiophene S-oxide itself, if the initial geometry is somewhat twisted, rearranges by ring expansion to give 
a new heterocycle with lower energy. A rotational barrier study on the parent Oyrotonated diphenyl sulfoxide showed 
two minima, separated by 1.3 kcalmol-’, at HOSC dihedral angles of 60 and 240’. The two conformations 
correspond to syn and anti orientations of the OH proton relative to the aromatic rings, and support the low- 
temperature solution observations of the presence of two distinct sulfoxonium ions in solution. The rotational barriers 
for diphenyl sulfoxonium cation are compared with those of 0-protonated dimethyl sulfoxide. 


INTRODUCTION 


In a recent solution study, we showed that a variety of 
simple arenes react with 1: l  FS03H-SbF5 (Magic 
Acid)-SOz to give diaryl sulfoxides in good yields 
(Scheme 1). We proposed the following sequence of 
events to explain diaryl sulfoxide synthesis: sulfinyla- 
tion of the arenium ions with SO’, 0-protonation of the 


FSO,H.SbF,( 1 : 1 )  
A r H  ------+ Ar,S=O + Ar,S 


Inalor 1 inlnor I 


Scheme 1. Diary1 sulfoxide synthesis for simple arenes with 
Magic Acid-SO2 


* Author for correspondence. 


resulting sulfinic acids and subsequent dehydration and 
arylation steps. 


An ‘unusual’ feature of this one-pot reaction was the 
presence of the corresponding sulfides in minor 
amounts, illustrating a reduction process in a highly 
oxidizing superacid! Probing the reaction progress with 
time showed that diaryl sulfides were indeed formed 
from the sulfoxides by in situ reduction. Finally, to 
confirm that sulfoxides are the precursors of the 
sulfides, independent reaction of the diaryl sulfoxide 
products with Magic Acid-SO’ or HF-SbF5-SO’ led 
to substantial amounts of diaryl sulfides on work-up. 


Detailed studies have been made of 0- versus S- 
protonation for dimethyl sulfoxide (DMSO). Low- 
temperature NMR studies by Olah et al. ‘, and Raman 
studies by Speikermann and Shrader3 pointed to a 
sulfoxonium ion (0-protonation). MIND0/3 pre- 
dicted the S-protonated onium ion to be significantly 
less stable (ca 70 kcalmol-I); a hydrogen-bridged 
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0 


Scheme 2. Diary1 sulfoxide substrates 


structure was an additional 30 kcalmol-' higher in 
energy.' Two minima, separated by 3.1 kcalmol-', 
were located for the syn and anti forms of 0- 
protonated DMSO. 


In contrast to the situation with DMSO, previous 
work on the stable ion chemistry of diaryl sulfoxides 
has been limited; the parent diphenyl sulfoxide is S- 
protonated with HF-SbFS, but with Magic Acid com- 
peting ring fluorosulfonation O C C U ~ S . ~  We showed that 
substituted diaryl sulfoxides 2, 3, 4 and 5 (Scheme 2) 
are all 0-protonated under persistent ion conditions 
(Magic Acid-SOZ) to give their corresponding sulfox- 
onium ions, whereas 6 is S-protonated. Our solution 
NMR data on persistent diaryl sufoxonium ions 
indicated that r-electron delocalization into the sulfox- 
onium ion is fairly extensive (pr-dr overlap), resulting 
in enhanced double bond character of the CS bond 
(Scheme 3). Another notable feature was that the 
sulfoxonium ions were in several instances present in 
two conformations at low temperature. 


C V H  0 1 "  
I 


p H  c II 
O/" 
I 


Scheme 3.  Extended conjugation in 0-protonated diaryl 
sulfoxides 


+ C 0 
Ar,SO 4 Ar,S-W + or b 


+ SbF,- (Iron b)  
Ar,SF + Ar,SO c--- 


- [ F, I ]  J. SbF,- 


Ar,S 


OH 
+ I  


Ar ,S-0- SAr, 


i o o r  b 


+ +  
Ar , G O -  SAr, 


+ 
Arts-0-SO,F + Ar,SO 


c:  Ar,SO Ar,S I 
Scheme 4. Proposed mechanism of sulfoxide reduction via 0- 


protonated diaryl sulfoxides 


Having established the key role of the sulfoxonium 
ions in the reduction chemistry, we proposed the 
mechanism outlined in Scheme 4 for the reduction 
process. 


This study was undertaken in order to address the 
following specific issues: (a) why is 0-protonation pre- 
ferred over S-protonation?; (b) does the nature of the 
substituents play a role in the protonation outcome?; 
(c) are pr -dr  overlap (higher CS bond order) and 
extended conjugation involving the para substituent , 
e.g. p r  back-bonding with F and OMe in a simple 
resonance model, reflected in the calculated charges and 
bond lengths?; and (d) why are diaryl sulfoxonium 
ions present in two conformations, and what is the 
difference in their relative stability? 


RESULTS AND DISCUSSION 


X-ray diffraction data on diaryl sulfoxides are surpris- 
ingly limited. The parent diphenyl sulfoxide, 1, has 
been studied, and the phenyl rings are nearly orthog- 
onal to the CSC plane. Table 1 provides a Comparison 
between the x-ray data on diphenyl sulfoxide and calcu- 
lated (MNDO and PM3) geometries. AM1 parameters 
for sulfur have only recently been published6 and are 


Table 1 .  Calculated and experimental geometry of diphenyl 
sulfoxide 


Parameter Bonds Exptl PM3 MNDO 


Bond length ( A )  C-C 1.400(3) 1.392(2) 1.407(3) 


s-c 1.804(6) 1.803(1) 1.749(0) 
S=O 1.489(5) 1.554 1.514 


Bond angle ( O )  C-S-C 103*(9) 99.3 102.4 


C-H l.lOO(11) 1.096(2) 1.091(1) 


C-S=O 111'(4) 105.4 
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not included in MOPAC 5.0. With the exception of the 
exaggerated SO bond length, the agreement between 
experimental and PM3 calculated parameters is 
acceptable. 


We have calculated the heats of formation, AH: (gas 
phase), geometries and charge densities for seven diaryl 
sulfoxides and their 0- and S-protonated onium ions 
(Table 2), utilizing the MNDO-PM3 m e t h ~ d , ~  which 
has been shown to give heats of formation data closer 
to experimental values than MNDO and AM1, particu- 
larly with hypervalent compounds of N, S, P and the 
halogens. The only geometrical constraint imposed on 
the molecules during the calculations was to keep each 
ring and the atoms directly attached to it coplanar. This 
was done to ensure an 'average' geometry for the 
phenyl rings and to reduce the calculation time. 


We found that with the exception of 6 and 7 the 
nature and location of the substituent has only a minor 
effect on the stability differences between the 0- and 
S-protonated cations. A para-methoxy substituent 
stabilizes the S-protonated isomer more than the other 
substituents do. In agreement with stable ion studies, I 
the PM3 method predicts that the sulfoxonium ions are 
uniformly more stable than the sulfonium ions by ca 
17 kcalmol-'. The difference in stability between the 
two onium ions is, however, much less than that for the 


Table 2. PA43 heats of formation for diaryl sulfoxides 
~~ ~ ~ ~~ 


X Compound La AH; ALVI,,' 


- H 1 
0 
S 


0 
S 


0 
S 


0 
S 


0 
S 


0 
S 


0 
S 


- 4-CH3 2 


- 4-OCH1 I 


- 4-F 3 


- 2,4,6-F3 6 


- 4-CF3 8 


- 3-CF3 4 


+ 32.0 
+175.1d 
+ 1 9 2 ~ 4 ~  


+ 13.0 
+ 153.5 
+ 170.6d 


- 45-2d 
+95.9 


+ 110.1 
- 54.7d 
+93*8d 


+ l l l * 3 d  


- 131.2 
+21.0d 
+37.5 


- 281. I d  
- 125.1d 
- 107.6d 


-282.7d 
- 127.6d 
- 110.ld 


143.1 
160.4 17.3 


140.5 
157.6 17.1 


141 * 1 
155.3 14,2 


147.9 
165.4 17.5 


152.2 
168.7 16.5 


156.0 
173.5 17.5 


155.1  
172.6 17.5 


'Location of proton in conjugate acid. 
bDifference in AH;between neutral and ion (kcal mol-I). 
'Difference in AH; between S and 0-protonated ions (kcal mol- I ) .  


SCF achieved but geometry test not passed. 


A r  dl 


4 -OCH, 4-CH3 1 
\ +  


?=O\ 


130 
-0.4 -0.2 0.0 10.2 tO . 4  +0.6 


0 
Figure 1 .  Plot of differences in heats of formation between the 
protonated and unprotonated diaryl sulfoxides against normal 


u constants 


conjugate acids of DMSO. The substituent effect on the 
stability of both the S- and 0-protonated diaryl sulfox- 
ides is in the expected direction. Plotting AAHni, the 
difference in A& between the protonated and unpro- 
tonated diaryl sulfoxides, versus the normal u constants 
(Figure 1) shows that the electron-withdrawing F and 
CF3 groups increase AH: for both onium ions by the 
same amount, whereas Me and OMe groups decrease 
this difference. The effects of substituents on the 
geometries, bond orders on charge distributions of the 
protonated and unprotonated diaryl sulfoxides are 
given in Table 3 (Scheme 5 identifies the coding). 


The following generalizations can be made concer- 
ning the protonation of diaryl sulfoxides: 


1. The SO bond length (and bond orcer, in paren- 
theses) go from an average of 1.55 +. (1.27) in the 
unproJonated sulfoxides to 1.70 A (0.97) and 
1.45 A (1.30) in the 0- and S-protonated onium ions 
respectively. This is consistent with a simple 
resonance picture for the stabilization of the two 
conjugate acids: 


Ar2S=O+H - Ar2S+-OH 
and Ar2SH+=O c* Ar2SHEO' 


2. The S charge (and 0 charge, in parentheses) go from 
an average of + 1.06 (-0.70) in the precursor to 
+ 1.07 ( -  0.37) and + 2.24 ( -  0.74) in the 0- and S- 
protonated cations respectively, in agreement with 
the results for protonated DMS0.2 
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Table 3. Geometries, bond orders and charge distributions for diary1 sulfoxides and their S- and 0-protonated conjugate acidsa 


X A B  C D E F G H I J K L M N 


H 
H 
H 
4-CH3 
4-CH3 
4-CH3 
4-OCH3 
4-OCHs 
4-OCH3 
4-F 
4-F 
4-F 
2,4,6-F~ 
2,4,6-F3 
2,4,6-F3 
4-CF3 
4-CF3 
4-CF3 
3-CF3 
3-CF3 
3-CF3 


- 
0 
S 


0 
S 


0 
S 


0 
S 


0 
S 


0 
S 


0 
S 


- 


- 


- 


- 


- 


- 


1.551 
1 699 
1-456 
1.554 
1.699 
1.457 
1-555 
1 a691 
1.459 
1.551 
1 *698 
1.453 
1.537 
1.693 
1.444 
1.547 
1.695 
1.450 
1.547 
1.695 
1.450 


1.262 
0.954 
1-297 
1.257 
0-949 
1.294 
1 -256 
0.958 
1.290 
1 *267 
0.955 
1.302 
1.305 
0.986 
1.326 
1 *279 
0.981 
1.311 
1.279 
0.975 
1.312 


+ 1.05 
+ 1.04 
+ 2-23 
+ 1.05 
+ 1.05 
+2-23 
+1.05 
+lo14 
+2.25 
+1.06 
+1*06 
+ 2.24 
+1*10 
+1.09 
+ 2.27 
+1*06 
+ 1.05 
+ 2.23 
+la07 
+1.06 
+2.24 


- 0-69 
-0.38 
-0.74 
-0.69 
- 0.38 
- 0.75 
-0.69 
-0.36 
-0.75 
-0.68 
-0.38 
-0.74 
-0.66 
- 0.36 
-0.73 
-0.67 
- 0.37 
-0.73 
-0.68 
-0.37 
-0.74 


1.801 
1-759 
1.729 
1 -801 
1.755 
1.725 
1 *798 
1-743 
1.719 
1.802 
1.756 
1.728 
1.822 
1.771 
1.753 
1.802 
1.765 
1.735 
1-804 
1.762 
1.733 


0-831 
0.963 
0.846 
0-834 
0-966 
0.849 
0.835 
0.960 
0.853 
0 - 829 
0.965 
0.844 
0.784 
0.939 
0.805 
0-823 
0.952 
0.838 
0.824 
0-955 
0.837 


- 0.37 
-0.40 
-0.62 
-0.37 
-0.41 
-0.64 
- 0-41 
-0.50 
-0.69 
- 0.39 
-0.43 
-0.65 
-0.45 
-0.50 
-0.71 
-0.35 
-0.37 
- 0.60 
-0.38 
-0.41 
- 0.63 


99.0 
106.9 
107-0 
99.4 


107.1 
107.2 
99.6 


105.2 
107.5 
99.3 


106.6 
106.9 
98.8 


105.8 
106.0 
98-9 


104.8 
106.2 
99.0 


105.5 
106.4 


1 -095 
1 -098 
1.098 
1.485 
1-482 
1.482 
1.377 
1.359 
1.358 
1.342 
1.334 
1.333 
1.339 
1.332 
1.331 
1.530 
1-539 
1-539 
1.528 
1.536 
1,537 


0.966 
0.961 
0.961 
1 -003 
1.007 
1.008 
1.045 
1-111 
1.114 
1.009 
1 -037 
1.039 
1.017 
1.044 
1.047 
0.938 
0.927 
0-927 
0.940 
0.930 
0.929 


-0-06 
+ 0.00 
+ 0.01 
-0.04 
+0*04 
+0.05 
+0*12 
+ 0-20 
+0*21 
+Oslo 
+0-18 
+0-19 
+ 0- 16 
+0*23 
+0-23 
-0.14 
-0.09 
-0.08 
-0.20 
-0.18 
-0.19 


+0-10 
+ 0.13 
+0.13 
-0.07 
- 0.10 
-0.10 
-0.18 
-0.16 
-0.16 
-0.09 
-0.05 
- 0.05 
- 0.08 
- 0.05 
- 0.04 
+0*40 
+ 0.40 
+0*40 
+0.40 
+0*41 
+0*41 


- 
+0.27 
-0.17 
- 


+0*27 
-0.17 
- 


+ 0-25 
-0.17 
- 


+ 0-27 
-0.17 
- 


+ 0.28 
-0.16 
- 


+0.28 
-0.16 
- 


+0*28 
-0.16 


'X = substituent; A = location of H+: 0, S or -(none); B = S-0 bond length (A ); C = S - 0  bond order; D = total charge on S; E = total charge 
on 0; F = C-S bond length (A); G = C-S bond order; H = total charge on C-S carbon; I = C-S-C angle ('); J = C-X bond length (A); 
K = C-X bond order; L = total charge on C-X carbon; M = total charge on X; N = total charge on added proton. 


ively. These changes taken together with the accom- 
panying changes in the sulfur charges illustrate the 
increased bond polarization which helps to stabilize 
ions in the gas phase. 


5 .  The CSC bond angle goes from 99" in the precursor 
sulfoxide to 106" and 107" in the 0- and S- 
protonated onium ions respectively, suggesting that 
the sulfur atom is largely unhybridized in the precur- 
sors and approaches sp3 hybridization in the two 
conjugate acids. 


A.B.C.0 \ y  


I .J,K.L 
Scheme 5 .  Abbreviations used in Table 3 


3.  The CS bond length (and bond orcer, in paren- 
theses) go from an average of 1-80 4 (0.82) in the 
unproionated sulfoxides to 1.76 A (0.96) and 
1-73  A (0-84) in the 0- and S-protonated forms 
respectively. The bond shortenings, although small, 
suggest increased phenyl participation in stabilizing 
both onium ions. 


4. The CS carbon charge goes from an average of 
-0.39 in the unprotonated sulfoxides to -0.43 and 
-0.64 in the 0- and S-protonated cations respect- 


Compared with the role of polarization and 
resonance interactions of the SO and the CS bonds in 
stabilizing the protonated sulfoxides, the effects of 
single substituents are for the most part relatively insig- 
nificant. In 6, however, the effect is noticeable in the 
individual columns in Table 3, although when the dif- 
ferences between the protonated and unprotonated 
forms are compared, the effects of all of the substi- 
tuents tend to be leveled (Table 4). The substituents in 
Table 4 are listed in increasing order of their normal u 
values. In no case do we observe a smooth progression 
in the property with the inductive effect of the substi- 
tuents, although there often is a difference between the 
extremes of the para-methoxy and 2,4,6-trifluoro 
substituents, particularly in the SO bond length, when 
protonation occurs an oxygen and in the charge of the 
atom being protonated. The lack of a clear pattern in 
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Table 4. Substituent effects on changes in SO bond length and C, S and 0 charges for diaryl sulfoxides on protonation at S and 
at 0 


~~~ 


4-OCH3 +0.136 
4-CH3 + 0.145 
H + 0.148 
4-F +0*147 
3-CF3 + 0.148 
4-CF3 + 0.148 
2,4,6-F3 +0.156 


~~ ~ 


- 0.096 - 0.09 -0.22 +0.09 +1.20 +0.33 -0.06 
-0.097 -0.04 -0.27 0.0 +1.18 +0.31 - 0.06 
- 0.096 - 0.03 -0.25 - 0.01 +1.18 +0.31 -0.05 
- 0.098 - 0.04 - 0.26 0.0 +1.18 +0.30 - 0.05 
-0.097 - 0.03 - 0.25 - 0.01 +1.16 +0.37 +0.01 
- 0.097 -0.02 -0.25 - 0.01 +1.17 +0.36 0.0 
-0.093 -0.05 -0.26 -0.01 +1.17 +0.30 +0.07 


~~ ~~~~~~ ~~ 


'Change in property between unprotonated and 0-protonated forms. 
Change in property between unprotonated and S-protonated forms 
' C-S carbon. 


the Aqc columns in Table 4 and in the CS bond length 
and bond order columns in Table 3 argue against a sig- 
nificant resonance stablization of either the 0- or the S- 
protonated diaryl sulfoxides by the phenyl rings in 
apparent contrast with solution NMR-based 
conclusions. We note, however, that d orbitals are not 
included in the MOPAC basis sets, although it is gener- 
ally assumed that their effects are to some extent 
incorporated via the parameters. 


Dibenzothiophene S-oxide 
To test further the effect of ring conjugation with the 
SO system, we carried out PM3 calculations on diben- 
zothiophene S-oxides 9-11 (Scheme 6) and their S- and 
0-protonated onium ions. The results, which are given 
in Table 5 ,  are essentially indistinguishable from those 
reported in Table 2 for the diaryl sulfoxides. An 
intriguing aspect of the dibenzothiophene S-oxide cal- 
culations is that when the geometry optimization was 
first carried out on the parent compound, the initial 
geometry was twisted. This structure then converged to  


Table 5. PM3 heats of formation for bis(disubstituted)- 
benzothiophene S-oxides 


X Compound La 
~ 


- H 9 
0 
S 


0 
S 


0 
S 


- 4-F 10 


- 4-CF3 11 


+ 32.6 
+176.0 143.5 
+192.5 160.0 16.5 


-54.1 
+94-6 148-7 


+111.5 165.5 16.8 


-281.1 
-125.1 156.0 
-107.6 173.5 1 7 . 5  


'Location of proton in conjugate acid. 
bDifference in AH; between neutral and ion (kcal mole-'). 
'Difference in AH," between 9 and 0-protonated ions (kcal mol-'). 


0 
I I  P-s, 


X /JQfln X 


12 


Scheme 6. Dibenzothiophene S-oxide and its rearrangement 
to 12 


12, which is predicted to  be 8.6  kcalmol-I more stable 
than dibenzothiophene S-oxide. To our knowledge, 
such a rearrangement, which could be synthetically valu- 
able in heterocyclic chemistry, has not been reported. 


Geometrical isomers of diphenylsulfoxonium ions 
We previously suggested that the presence of two con- 
formations in low-temperature solution NMR studies of 
diaryl sulfoxides was related t o  the near orthogonal 
relationship of the phenyl rings with the CSC plane and 
formation of syn and anti conformers. The exact struc- 
tures of those conformations and their relative stability 
differences were unknown. To shed light on this issue, 
we performed PM3 and MINDO/3 calculations on the 
0-protonated ion PhZSOH' to  determine the rotational 
barrier about the SO bond while the dihedral angle 
between the phenyl rings is allowed to  float. Initially the 
ring planes were made perpendicular to  the CSC plane 
so that a 90" rotation of the two rings would make then 
coplanar. 


Figure2 shows for the two computational methods 
the effects of the HOSC dihedral angle on the heat of 
formation, on the angle of rotation of the phenyl rings 
about the C-S bond and on the OSC angle. The differ- 
ences are striking. MINDO/3 gives the more easily 
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t 


H O S C  Dlhedrol Angle 8 
Figure 2. Variation in AH;, ring rotation angle and OSC bond angle with HOSC dihedral angle in Ph*SOH+; comparison of 


MIND0/3 and PM3 methods 


rationalized data which agree with the DMSO results oxygen and sulfur lone pairs and between the oxygen 
repyted by Olah et a/.' The two minima at 60" and lone pairs and the CS bonds. Maxima occur when one 
240 correspond to the syn and anti arrangement of the oxygen lone pair eclipses the sulfur lone pair and the 
OH proton with the phenyl rings, the syn form being other eclipses a CS bond. At an HOSC dihedral angle 
more stable by 1.3 kcalmol-' in the gas phase. This of O", the two phenyl rings, tesignated azbitrarily rings 
geometry gives minimum overlap between the . 1 and 2, have rotated + 10 and -25 respectively, 
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about the CS bond from their original positions. There- 
after, as the HOSC angle is varied from 0 to 340 , the 
rings undergoo an in-phase oscillation with an amplitude 
of about 20 about their bonds to sulfur, and a period 
of about 140" in the HOSC angle. During the rotation, 
the sulfur atom undergoes what amounts to a change in 
hybridization, as the OS,C bond angle changes by about 
15" from a low of 101 , when the oxyge2 lone pairs 
flank one of the CS bonds, to a high of 116 , when one 
oxygen lone pair eclipses a CS bond and the other 
eclipses the sulfur lone pair. 


The PM3 results areaharder too explain. The basic 
pattern of minima at 60 and 240 is repeated, but the 
very shallow 'minimum' at 60" (cu 0 . 3  kcalmol-I) also 
contains a small maximum which, by changing the 
rotation angles of the phenyl rings, we have been able 
to raise or lower but not completely eliminate, and the 
2.40' minimum is now lower by 2.5 kcalmol-'. The 
minimum energy structure corresponding to the deeper 
minimum (240 ) IS shown in Figure 3. 


The behavior of the phenyl rings is likewise direrent 
from the MIND0/3 case. ,At an HOSC angle of 0 , ring 
2 has rotated by about 6! toward ring 1 ,  which in turn 
has rotated only about 2 tow2rd ring 2. From here the 
rings rotate an additional 2,O away from each other 
until an HOSC angle of 60 is reached. From 60 to 
180", where one oxygen lone pair eclipses that of sulfu:, 
the rings rotate back toward each other about 15-25 . 
Thereafter both rings continue to rotate an additional 
25" in the same direction, and the resulting angle is 
approximately maintained until the HOSC angle is 
340". Unlike the MIND0/3 case, the ring rotation 
pattern does not appear to repeat, and the pattern seen 
in Figure 2 must depend on the initial rotation angle of 
the rings. As before, the OSC bond angle changes with 
rotation about the SO bond. Here, however, the change 


Figure 3. Minimum energy structure of ?hzSOH+ at an 
HOSC dihedral angle of 240 


is much less, going from about 105" to a low of about 
99O. The discontinuities in this curve, as in the corre- 
sponding MIND0/3 curve, parallel similar events in the 
phenyl rotation curves. These spikes probably result 
from the fact that at each value of the HOSC dihedral 
angle the gradient search algorithm fails to search all of 
the possible ring orientations, thus allowing the energy 


~ ~ . I . l , I . I . I . I . I . J . I . I . I . I . , . I * I . J .  


HOSC Olhedrol Angle €3 


Figure 4. Variation in AH;, ring rotation angle and OSC bond 
angle with HOSC dihedral angle in PhzSOH' with the rings 


rotated by +40° and -4OO; PM3 method 
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to rise until with a further slight change in the dihedral 
angle, the rings ‘snap’ to a new position. 


In order to determine the extent to which the ring 
rotations were responsible for the different appearances 
of the PM3 and the MIND0/3 energy curves, we 
repeated the r M 3  calculoations with the phenyls initially 
rotated + 40 and - 40 , respectively, out of the ‘ver- 
tical’ (Figure4). Now the rings undergo almost no 
further oscillations over the complete range of HOSC 
angles, the AHf curve is %uch more symmetrical and it 
appears to repeat at 360 . The gap between the two 
minima is now 2-0 kcalmol-’, and the barrier to con- 
version from one rotamer to the other is less than 
0 - 2  kcal mol-’. The OSC bond angle variation is nearly 
identical with that in the previous case, but the curve is 
free from discontinuities. 


We also repeated Olah’s el al. calculation’ on 0- 
protonated DMSO using both methods (Figure 5) ,  
Clearly, the basic features of the protonated diphenyl 
sulfoxide curves have been maintained. In our case, the 
two minima in the MIND0/3 calculation are separated 
by only 1.7 kcalmol-’, rather than the 3.1 kcalmol-’ 
found previously. The earlier work, however, used a 
version of the program which had been parameterized 
by those authors for the SO bond. The MIND0/3 
routine contained in MOPAC 5.0 has different par- 
ameters for this bond. Whereas it is not certain which 
of the two methods, if either, is correct, the NMR data 
on protonated 2 and 4 clearly showed the presence of 
two OH resonances. A recent communication* notes a 
flaw in the PM3 treatment of non-bonding interactions 
involving phenyl rings. This flaw produces an abnormal 
stabilization for the H-H interactions at short dis- 
tances, leading, for example, to unexpected ring orien- 
tations in the conformational analysis of diphenyl- 


34 I I 


3 3  


32 
I O0 


8 
Figure 6. Rotational barrier measurement for diphenyl sulfoxide 
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methanes. It is likely that this at least partly explains 
our PM3 results. 


An SC rotational calculation carried out on the 
parent PhzSO (Figure 6 )  showed a barrier of only 
1.8)calmol-', with a maximum at a dihedral angJe of 
looo between the rings and a minimum at about 15 . At 
100 there is steric interaction of one phenyl ring both 
with the other ring and with the oxygen. 
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The direct nucleophilic aromatic substitution reactions of anthraquinones have permitted the syntheses of more than 
30 novel podands, crown ethers and lariat ethers. Anthraquinones having (cthyleneoxy), sidearms were obtained by 
direct displacement of chloride by the anion of CHa(OCH2CHr),0H. The ethyleneoxy-substituted anthraquinones 
could, in turn, undergo direct replacement by nncleophiles that failed to displace chloride. This approach has been 
used for the preparation of two-armed podand derivatives and several novel crown derivatives of anthraquinone. 
Binding comparisons are presented for several of these new antbraqninones. Direct substitution did not prove 
successful in the preparation of anthraquinone- [2-2] -cryptand which was obtained by alkylation. The crystal structure 
of the latter reveals an orientation of ring and anthraquinone appropriate for cation binding, a fact confirmed by 
cation binding constant measurements. 


INTRODUCTION 


In previous work, we have demonstrated the utility of 
the anthraquinone nucleus to serve as the redox- 
switchable component of podands, lariat ethers’ and, 
recently, an anthraquinone ~ r y p t a n d . ~  The utility of the 
anthraquinone subunit is increasingly apparent from 
the number of novel structures that incorporate it. We 
have recently devoted considerable attention to the 
preparation of simple anthraquinones in the hope 
that general synthetic methodology and a unifying 
mechanism would emerge. While the previous rep,orts 
of our efforts in this area have been detailed, they have 
focused on methodology rather than targets. We report 
here the extension of the direct nucleophilic substitution 
methodology to the preparation of podands, lariat 
ethers, crown ethers and the first anthraquinone- 
containing cryptand. Cation binding information for 
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several of these compounds and a solid-state structure 
are reported. 


RESULTS AND DISCUSSION 


Anthraquinones are richly represented among both 
natural and synthetic5 products, but access has long 
suffered from the difficulties of preparation.6 In recent 
work, we have demonstrated that direct nucleophilic 
aromatic substitution of chloroanthraquinone is suc- 
cessful with oligoethyleneoxy and alkynyl nucleophiles 
although alkanols and alkenols fail in this approach. 
Moreover, alkynols and oligoethylene glycols serve as 
leaving groups as well as nucleophiles. Our need for 
certain disubstituted anthraquinone derivatives led us to 
exploit the approach shown in equation (1 )  for the 
preparation of various derivatives as detailed in the 
sections below. 
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ANTHRAQUINONE DERIVATIVES 
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Anthraquinone podands 


Our studies of redox-switchable systems have, in recent 
years, favored anthraquinone over nitrobenzene as the 
redox-sensitive moiety because the former is stable in 
water whereas the later is not. In addition, two succes- 
sive one-electron reductions are possible with anthra- 
quinones whereas only a single electron is readily added 
to  nitrobenzene. The podands represent the simplest of 
the redox-switchable cation binding systems and 
succeed admirably in their designed function while the 
corresponding nitrobenzene derivatives fail. ’ Alkyl- 
ation of nitrobenzene is, however, straightforward and 
alkylation of anthraquinones is generally difficult. We 
have previously reported the use of both 1,5- and 1,8- 
anthraquinone podands having ( C H Z C H ~ O ) ~ , ~ C H ~  
sidearms in this context but have not elaborated their 
syntheses.2 


The (ethyleneoxy),,-sidearmed podands proved fairly 
easy to prepare in comparison with simple alkyl deriva- 
tives. When R(OCH2CH2),0- was the nucleophile, 
chloride was a suitable nucleofuge but not when simple 
alkoxides were used as nucleophiles. In contrast, when 


and/or 
\ \ 


OR ., 
OR 0 OR 0 A 


(CHzCH20)3,40CH3 was the sidearm (nucleofuge), 
most primary alcohols proved to  be good nucleophiles. 
Secondary alcohols were apparently too hindered to be 
successful in this transformation. The ethyleneoxy side- 
arm is thus an excellent nucleophile and nucleofuge, a 
fact that we originally attributed t o  its potential to 
complex a proximate cation. We have recently 
described several simple examples of these single 
sidearm replacement reactions. We now show that both 
sidearms may be displaced from the same anthra- 
quinone and, indeed, that unsymmetrical products can 
arise from a single reaction. 


The results for more than a dozen double sidearm 
displacements are shown in Table 1. The starting 1,5- 
and 1,8-disubstituted anthraquinone podands were pre- 
pared from the corresponding, commercially available 
1 3 -  or 1 ,s-dichlorides. When CH3(OCH2CH2),OH 
(n = 3 or 4) was the nucleophile, reasonable yields 
(39-72Vo) of the double displacement product were 
obtained. Yields for the 1 ,I-disubstitution products are 
generally better than those for the corresponding 1,5- 
substitution pattern. This suggests interchain cooper- 


Table 1. Podands by nucleophilic substitution of anthraquinones 


Cpd. Substitution Leaving Yield 
No. pattern Sidearm” group Sidearm Group (%) M.p. (“C) 


5 1,5 OEOEOEOCHj c1 OEOEOEOEOCH3 C1 39 50-51 
6 1-8 OEOEOEOCH, CI OEOEOEOEOCH3 64 Oil 
7 1 S OEOEOEOEOCH3 c1 OEOEOEOEOCH3 72 Oil 
8 1 3  OEOEOEOEOCH3 c1 OEOEOEOEOCH, CI 53 Oil 


- 62 Oil 9 1 OEOEOEOEOH CI - 
10 1 OEOEOEOEO-I -anthraquinyl CI - - 


12 1 OEOEOEOEOC I sH3 7 CI 
10 157.5-158.5 
79 68-69 - - 


- 13 1 OEOEOEOEOCI~H~ I 9 - 72 64.5-66.0 
14 1s OEOEOEOCHi CI CI c1 37 67.5-68.5 
15 1,s OCi6H33 14 OCi6H33 14 10 98.0-98.5 
15 1,s OCi6H33 5 OC16H33 5 36 98’0-98‘5 
16 I S  OEOEOEOEOCH, OH Clb 10 85.0-86.0 
17 1,s OCi7H35 16 OH 16 72 72.5-73.5 
18 1 ,5 OC17H3s 17 OCOCH3 17 70 120-121.5 
19 1 3  OCHzCHzCHi 6 OCHzCHzCH3 6 49 137-139 
20 178 O(CHzhCH3 6 O(CHr)7CH3 6 72 105-106 
21 1 3  OC16H33 6 OC16H33 6 86 107-108 
22 1 s  OC16H33 5 OC16H33 5 25 79-80 
23 1,s OC10H21 5 OCinHzi 5 31 93-94 
24 1 s  OCIOH~I  5 OEOEOEOCHi 5 19 60-61 


E = ethyl. 
bThe reaction may involve direct exchange of HO for CI or may involve the intermediate formation of OEOEOEOEOCH, followed by HO 
displacement. 
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Table 2. Double substitutions of anthraquinones po@o)3Me NaH, THF, A, ROH * @70Rll 


OR’ 0 


OCE013Me 


Substitution R R ’  5-R” 8-R” Yield (Yo) 


ation, the generality of which has thus far proved 
impossible to confirm. 


Some interesting differences in behavior were noted 
between the 1,5- and 1,8-disubstituted systems. These 
are exemplified by the reactions shown in Table2. 
When the O(CH2CH20)3CHI sidearms were disposed 
1,8- (i.e. on the same side of the anthraquinone), 
double substitution was clean and yields appeared to 
increase with increasing lipophilicity although a three- 
reaction sample cannot be generalized with confidence. 
When the ethyleneoxy substituents were on  opposite 
sides of the anthraquinone, product mixtures were 
obtained in both of the cases studied. If the Na+ cation 
is playing a coordinating role that assists either entry of  
the nucleophile or exit of the nucleofuge, it should do 
so more effectively when both podand chains are 
proximate. 


Several anthraquinones bearing mixed hydrophobic- 
hydrophilic sidearms were also prepared in the 
expectation that they would ultimately be used for 
redox-switched cation transport. These compounds 
could be obtained either by the preparation of a 
hydrocarbon-terminated (ethyleneoxy),, unit such as 
AQ-O(CH2CH20)4ClgH37, or by acylating with 
palmitic acid the hydroxy terminus of AQ- 


Both approaches proved successful. The latter course is 
less satisfactory in fulfilling the cation transport goal 
owing to  ester hydrolysis that occurs in the aqueous 
membrane phases. We therefore do not discuss the 
latter compound further. I t  is interesting that 
when 1 -chloroanthraquinone was treated with 
H37C180(CH~CH20)4H in the presence of NaH and 


(OCHzCH2)40H [ - ~ A Q - ( O C H ~ C H ~ O ) ~ C O C I ~ H ~ I ]  . 


THF, the hydrophobic/hydrophilic podand, 1- 
A Q - O ( C H ~ C H ~ O ) ~ C ~ X H ~ ~ ,  was isolated in 80 2 2% 
yield (two runs). When 1-chloroanthaquinone was 
treated with tetraethylene glycol under comparable con- 
ditions, both AQ-O(CH2CH20)dH and the bis(anthra- 
quinone) AQ-O(CH2CH20)e-AQ were isolated as 
shown below. Although the latter is a rnechanisticalIy 
obvious product, it is, to our knowledge, the first 
example of a bis(anthraquiny1) podand. Note that if  
cation organization involving sidearm and carbonyl 
oxygen is playing a critical role, formation of the 
bis(anthraquinone) product should be disfavored 
because the nucleophilic end of AQ-OEOEOEOEOH 
should be wrapped back on itself. 


0 NaH. THF. A n 


0 0 


The double substitution reactions of anthraquinones 
are generally fairly successful from the preparative per- 
spective. They require, so far as is currently known, a 
poly(ethy1eneoxy) chain either as the nucleophile or 
electrophile. This may have to  do with cation coordi- 
nation either during nucleophile entry or nucleofuge 
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departure. It seems reasonable to assume that cation 
binding will generally be greater if the two sidearms are 
syn than if  they are anti. This is not borne out, how- 
ever, by homogeneous cation binding studies (see 
below). Moreover, we have found that when a single 
sidearm is present, yields for alkynyl-substituted 
anthraquinones are similar to  those for (ethyleneoxy), 
derivatives and both are far better than when the 
sidearm is either alkyl or alkenyl. We have been unable 
to rationalize this behavior in any obvious terms. If 
cation coordination plays the key role, then an ethy- 
leneoxy sidearm must be more efficacious than alkyl, 
alkenyl or alkynyl groups. If  the double bond plays a 
special role, alkenes and alkynes should be superior to 
alkyl or ethyleneoxy derivatives. Hence the tempting 
cation coordination rationale of higher yields for 1,s- 
compared with 1,5-disubstituted anthraquinones, if 
correct at all, cannot be the sole explanation. 


Anthraquinone crown ethers 


Wolf and Cooper' and Togo et have shown that 
the redox behavior of 1,4-benzoquinone crown ethers 
reflects cation binding strength by the neutral crown. 
Other crown ethers possessing the anthraquinone 
subunit were reported by Vogtle and co-workers, lo who 
noted UV shifts on cation complexation. These alizarin- 
derived systems were prepared by reaction of the phe- 
nolic alizarin hydroxyls with the appropriate 
polyethylene glycol ditosylates in 4-8% yield. Although 
Vogtle and co-workers' anthraquinone crown ethers are 
of obvious interest, they are not directly related to those 
described here. 


Anthraquinone crown ethers (25-27) possessing dif- 
ferent cavity sizes were synthesized by the reaction of 


$& 
CI 0 CI 


1,8-dichloroanthraquinone with one equivalent of the 
corresponding tetra-, penta- and hexaethylene glycol. 
These compounds have six, seven or eight oxygen atoms 
in the crown cavity, including an anthraquinone car- 
bonyl. Yields ranged from 30 to 45% when NaH or KH 
was used as base in THF. All products were isolated as 
yellow solids and further purified by crystallization 
from absolute ethanol. A similar preparation using 
NaH as base was attempted in the expectation of form- 
ing crown ether 27. Instead, the oily major product 
isolated was 1 -  12- [2-(2- (2- [2-(2-hydroxyethoxy)ethoxy] 
ethoxy] ethoxy)] )-8-chloroanthraquinone. This podand 
was identified from the NMR spectrum, in which the 
integral ratio for the aromatic region to the ethoxy 
region was 1 : 4, and from the O H  stretch observed in 
the 1R spectrum. 


Related work has been reported by Nakatsuji et a/. I '  


They synthesized bis(anthraquin0ne) derivatives by the 
reaction of 1,8-dihydroxyanthraquinone with the corre- 
sponding mono-, di- or triethylene glycol ditosylate in 
the presence of NaOH in xylene. They reported that 
when n = 1, the cyclic bis(anthraquin0ne) B was not 
obtained but acyclic bis(anthraquin0ne) A was isolated 
in 2 .5% yield. On the other hand, when n = 2  or 3, 
cyclic bis(anthraquin0ne)s (B) were isolated in 8.9% 
and 0.6% yields, respectively. None of the expected 
monoanthraquinones (C, n = 1 or 2) were obtained. 
Molecular models (CPK) suggest that the latter com- 
pounds possess cavities (four or five oxygen atoms) that 
are too congested to form or to be stable. The models 
suggested to us that at least four ethyleneoxy units are 
required to  form a structure of type C. 


Our attempt to prepare bis(anthraquin0ne)- 
containing crowns by the reactions of 1,8- 
dichloroanthraquinone with mono-, di- or triethylene 
glycol in the presence of NaH failed. 


0 


0 
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OH 0 OH 
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0 


0 


A 


2.5% 


n=O, 1,2 
0 


0 


II 
0 n = 1 or2,0% 


n = o , o %  B n = l . 8 . 9 %  


n = 2.0.6% 


Anthraquinone derivatives bearing nitrogen 
substituents 


Morpholine-substituted anthraquinones were prepared 
by the reaction of rnorpholine with the corresponding 
chloroanthraquinone as shown below. An excess (2 
equivalents) of morpholine reacted with 1 -  
chloroanthraquinone in the presence of Na2CO3 t o  give 
I-rnorpholinoanthraquinone (28) in 30% yield. When 
1,8-dichIoroanthraquinone was reacted with 2 equiva- 
lents of rnorpholine, the only product isolated was 1- 
chloro-5-rnorpholinoanthraquinone (29) ( 1  1 0 7 0 ) .  When 
8 equivalents of morpholine were employed, mono- and 


disubstituted products (29 and 30) were obtained in 
62% and 34% yields, respectively. This was also true 
with 1 ,S-substitution; mono- and disubstituted anthra- 
quinones 31 and 32 were prepared in 53% and 46% 
yields in the presence of 8 equivalents of rnorpholine. 
Compounds 28-32 were all obtained as purple solids. 


Bis( 1 -morpholinoanthraquinone) podand 33 was 
prepared by the reaction of 1-chloro-5-rnorpholino- 
anthraquinone (31) with triethylene glycol in the pres- 
ence of NaH in THF. After work-up, followed by 
recrystallization from EtOAc, compound 33, was 
obtained as a purple solid (m.p. 166.0-167.0 C) in 
69% yield. The two morpholino derivatives obtained 


0 0 0 


---b 


29 62% 


+ 


30 34% 
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had weak but different cation binding strengths, sug- 
gesting that when two morpholines were present in the 
1 ,S-positions (i.e. 30), they could cooperate. 


Bis(aza-15-crown-5)anthraquinone 
The reaction of 1,s-dichloroanthraquinone with 2 
equivalents of aza-15-crown-5 in the presence of n-BuLi 
gave the mono- and disubstituted anthraquinone 
shown. Aza-15-crown-5 was dissolved in anhydrous 
diethyl ether, to which was added 1.1 equivalent of 
n-butyllithium (1 - 6  M solution in hexane). The reaction 
mixture was stirred for 15 min, then 1,s- 
dichloroanthraquinone dissolved in dry benzene was 
added. The reaction mixture was heated under reflux 
for 1 h; work-up, followed by column chromatography 
(SiOz, EtOAc then 25% MeOH-CHzClz), yielded two 
products, 35 and 36, in 15% and 10% yields, 
respectively. 


Dix and Vogtle'Od had previously prepared l-chloro- 
5-(aza-l5-crown-5)-anthraquinone 35 in 12% yield by 
this reaction but they apparently did not isolate 36. This 
may be due to the fact that 35 is crystalline (purple, 
m.p. 106-107 "C) whereas 36 is a viscous oil. 


Anthraquinone cryptand and structure 
When reduced, considerable electron density is loca- 
lized on anthraquinone's carbonyl oxygen atoms. These 
highly directional carbonyl groups could be strong 
donors for cations if appropriately located. Placing the 
anthraquinone residue over a crown ring with a car- 
bony1 directed to the center of the macrocycle was an 
appealing prospect. We therefore undertook the syn- 
thesis of anthraquinone- [2.2] -cryptand. 


Based on our previous successes, the obvious 
approach appeared to be to use N,N'-bis(2- 
hydroxyethyl)-4,13-diaza-lS-crown-6 as a nucleophile 
to substitute 1,s-dichloroanthraquinone. Several 
attempts using this approach failed, perhaps because it 
is difficult for the rigid system to undergo final ring 
closure. The opposite approach, using 1,s-dihydroxy- 
anthraquinone as nucleophile, was then tried and 
proved successful. 1,8-Bis(2-bromoethoxy)anthra- 
quinone was prepared from 1,s-dihydroxyanthra- 
quinone and 1,2-dibromoethane (CszC03, DMF) to 
give 37" as yellow needles in 18% yield (m.p. 
152-153 C) after crystallization from ethyl acetate. 
This approach has the advantage that the cesium salt of 
anthraquinone is soluble in DMF. Reaction of 37 with 


n-BuLi 
ether J benzene 


reflux 
l h  


0 0 
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4,13-diaza-l8-crown-6 ( C H ~ C H Z C H ~ C N ,  Na2CO3, 
catalytic NaI) gave the cryptand (38, 52%) after chro- 
matography and crystallization as green crystals. 


The crystals originally isolated gradually changed in 
color from green to mustard-yellow, and finally to light 
brown. Combustion analytical data and 400 MHz 
' H  NMR studies produced no discernible difference 
among these three samples. The discoloration occurred 
even in the dark and cannot be explained. 


Two views of the solid-state structure of 38 are shown 
in Figure 1. Three cavities can be distinguished in the 
system, identified as distances A, B, and C on Figyre 1. 
They span internuclear distances of 8.2-8-5 A (A, 
C=O...C&) , 6-2-6-5 A (B, CHz..-CH2) and 
4-8-5.5 A (C). The*distance between nitrogen atoms is 
approximately 6.5 A, longer than observed for diaza- 
18-crown-6 ( 5  .S A) or for the related ferrocenyl[2,2] - 
cryptand ( 5 - 5  A). The carbonyl group proximal to  the 
macroring is canted by 20". These deviations from the 
structure expected when a cation is bound are generally 
those that can be attributed to packing forces. The devi- 
ation of the anthraquinone's carbonyl group from the 
anthraquinone plane is relatively minor. We have 


1. 


recently demonstrated that 38 does, in fact, exhibit 
novel electrochemically switched complexation 
behavior, the details of which are reported elsewhere. 


Cation binding studies 


Representative cation binding data for the anthra- 
quinone derivatives studied are given in Table 3. A 
number of interesting points can be made. First, 


Table 3. Cation binding in anthraquinone derivatives 
~~ ~ 


Log Ks  (methanol) 


Compound Na' K +  NHZ 


0 OIEOI3CH3 


0 


0 O(EOI3CH3 


n 


2.32 1.5 < 1.5 


ND 


Side View Front View 


Figure 1. Two views of the solid-state structure of 38 
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ammonium ion binding is poor for all of the systems 
analyzed. Sodium and K +  cation binding are more 
revealing. Compounds A-D in Table 3 show the effect 
of sidearm placement and different numbers of oxygen 
donors. Structures A and B differ in hydrophobicity 
and the number of donors. In studies of diaza-18- 
crown-6-derivatives, '' we have found that hydrophobic 
sidechains did not significantly alter cation binding. If 
that observation is extensible to  this system, then the 
added oxygen donor in B causes the binding enhance- 
ment of about Comparison of binding for A and 
E, however, suggests that this system may behave 
differently from diaza-crowns. A comparison of B, C 
and D is particularly interesting. In C and D, the 
number of donors is identical but they are disposed on 
opposite sides of the anthraquinone residue. Neverthe- 
less, their Na' binding strengths are essentially identical 
and the K +  binding constants differ little. This suggests 
a dominant role for the carbonyl oxygens in either case. 


The fact that binding for B, C and D differs so little 
suggests that only one cation may be bound irrespective 
of sidearm position. We have previously shown4b that 
when four-oxygen sidearms are disposed 1,5-, a pseudo- 
bis(crown) complex of the type podand .2NaI- ( H z 0 ) ~  
forms; each Na+ ion is bound by an anthraquinone 
oxygen, four ethers and a water molecule. Thus each 
Na+ is hexacoordinate. Perhaps when both sidearms 
are present in the 1,8-positions, the second arm fills the 
coordination shell created primarily by a single 
sidearm. When the anthraquinone is substituted 1,5-, 
water or methanol may fulfil this role. 


Solid-state structure of 7 


A solid-state structure was obtained for compound 7 as 
described in the Experimental section. In it, the anthra- 
quinone is at the center of two coils, each coil con- 
taining an Na' cation. In both cases, sodium is 
six-coordinate. Four of the donors are ether oxygen 
atoms contributed by the sidearm. A bound water mol- 
ecule and the anthraquinone carbonyl oxygen complete 
the binding array. It is interesting that the anthra- 
quinone carbonyl oxygens are bent out of the aromatic 
plane in each case to better accommodate the cation. A 
view of the structure which includes the relatively 
remote iodide anions is shown. 


we sug- 
gested that the structure reflected the mechanism by 
which the ethyleneoxy sidearms served so effectively as 
both nucleophiles and leaving groups. Subsequent 
studies have shown that alkynols are also effective 
nucleophiles and leaving groups but alkanols and 
alkenols are Hence the evidence has shown 
that although a cation coordination mechanism may 
indeed operate in this system, it cannot be a 
universal mechanism for transformations involving 
anthraquinones. 


In the preliminary report of this 


Cation complexation properties of anthraquinone 
crowns 


Log Ks  values are shown in Table4 for the anthra- 
quinyl crowns 25-27 and cryptand 37 along with values 
for the 3n-crown-n-structures having n = 5-8. The 
number of oxygens specified for the anthraquinone 
compounds refers to those that point inward, i.e. the 
anti-carbonyl group is not considered. Because one of 
the carbonyl groups intrudes on the cation binding 
hole, cavity sizes are much diminished compared with 
simple crowns having comparable number of oxygen 
atoms. The binding profile shows something 
approaching a 'hole-size selectivity', undoubtedly 
reflecting the rigidity of anthraquinone. Of all the 
binding constant values, those for 27 seem most sur- 
prising since log KS in this case is barely better than that 
observed for the acyclic 1,5-bis(podands). 


Of all the compounds studied, the anthraquinone 
cryptand appears to have the greatest binding strength 
and selectivity. In accord with its rigidity and cavity 
size, it binds K' with a constant (log K s )  of 6-31. The 
K'/Na+ selectivity is ca 80-fold in favor of the former. 


Table 4. Cation binding for simple and anthraquinyl crowns 
~ 


Log Kg 
No. of Estimated cavity 


Compound oxygensa diameter (A) Na+ K +  


25 6 1 .6-2.0b 3-52 3.41 
26 I 2.8-3.6 3-04 4.26 
21 n 4.0-4.6b 2.31 3.38 


3.25 3.34 15-Crown-5 5 
18-Crown-6 6 2.6-3 2' 4-35 6.10 
21-Crown-7 7 3.4-4.3' 2.54 4.35 
24-Crown-8 8 4.4-4.8 2.35 3.53 
Cryptand 38 7 - 3  4.41 6.31 


"No. of oxygens in the cavity including the anthraquinone carbonyl. 
bCavity diameters are measured from CPK molecular models 
(1 .25cm11A) .  
'Ref. 10. 


1.7-2'2' 


Measured in absolute MeOH at 25OC. 
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CONCLUSIONS 


Interest in anthraquinone chemistry is growing owing to 
its electrochemical switching ability I 3  and the possi- 
bility of one- and/or two-electron reduction to give 
water-stable derivatives capable of electrochemically 
mediated membane transport. We have developed 
potential anthraquinone carriers containing podand 
sidearms or a macroring. Syntheses of more than 30 
novel anthraquinone cation binders reported here were 
generally accomplished by direct nucleophilic displace- 
ment of chloride leaving groups by (ethyleneoxy), 
alkoxide derivatives. The remarkable multiple, direct 
nucleophilic subsitutions are illustrated for podand, 
morpholine, crown ether and lariat ether derivatives. 
Cation complexation by these systems is reported along 
with two solid-state structures that offer insight the 
complexation and substitution mechanisms but which 
are currently inconclusive. Nevertheless, synthetic 
access is effective and important potential uses of these 
systems is obvious. 


EXPERIMENTAL 


'HNMR spectra were recorded at 60 or 400 MHz in 
CDC13 unless specified otherwise. Chemical shifts are 
reported in ppm (6) downfield from internal (CH3)4Si, 
and are reported in the order chemical shift, spin multi- 
plicity (b = broad, s = singlet, d = doublet, t = triplet, 
q = quartet, m = multiplet), integration and assign- 
ment. Infrared (IR) spectra in cm-', recorded as KBr 
pellets, were calibrated against the 1601 cm-' band of 
polystyrene. Combustion analyses (C, H,  N) were per- 
formed by Atlantic Microlabs (Atlanta, GA). Melting 
points were determine on a capillary apparatus and are 
uncorrected. Thin-layer chromatographic analyses were 
performed on aluminium oxide 60 F-254 neutral 
(type E) or silica gel 60 F-254 with a 0.2 mm layer 
thickness. Preparative chromatographic columns 
were packed with aluminium oxide, activated, neutral 
Brockmann 1 (150 mesh, standard grade), or Kieselgel 
60 (70-230 mesh, chromatographic grade). Chromato- 
tron chromatography was performed on a Chromato- 
tron using 4 mm thickness circular plates prepared from 
Kieselgel 60 PG-254. All the reactions were performed 
under a nitrogen atmosphere. All reagents were of the 
best grade commercially available and were used 
without further purification unless specified otherwise. 
Tetrahydrofuran (THF) was distilled in the presence of 
CaHz or sodium metal. 


All reactions were conducted under dry nitrogen 
unless noted otherwise. All reagents were of the best 
grade commercially available and were distilled, 
recrystallized or used without further purification, as 
appropriate. Molecular distillation temperatures refer 
to the oven temperature of a Kugelrohr apparatus. 
Combustion analyses were performed by Atlantic 
Microlab and are reported as percentages. 


Cation binding consotants were measured in absolute 
methanol at 25 2 1 * O  C using a Corning 476210 elec- 
trode and an Orion Model 701A Ionalyzer meter 
according to the method of Frensdorff l4 as described 
more recently in detail.ls Values for the equilibrium 
constants are reported as log Ks .  Samples suitable for 
single-crystal x-ray analysis were grown by slow cooling 
of a warm saturated solution, by evaporation of a satu- 
rated solution or by vapor diffusion. 


I-Chloroanthraquinone (l), 1,5-dichloroanthra- 
quinone (2) and 1,8-dichloroanthraquinone (3) were 
purchased from Aldrich Chemical. 


Tetraethylene glycol monomethyl ether (4). To a vig- 
orously stirred suspension of NaH (60% 3.0 g, 
75 - 0  mmol) in THF (20 ml) was added triethylene 
glycol monomethyl ether (10.0 g, 60.9 mmol). Benzyl- 
oxyethyl tosylate (20.1 g, 65.6 mmol) in THF (30 ml) 
was added slowly at reflux, and heating was continued 
for 3 days. The mixture was cooled, concentrated 
in vacuo, the residue dissolved in CH2C12 (200 ml), 
washed with H20 (2 x 75 ml), the organic layer concen- 
trated in vacuo, chromatographed (alumina, 5% 
propan-2-ol-hexa$e) and the residue distilled 
(Kugelrohr, 155 C, 0.2 Torr), to give 2-12-[2-(2- 
methoxyethoxy)ethoxy] ethoxy] ethyl benzyl ether as a 
colorless oil (17*4g, 95%). 'H NMR: 3.33 (s, 3H, 
OCH3), 3.62 (m, 16H, OCHz), 4.51 (s, 2H, OCHzAr), 
7.38 (s, 5H, ArH). A Parr bottle was charged with the 
ether (above, 13*0g,  43-3 mmol), 10% Pd-C (l.Og), 
and absolute EtOH (90 ml), shaken (Hz, 60 psi, 24 h), 
filterEd, concentrated in vacuo and Kugelrohr distilled 
(100 C,  0.2-0.3 Torr) to give 4 as a colorless oil 


(m, 17H, OCH2, OH). 
(7.9 g, 87%). 'H NMR: 3.35 (s, 3H, OCH3), 3.63 


I ,  5-Bis [ 2- [2-(2-methoxyethoxy)ethoxy] ethoxy ) anthra- 
cene-9,lO-dione(S) and I, 8-bis (2- [2-(2-methoxyethoxy) 
ethoxy] ethoxy) anthracene-9,lO-dione(6). These were 
prepared as described previously. 


1,5 - Bis(2 - (2 - [2 - (2 - rnethoxyethoxy)ethoxy] 
ethoxy] ethoxy)anthracene-9,1O-dione(7). A solution 
of 2 (1 * 8 5  g, 6-68 mmol) and 4 (3.0 g, 14.41 mmol) in 
THF (45 ml) was added dropwise to a vigorously stirred 
and refluxed suspension of NaH (60% oil dispersion, 
0.9 g, 22.5 mmol) in THF (5 ml). The reaction mixture 
was stirred for 5 h. After work-up as described for 8, 
column chromatography (silica, 2% MeOH-CHSIz) 
gave 7 (3*4g,72%) as a yellow oil. 'H NMR: 3.32 
(s, 6H, OCH3), 3.56-4.40 (m, 32H, OCHz), 
7.20-8.95 (m, 6H, ArH). IR (neat): 2900, 1685, 1605, 
1450, 1335, 1295, 1215, 1110 cm-'. Analysis: calculated 
for C32H44012, C 61-91, H 7.16; found, C 61.73, 
H 7.24%. 
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Crystal structure data for 7.2H20.2NaI. A solution 
containing 7 and 10 equivalents of NaI deposited crys- 
tals (45%) of the complex. Crystallization from 
ethanol gave the bis-sodium dihydrate complex of 
7, m.p. 173-174°C. Analysis: calculated for 
C32H44012.2Na1*2HZO, C 40.18, H 5.07; found, C 
40.49, H 5.29%. The same had the following crystal 
data: FW 959.59,e space group Cc, a =  1!.429(5) A, 
b=16.153(6) A, ~=22.472(6)  A, Z = 4 ,  
d, = 1 a57 cm-', Mo K a ( p  = 16.14 cm-') R = 0.060 
for 1836 unique reflections with Z > 2a(I) (of 2803 
unique data) measured with an Enrat-Nonius $AD4 
x-ray spectrometer by w - 20 scans, 2 < 0 < 42 . 


1,8 - Bis(2 - 12 - [2 - (2 - rnethoxyethoxy)ethoxy] 
ethoxy) ethoxy)anthracene-9,10-dione (8). A solution 
of 3 (1.75 g, 6.32 mmol) and 4 (3.0 g, 14.41 mmol) in 
THF (30 ml) was added dropwise to NaH (6070, 0 - 9  g, 
22.5 mmol) in THF (10 ml). The mixture was refluxed 
(4 h) cooled, reduced to minimum volume in vacuo, 
diluted with H2O (lOOml), extracted with CH2Clz 
(200 ml then 100 ml), dried over MgS04, evaporated 
and chromatographed (silica, 2% MeOH-CHzC12) to 
give 8 as its monohydrate (2.09g, 53.3070 viscous 
yellow oil). 'H NMR: 3-35 (s, 6H, OCH3), 3.55-4-50 
(m,32H, OCH2), 7.25-7.90 (m,6H,ArH). IR (neat): 
2910, 1680, 1605, 1455, 1330, 1290, 1120 cm-'. Analy- 
sist calculated for C ~ ~ H ~ ~ O ~ Z H Z O ,  C 60.16, H 7.27; 
found, C 60.31, H 7.52%. 


I -(2- (2- [2-(2-Hydroxyethoxy)ethoxy] ethoxyl ethoxy) 
anthracene-9,IO-dione (9). A solution of tetraethylene 
glycol (5-20g, 21.8 mmol) in THF (10ml) was added 
to of NaH (0.54 g, 13.5 mmol) in THF (10 ml). The 
reaction mixture was stirred for lOmin, 1 (2.37 g, 
9.77 mmol) in THF (50ml) was added dropwise, 
refluxe continued for 4 h and the mixture cooled con- 
centrated in vacuo. The residue was dissolved in 
CHzCl2 (200 ml), washed with H2O (2 x 100 ml), brine 
(100 ml), the solvent evaporated and the residue was 
dissolved in EtOAc and filtered though alumina and 
washed EtOAc to give 1,8-bis(l- oxyanthracene -9,lO- 
dione) - 3,6,9 - trioxaund$cane (10) (0.6 g, 10%) as a 


yellow solid (m.p. 157.5 C). The filtrate was concen- 
trated in vacuo to afford 9 as a yellow oil (1-41 g, 
62%), which was used without further purification in 
the following reaction. 'H NMR: 2.82 (s, lH,  OH), 
3.15-4.43 (m, 16H, OCHz), 7.20-8-30 (m, 7H, ArH). 
IR (neat): 2890, 2640, 1590, 1430, 1450, 1265, 1100, 
800, 700 cm-'. 


Tetraethylene glycol rnonooctadecyl ether (11). To a 
suspension of NaH (6OV0, 1.10 g ,  27.5 mmol) in THF 
(10 ml) was added tetraethylene glycol (10.33 g, 
53.2 mmol). The mixture was refluxed for 30 min, 1- 
bromooctadecane (6.00 g, 18.0 mmol) in THF (15 ml) 
was added and refluxing was continued overnight. The 


mixture was concentrated, the residue dissolved in 
CHzCl2 (100 ml), washed with H2O (3 x 50 ml), con- 
centrated and chromatographed (alumina, CHzClz then 
2% MeOH-CH2C12) to give 11 (4.8 g, 59%) as a white 
solid: m.p. 41.0-42.0"C. 'H NMR: 0.70-1-50 
[m, 35H, (CH2)&H31, 2.75 (b, lH ,  OH), 3.30-3.80 
(m, 18H,OCH2). IR: 3500, 2950, 2880, 1480, 1110, 
915, 735 cm-'. 


1 - (2 - (2 - [2- (2- Octadecy/oxyethoxy)ethoxy] ethoxy) 
ethoxy)anthracene-9,IO-dione (12). To a suspension of 
NaH (6O%, 0*29g, 7.25 mmol) in THF (10 ml) was 
added 11 (2-15 g, 4.81 mmol) in THF (10 ml). After 30 
min, a solution of 1 (1.28 g, 5.28 mmol) in THF 
(20 ml) was added slowly, reflux continued for 10 h, 
cooled, evaporated and the crude residue was dissolved 
in CHzClz (25 ml), washed with H2O (2 x 15 ml), brine 
(15 mi), dried (MgS04), filtered and concentrated 
in vacuo. Column chromatography (silica, 2% 
MeOH-CHzC12) followed by recrystallization (ab- 
solute EtOH) gave 12 (2.73 g, 79%) as a yellow solid: 
m.p. 68.0-69.0 'C. 'H NMR: 0.80-1.75 [m, 35H, 
( C H Z ) ~ ~ C H ~ ] ,  3.25-4.45 (m,20H, OCH2), 7-20-8-35 
(m, 7H, ArH). '.'C NMR (22.6 MHz, CDCI3): 183.9, 
182.0, 159.7, 135.0, 134.8, 134.1, 133.1, 132.5, 
127.1, 126.5, 120.0, 71.5, 71.1, 70.6, 71.1, 70-0, 
69.5, 31.9, 29-6, 26.1, 22.6, 14.0ppm. IR (KBr): 
2840, 1685, 1600, 1270, 1110 cm-'. Analysis: calculated 
for C40H6007, C 73.57, H 9.28; found, C 73.41, H 
9- 3 1 To. 


1 - (2 (2 - [2 - (2 - Pa/mitoyloxyethoxy)ethoxy] ethoxy) 
ethoxy)anthracene-9,IO-dione (13). Palmitoyl chloride 
(0.30 g, 1-091 mmol) was added dropwise to 9 
(0.35 g, 0.874 mmol) dissolved in CHzClz (10 ml). The 
mixture was stirred at room temperature overnight, 
H2O (10ml) was added and the organic phase was 
washed with H2O (2 x 10 ml). Removal of solvent, fol- 
lowed by recrystallization (hexane), gave 13 (0.4 g, 
72%) as a light yellow solid: m.p. 64.5-66.0 "C.  'H 
NMR: 0.80-1 -50 (m, 29H, CHZCH~) ,  2-30 
(t, 2H, COCH), 3-60-4.45 (m, 16H, OCH2), 
7.10-8.30 (m, 7H,ArH). IR (KBr): 2900, 2840, 1740, 
1670, 1585, 1305, 1255, 1120, 700 cm-'. Analysis: 
calculated for C38Hs408, C 71.43, H 8.54% found, 
C 71.58, H 8 . 5 5 % .  


I -Chloro-5- (2- [2-(2-methoxyethoxy)ethoxy] ethoxy ) 
anthracene-9,lO-dione (14). A solution of 2 (3.17 g, 
11 a44 mmol), triethylene glycol monomethyl ether 
(1*90g,11.57mmol) in the THF (100ml) and NaH 
(60%,0.52 g, 13.0 mmol) was refluxed for 5 h. After 
work-up as described above, column chromatography 
(silica, 3% MeOH-CHZClZ) afforded 14 and 6 
(0-61 g, 10%). Crystallization of 14 from hexane gave 
the product (1.73 g, 37%) as a yellow solid: m.p. 
67.5-68.5 "C. 'H NMR: 3.35 (s, 3H,OCH3), 
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3.45-4.45 (m, 12H, OCHz), 7.15-8.35 (m, 6H, ArH). 
IR (KBr): 2900, 1680, 1595, 1580, 1310, 1290, 1255, 
1100, 700 cm-'. Analysis: calculated for C Z I H Z I C ~ O ~ ,  
C 62.29, H 5.24, CI 8.76; found, C 62.36, H 5.28, C1 
8.73%. 


I ,  5-Bis(hexadecyloxy)anthracene-9,1O-dione (15). 
Hexadecyl alcohol (0.20 g, 0.825 mmol) in THF (5 ml) 
and NaH (60% 0.08 g,2.0 mmol) in THF were stirred 
for 3 h under reflux. A solution 14 (0.29 g, 
0.716mmol) in THF (10ml) was added dropwise. 
Work-up, followed by column chromatography (silica, 
CHzClz), yieldedo15 (0.05 g, 10%) as a yellow solid: 
m.p. 98.0--98.5 C. 'H NMR: 0.85-1.75 [m, 62H, 
(CH2)14CH3], 4.10 (m, 4H, OCHz), 7.15-7.90 
(m, 6H, ArH). Analysis: calculated for C46H7204, C 
80.16, H 10.55; found, C 79.90, H 10.58%. 


I-Hydroxy-5-(2- (2- [2-(2-methoxyethoxy)ethoxy] eth- 
oxyJ ethoxy)anthracene-9,IO-dione (16). A mixture of 2 
(1.85 g, 6.68 mrnol), tetraethylene glycol monomethyl 
ether (3.0 g, 14.41 mmol) in THF (45 ml) and NaH 
(6O%, 0.9 g, 22.5 mmol) in THF (5 ml) was stirred for 
5 h. After work-up, column chromatography (silica, 
2% MeOH-CH2C12) yielded 7 (3.4 g, 72%) 16 (0.3 g, 
10%). Compoun? 16 was isolated as a yellow solid: 
m.p. 85.0-86.5 C. 'H NMR: 3.33 (s, 3H, OCH3), 
3.50-4.45 (m, 16H, OCHr), 7*05-8*00 (m, 6H, ArH), 
8.55 (s, lH,  OH). IR: 2900, 1680, 1640, 1590, 1450, 
1265, 1130, 1100, 800, 700 cm-'. Analysis: calculated 
for C 2 3 H Z 6 0 8 . i H ~ 0 ,  C 62-85, H 6.20; found, C 
62.94, H 6.38%. 


1 - Hydroxy - 5 - heptadecyloxyanthracene - 9, I0 - dione 
(17). 1-Heptadecanol (0.22 g, 0.86 mmol) and NaH 
(60%, 0 .2  g, 5 mmol) in THF were stirred for 30 min 
and 16 (0.25 g, 0.557 mmol) was added slowly. After 
overnight reflux, the mixture was cooled and concen- 
trated, the residue was dissolved in CH2C12 (50 ml), 
washed with H2O (2x30ml) ,  dried (MgS04) and 
concentrated. Chromatotron chromatography (silica, 
4 mm plate, 2% MeOH-CH2C12) gave 17 (0.19 g, 
72%) as a yellow solid: m.p. 72.5-73-5 "C. 'H NMR: 
1.10-2.10 (m, 33H, CHZCH~) ,  4-13 (t, 2H, ArOCH2), 
7.05-7.95 (m, 6H, ArH), 8.40 (s, lH ,  OH). IR: 2930, 
2860, 1670, 1640, 1590, 1475, 1455, 1370, 1265, 785, 
705 cm-I. Analysis: calculated for c3lH4204, C 77-77, 
H 8-86; found, C 78.08, H 8.86%. 


I - Acetoxy - 5 - heptadecyloxyanthracene - 9 , IO-  dione 
(18). A solution of 17 (0.1 g, 0.25 mmol) in pyridine 
(5 mi) and acetic anhydride (2 ml) were refluxed for 
15 h, cooled, CHzCl2 (15 ml) was added and the 
mixture was washed successively with cold 3 M  HCI 
(2 x 15 ml) and H2O until the washings were neutral 
and then concentrated in vacuo. Recrystallization from 
acetone gave 18 as a yellow solid (0.09 g, 70%): m.p. 


120-0-121-5 "C. ' H  NMR: 0.80-1.65 (m, 33H, 


ArOCHz), 7-20-8-35 (m, 6H, ArH). IR (KBr): 2935, 
2860, 1780, 1685, 1595, 1450, 1270, 1215, 1205, 
710 cm-'; Analysis: calculated for C33H4405, C 76.10, 
H 8.53, found, C 75.89, H 8.56%. 


CHZCH~) ,  2-47 ( s ,  3H, COCH3), 4.15 (t, 2H, 


I,8-Bis(propyloxy)anthracene-9,10-dione (19). A 
mixture of propan-1-01 (0.18 ml, 2.42 mmol) and NaH 
(6070, 0.15 g, 3.75 mmol) in THF was stirred for 
30min and a solution of 6 (0*50g, 0.94mmol) was 
added, heated (reflux) for 4 h, cooled, concentrated and 
the residue was dissolved in CHzClz and then washed 
with HzO, dried over MgS04, filtered and concentrated. 
Chromatotron chromatography (silica, 4 rnm plate, 
CH2C12) followed by recrystallization from absolute 
EtOH gave 19 (0.15 g, 49%) as a yellow solid: m.p. 
137.0-139.0 "C. 'HNMR 1.15 (t, 6H, CH3), 1-95 (q, 
4H, CH2), 4-05 (t, 4H, CH20), 7-10-7.85 (m, 6H, 
ArH). Analysis: calculated for C20H2004, C 74.04, H 
6.23; found, C 73.71, H 6.665'0. 


I,8-Bis(actyloxy)anthracene-9,IO-dione (20). Octan- 
1-01 (0.37 ml, 2.35 mmol) and NaH (0.15 g, 
3.75 mrnol) in THF was added to 6 (0.48g, 
0.90 mmol). After reflux (4 h) the reaction mixture was 
worked up as described for 19 to give 20 (0.30 g, 72%) 
as a yellow solid: rn.p. 105.0-106.0 OC. 'H NMR: 
0.85-2.10 (m, 30H, CH2), 4.12 (t, 4H, OCHI), 
7.20-7.85 (m, 6H, ArH). I3C NMR: 184.0, 159.0, 
134.0, 133.5, 125.5, 120.0, 119.0, 70.0, 31.0, 29.5, 
26.0, 22.5, 14-Oppm. IR (KBr): 2940, 2870, 1685, 
1600, 1450, 1320, 1300, 1230, 740 cm-'. Analysis: 
calculated for C3&&4, C 77.53, H 8-69; found, C 
77.37, H 8.77%. 


I ,  8-Bis(hexadecyloxy)anthracene-9,IO-dione (21). 
Hexadecan-1-01 (0 .5  g, 2.06 mmol) in THF, NaH 
(loo%, 0 .6g ,  2.5 mmol) in THF and 5 (0.45 g, 
0.85 mmol) in THF were heated for 4 h. After work-up 
and crystallization (absolute EtOH), 21 was obtained 
(0.50 g, 86%) as a yellow solid: m.p. 107.0-108.0 "C. 
'H  NMR: 0.80-1.75 (m, 62H, CH2), 4.10 (t, 4H, 
OCHz), 7.15-7.85 (m, 6H, ArH). IR (KBr): 2940, 
2875, 1690, 1600, 1320, 1225, 740cm-'. Analysis: cal- 
culated for C46H7204, C 80.16, H 10.55%; found, C 
79.93, H 10.61%. 


I ,  5-Bis(hexadecyloxy)anthracene-9,lO-dione (15) and 
1 - hexadecyl-oxy-5 - (2- [2-(2-methoxyethoxy)ethoxy] 
ethoxy) anthracene-9,IO-dione (22). NaH (0.20 g, 5 a 0 0  
mmol) in THF, hexadecan-1-01 (0.78 g, 3.22 mmol) 
and 5 (2.02 g, 3-79 mmol) in THF were heated under 
reflux for 1 h. The mixture was cooled, evaporated and 
the solid residue was dissolved in CH2Cl2 and washed 
with H2O and concentrated. Column chromatography, 
followed by crystallization (EtOH), gave 15 (0.8 g, 
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36%) and monohexadecyloxy podand 22 (0-5 g, 25%). 
Compound 15: m.p. 98.0-98.5 "C. 'H NMR: 
0-85-1.75 [m, 62H, (CH2)&H3], 4.10 (m, 4H, 
OCH2), 7.15-7.90 (m, 6H, ArH). Analysis: calculated 
for C46H7204 C 80.16, H 10.55; found, C 79.96, H 
10.61%. Compound 22: m.p. 79.0-80.0 'C. 'H 
NMR: 0.8-2.2 (m, 31H, CH2, CH3) 3.35 (s, 3H, 
OCH3), 3.5-4-45 (m, 14H, OCHz), 7.1-8.0 (m, 6H, 
ArH). Analysis: calculated for C37H5407, C 72.74, 
H 8.93; found, C 72.69, H 8.95%. 


1,5-Bis(decyloxy)anthracene-9,IO-dione (23) and 
I -decy/oxy-5- (2- [2-(2-rnethoxyethoxy)ethoxy] ethoxy ] 
unfhracene-9,IO-dione (24). NaH (0.2 g, 5.00 mmol) 
in THF, decan-1-01 (0.52 g, 3-28 mmol) and 5 (1.63 g, 
3.06 mmol) were heated at 65 "C for 4 h. After work- 
up, 22, 23 and 24 were isolated as yellow solids. Com- 
pound 23 was the major product (0.5 g, 31%): m.p. 
93.0-94-0 OC. 'H NMR: 0.8-1.6 (m, 38H, CH2, 
CH3), 4.0-4.3 (t, 4H, OCHz), 7.1-8.0 (m, 6H, ArH). 
Analysis: calculated for C34H4804, C 78-40, H 9.31; 
found, C 77.66, H,  9.38%. Compound 24 was crystal- 
lized from EtOH (0.3 g, 19%): m.p. 60.0-61.0 "C. 
'H NMR: 0-8-2.2 (m, 19H, CH2, CH3), 3.35 (s, 3H, 
OCH3), 3.5-4-5 (m, 14H, OCHz), 7.7-8.0 (m, 6H, 
ArH). Analysis: calculated for C31H4207, C 70-68, 
8.05; found, C 70.57, H 8.10%. 


I, 11 -(I, 8- Dioxyanthracene-9,l O-dione)-3,6,9-trioxa- 
undecane (25). 1,8-Dichloroanthraquinone (3) (4.22 g, 
15 .2 mmol) and tetraethylene glycol (3 * I8 g, 
16.4 mmol) in THF (60 ml) were added slowly to NaH 
(1.9g, 47-5 mmol) in THF (20ml). The reaction 
mixture was heated for 3.5 h, concentrated and the 
residue was added to cold H20 (100 ml), extracted with 
CHzClz (200ml then 100ml), washed with brine 
(100 ml), dried over MgS04, filtered and concentrated. 
Column chromatography (silica, 5% M ~ O H - C H ~ C ~ Z ) ,  
followed by crystallization from toluene, gave 25 
(2.53 g, 42%) as a yellow solid: m.p. 154-5-155.5 "C. 
'H NMR: 3.85-4.32 (m, 16H, CH20), 7-10-7.88 (m, 
6H, Ar). IR: 1675, 1590, 1450, 1420, 1390, 1355, 1125, 
1075, 755 cm-'. Analysis: calculated for C22H2207, C 
66-32, H 5.57; found, C 66.21, H,  5.63%. 


I, 14-( I, 8-Dioxyanthracene-9,1 O-dione)-3,6,9,12-tetra- 
oxatetradecane (26). A mixture of 3 (1.73 g, 
6.24 mmol), pentaethylene glycol (1.54 g, 6.46 mmol) 
in THF (30 ml) and NaH (0.91 g, 22.75 mmol) in THF 
(10 ml) was heated at reflux for 3.5 h, cooled, concen- 
trated in vacuo and the residue was dissolved in H20 
(100 ml), extracted with CH2C12 (200 ml then 100 ml), 
washed with brine (100 ml), dried (MgS04) filtered and 
evaporated to give the crude solid, which was chroma- 
tographed (silica, 5% MeOH-CH2C12) and crystallized 
from EtOH to yield 26 (0.80 g, 30%) as a yellow: m.p. 
125.0-126.0 "C. 'H NMR: 3-71-4-40 (m, 20H, 


OCHZ), 7.12-7.88 (m, 6H, ArH). IR: 2900, 1675, 
1595, 1350, 1275, 1135, 1070 cm-'. Analysis: calculated 
for C24H2608, c 65.14, H 5-93; found, c 65.01, 
H 6.02%. 


I ,  17- (I, 8- Dioxyanthracene-9, I O-dione)-3,6,9,12,15- 
pentaoxaheptadecane (27). To a suspension of KH 
(35% in oil, 3.0 g, 26.17 mmol) in dry THF was added 
slowly hexaethylene glycol (3.45 g, 12-22 mmol). The 
mixture was stirred for 30 min, a solution of 3 (2.74 g, 
9.89 mmol) in THF (75 ml) was added and after reflux 
(3 h) the mixture was cooled, evaporated, H20 (100 ml) 
and CHzCl2 (200 ml) were added and the aqueous layer 
was extracted with CHzC12 (2 x 100 ml) and then con- 
centrated. Column chromatography (silica, 5% 
MeOH-CH2C12), followed by crystallization from 
hexane, gave 27 (1.6g, 35%) as a yellow solid: m.p. 
101-5-102.5 "C. 'H NMR: 3.60-4.40 (m, 24H, 
OCH2), 7.15-7.90 (m, 6H, ArH). I3C NMR: 183.9, 
182.0, 158.5, 134.8, 133.6, 124.7, 119.7, 119.3,71*5, 
71-0,  70.5, 70.4, 69.5ppm. IR (KBr): 2900, 1680, 
1590, 1310, 1275, 1235 cm-'. Analysis: calculated for 
C26H3009, C 64.18, H 6.22; found C 64-13, H 6.25%. 


I-Morpholinoanthracene-9,IO-dione (28). A solution 
of 1 (0.71 g, 2.93 mmol), morpholine (0.50 g, 
5.74 mmol) and Na2C03 (1.4 g) in MeCN was heated 
under reflux for 6 days. the reaction mixture was con- 
centrated and the solid was dissolved in CH2C12, 
washed with H20 and concentrated in vacuo. Column 
chromatography (silica, 2% MeOH-CH2C12), followed 
by recrystallization (CH2CIz-hexane), gave 28 as a 
dark-red solid (0*26g, 30%): m.p. 152-0-153.0 "C. 


7-15-8.15 (m, 7H, ArH). IR: 3000-2840, 1670, 1650, 
1595, 1430, 1365, 1315, 1270, 1260, 1230, 1110, 1000, 
920, 700 cm-'. Analysis: calculated for ClsHlsN03, C 
73.70, H 5.16, N 4.78; found, C 73.61, H 5.17, N 
4.68%. 


'H NMR: 3.02 (t, 4H, NCHz), 3.87 (t, 4H, OCH2), 


I -Ch/oro-8-morpholinoanthracene-9,IO-dione (29) 
and 1 ,8-bis(morpholine) anthracene-9,IO-dione (30). A 
solution of l&dichloroanthraquinone (1.03 g, 
3.72 mmol), morpholine (1.96 g, 22.5 mmol) and 
sodium carbonate (3.61 g) in acetonitrile (40 ml) was 
heated to reflux for 6days. After work-up as for 28, 
Chromatotron chromatography (silica, 4 mm plate, 2% 
MeOH-CH2C12) gave 29 and 30. Compound 29 was 
isolated as a purple solid (0-76g, 62%): m.p. 


(t, 4H, OCHz), 7.15-8.20 (m, 6H, ArH). IR (KBr): 
2960, 1680, 1590, 1310, 1240, 1230, 930 cm-I. Analy- 
sis: calculated for C I ~ H ~ ~ C I N O ~ ,  C 65-95, H 4.31, C1 
10.82; found, C 65-73, H 4-39, C1 10.99%. Com- 
pound 30 was isolated as a purple solid (0.48 g, 34%): 
m.p. 212.0-213.0 "C. 'H NMR: 3.15 (t, 8H, NCHz), 
3.97 (t, 8H, OCHz), 7.20-7.90 (m, 6H, ArH). IR 


174.0-175.0 "C. 'H NMR: 3.20 (t, 4H, NCH2), 3.96 
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(KBr): 3000-2800, 1665, 1635, 1585, 1420, 1360, 1300, 
1235, 1200, 1100, 970, 900, 875, 730cm-'. Analysis: 
calculated for C22H22N204, C 69.82, H 5.87, N 7.40; 
found, C 69.67, H 5.92, N 7.29%. 


I -Chloro-5-morpholinoanthracene-9,IO-dione (3 1) 
and 1,5-bis(morphoIine)anthracene-9,IO-dione (32). A 
solution of 2 (2.99 g, 10.79 mmol), morpholine 
(7.0 ml, 80.27 mmol) and NazC03 (7.53 g) in CH3CN 
(180 ml) was heated at reflux for 6 days. Work-up and 
column chromatography (silica, 2% MeOH-CHzC12) 
gave 31 and 32. Compound 31 was isolatoed as a purple 
solid (1.87 g, 53%): m.p. 163.0-165.0 C. 'H NMR: 


(m, 6H, ArH). IR: 3000, 1680, 1590, 1300, 1240, 1230, 
925 cm-'. Analysis: calculated for C18H~4ClN03, C 
65.95, H 4.31, Cl 10.82; found, C 66.02, H 4.35, C1 
10.79%. Compound 32 was isolated as a purple solid 
(1.86g, 46%): m.p. 26540-266.0 "C. 'H NMR: 3.15 
(t, 8H, NCHZ), 3.97 (t, 8H, OCHZ), 7.20-7.90 (m, 
6H, ArH). IR: 3000, 1665, 1630, 1585, 1410, 1350, 
1300, 1200, 1100, 970, 900, 875, 730cm-'. Analysis: 
calculated for C ~ ~ H Z Z N Z O ~ .  C 69.82, H 5-87, N 7.40; 
found, C 69.72, H 5-90, N 7.33%. 


3.20 (t, 4H, NCHz), 3-96 (t, 4H, OCHz), 7315-8.20 


Bis(1 -0xa-8-morphoIinoanthracene-9,l O-dione)-3,6- 
dioxacotane (33). Triethylene glycol (0.12 g, 0.80 
mmol) was added to a suspension of NaH (0*09g, 
2.25 mmol) in THF. The mixture was stirred for 30 min 
and a solution of 29 (0.50 g, 1.53 mmol) dissolved in 
THF (15 ml) was added. After reflux (48 h) and work- 
up, crystallization from EtOAc gave 33"(0.77 g, 69%) 
as a purple solid: m.p. 166.0-167.0 C. 'H NMR: 
3.05 (t, 8H, NCHz), 3.80-4.35 (m, 20H, OCHZ), 
7.00-7.85 (m, 12H, ArH). IR: 2860, 1680, 1590, 1305, 
1270, 11 10, 730 cm-'. Analysis: calculated for 
C4ZH40N3010, C 68-83, H 5.51, N 3.82; found, C 
68.90, H 5.52, N 3.77%. 


I - Chloro - 8 - (aza - 15 -crown - 5)anthracene- 9,lO- dione 
(35) and 1,8-bis(aza-15-crown-J)-anthracene-9,lO-dione 
(36). To a solution of aza-15-crown-5 (2.19 g, 
9.98 mmol) in anhydrous diethyl ether (40 ml) was 
added n-butyllithium (1 -6  M in hexane, 6 ml, 
9.6mmol). After 15 min, a solution of 3 (1*36g, 
4.91 mmol) in dry benzene (80ml) was added. The 
mixture was stirred (20 min) and then heated at reflux 
for 1 h. The mixture was cooled, H2O (50 ml) was 
added and the aqueous layer was extracted (CHzC12, 
2 x 50 ml), dried (MgS04), filtered and concentrated 
in vacuo. After column chromatography (silica, 
EtOAc, then 25% MeOH-CH2C12, then MeOH), 35 
and 36 were isolated. Compound 35 was crystallized 
(EtOAc-hexane) to give a purple solid (0.21 g, 19%): 
m.p. 106.0-107.0 OC. 'H NMR: 3.50-3.85 (m, 20H, 
NCHZ, OCHz), 7.30-8-05 (m, 6H, ArH). IR (KBr): 
2910, 1875, 1660, 1585, 1510, 1240, 1120, 1110, 


720 cm- '. Analysis: calculated for C Z ~ H Z ~ C ~ N O ~ ,  c 
62.27, H 5.71, N 3-05; found, C 62.55, H 5.75, N 
2.99%. Compound 36 was isolated as viscous purple oil 
(O.lOg, 7%). 'H NMR: 3-30-3.90 (m, 40H, NCHZ, 
OCHz), 7.30-7.70 (m, 6H, ArH). Analysis: calculated 
for C34Hd6N2O10, C 63.52, H 7.23, N 4-36; found, C 
62*?6, H 7.35, N 4.09%. 


1,8-Bis-(2-bromethoxy)anthraquinone (37). To a 
solution of 1,8-dihydroxyanthraquinone (5 .O g, 
20.8mmol) in anhydrous DMF (80ml) was added 
Cs2C03 (30 g, 92 mmol) while stirring during 10 min. A 
color change from orange to deep purple was observed. 
Dibromoethane (10 ml, 11$mmol) was then added and 
the mixture heated to 80 C. After 3 h, the reaction 
mixture was cooled, filtered through a pad of Celite and 
the solvent removed in vacuo. Column chromatography 
(Si02, 0-470 MeOH-CHzCI2) and crystallization from 
EtOAc afforded the dibromide (370) (3*2g, 18%) as 
long orange needles: m.p. 153-154 C. 'H NMR: 3.76 
(t, 4H, CH2Br), 4.44 (t, 4H, ArOCHZ), 7.31 (d, 2H, 
Ar H-2 and H-7), 7.62 (t, 2H, Ar H-3 and H-6), 7.87 
(d, 2H, Ar H-4 and H-5). Analysis: calculated for 
C18H14Brz02, C 47.61, H 3.11; found, C 47.51, H 
3.13%. 


Anthraquinone- [2.2] -cryptand (38). A solution of 
4,13-diaza-lS-crown-6 (1 -0  g, 3.8 mmol) in n-PrCN 
(50 ml) was added to a solution of the dibromide 37 (see 
above) (1-74 g, 3 -8  mmol) in 350 ml of the solvent con- 
taining Na2CO3 (9-6g, 91 mmol) and NaI (0-7 g, 
4.7 mmol). The suspension was stirred and heated at 
100°C for 24 h, cooled, filtered and the solvent 
removed in vacuo to afford a green oil. Column chro- 
matography (A1203, 0-1070 MeOH-CHCHl3) followed 
by recrystallization from absolute EtOH (20 ml) 
afforded 38 (1.1 g, 52%) as green crystals: m.p. 
127-129 "C (turned brown). 'H NMR: 3.05 (t, 8H, 
CH~CHZO), 3.72 (m, 8H, OCH~CHZN), 4.18 (t, 4H, 
ArOCHz), 7.24 (d, 2H, Ar H-2 and H-7), 7-58 ( t ,  2H, 
Ar H-3 and H-6), 7.89 (d, 2H Ar H-4 and H-5). IR:  
3440 (br), 2980, 2900, 2840, 1680, 1595, 1480, 1460, 
1450, 1420, 1365, 1330, 1270, 1250, 1180, 1140, 1120, 
1105 cm-'. Analysis: calculated for C&3sNzO8, c 
64.97, H 6.91, N 5.05; found, C 64.72, H 6.93, N 
4 99%. 


Crystal structure data for anthraquinone- [2.2] - 
cryptand (38). Crystals suitable for x-ray crystallo- 
graphic analysis were obtained by slow evaporation of 
a solution containing 38 is absolute EtOH. Crystal 
structure data: C30H38N208, FW 554.7 g molF', 
triclinic crystal system, space group P i ,  a = 8.6179(4) 
A, b =  11.2228(5) A, C =  15.3694(8) A, I/= 138.5(1) 
A3; d, = 1 a335 gcm3, Cu KP radiation, graphite 
monochromator (p = 7.57 cm-'), R = 0.0172 for 2843 
unique observed reflections with F > 6Q(F), measured 
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on an Enraf-Nonius CAD-4F (kappa geometry) x-ray 
spetrometer using Q / B  scans, 2 O < 28 < 110 . 
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MODULATION OF THE CATION COMPLEXING PROPERTIES IN 
THE 'LOWER RIM' CHEMICALLY MODIFIED CALIXARENE 


SERIES 


M. J .  SCHWING-WEILL, F. ARNAUD-NEU 
Laboratoire de Chimie-Physique, URA 405 au CNRS, EHICS, I rue Blaise Pascal, 67000 Strasbourg, France 


AND 


M .  A. McKERVEY 
School of Chemistry, The Queen's University, Belfast, BT7 4AG, Northern Ireland, UK 


The effect of chemical modifications on the lower rim of calix [n] arenes is analysed with respect to the cation binding 
ability of the receptor. Extraction data and stability constants of the complexes are discussed. Three main factors are 
investigated: the size of the calixarene, the conformation of the calixarene and the nature of the ligating group attached 
to the phenolic oxygen. The work concentrates on esters, ketones, amides, thioamides and carboxylic acids. Some data 
concern chemically modified tetrahomodioxacalix [4] arene esters. 


INTRODUCTION 


A great number of calixarenes chemically modified on 
the lower rim by substitution of the phenolic hydrogen 
have been synthesized (see Figure 1 )  and their cation 
complexation abilities have been studied by several 
groups. 


In this review commentary, we present an analysis of 
the different factors which have an influence on the 
cation binding ability of chemically modified calix- 
arenes synthesized by our group, in which the ligating 
groups contain carbonyl or thiocarbonyl functions. 
This is important in order to know how to modify a 
calixarene to make it efficient for a given purpose, 
mainly selective extraction or transport and design of 
selective electrodes. 


Three main factors have been investigated: the size of 
the calixarene, the conformation of the calixarene and 
the nature of the ligating groups attached to the phe- 
nolic oxygen. Our work has concentrated on esters, 
ketones, amides, thioamides and carboxylic acids 
(Figure 1). Some work has also been done on the di- 
oxacalixarene series (Figure 1). 


Three experimental techniques were used to assess the 
complexing properties: determination of stability 
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Symmetrical calixarenes 


R = CH,CO, R' 
R = CH,COR' : ketones 
R = CH, CONR', : amides 
R = CH,CSNR', : thioamides 
R = CH, CO,H 


: esters 


: acids 
OR 


n = 4, 5, 6. 7, 8 


Oxacalixarenes 


R = -CH2COOR' 


R' =-El,  -(CH2)0CH3 
2 


OR OR 


Figure 1. The different chemically modified calixarenes 
studied 
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constants in a homogeneous medium by UV spectro- 
photometry and/or potentiometry, biphasic picrate 
extraction experiments from water into dichloro- 
methane and transport experiments from one aqueous 
solution to another aqueous solution through a thick 
liquid dichloromethane membrane. Only the stability 
constants really reflect the true binding ability of the 
receptors. The extraction results are dependent on 
additional factors such as the lipophilicity of the con- 
stituents of the extraction system, whereas the transport 
results are dependent on the extraction and the kinetic 
properties of the system. 


Although many of the data presented here have 
already been published, 1,2,5-9 our intention is to 
analyse the features of a range of chemical modifica- 
tions in relation to selective cation binding. We also 
present new information on pentamer and heptamer 
ethyl esters, on a tetraacetic acid, on a new dioxacalix- 
[4] arene and on thioamides. 


In the following, /3 will designate the stability con- 
stants of complexes, expressed as concentration ratios 
[ML"'] / [ Mm+] [ L] , where M"' = cation and 
L = calixarene. K,  will designate the thermodynamic 
extraction constant for the extraction of metallic 
picrates by a calixarene from an aqueous neutral sol- 
ution into a dichloromethane organic phase. K ,  is equal 
to the concentration ratio [FK?GI/ [Mm+l [A-I "'[El, 
where [A-] is the co-extracted picrate anion; the 
overlined brackets refer to concentrations in the 
organic phase. The extraction data can also be 
expressed as the percentage cation extracted, 
%E= [=I/ [m] + [M'"']. 


INFLUENCE OF THE CALIXARENE SIZE IN 
THE SYMMETRICAL ESTER SERIES 


In our first publications on the ester and ketone 
series, 2s,6  we presented extraction data for alkali metal 
picrates from basic aqueous medium into a 
dichloromethane phase. We have repeated these studies 
using a neutral aqueous medium in order to avoid 
extraction saturation and thereby provide a potentially 
broader range of extraction extent. The new data for 
tert-butylcalix [n] arene ethyl esters are given as percen- 
tage of cation extracted in Table 1 and are represented 
as log K ,  vs the cation ionic radii in Figure 2.  


It is obvious that the size of the calixarene in the 
series n = 4, 5, 6, 7 and 8 has a very significant effect on 
both the levels of extraction and the cation selectivity. 
Three effects can be expected with an increase in the 
degree of condensation: (i) formation of stronger com- 
plexes, due to the increase in the number of ligating 
sites, (ii) an increase in the size of the hydrophilic cavity 
of the receptor and (iii) conformational changes. 


A first observation concerns the tetra- and the penta- 
ethyl esters, which are both in the same cone 


Table 1 .  Percentage cation extraction from an aqueous 
neutral alkali metal picrate solution into dichloromethane by 
p-tert-butylcalix [n]  arene ethyl esters of various degrees of 


condensation n 


Degree of 
condensation Lif Na+ K +  Rb' Cs' 


n = 4a I 29 5 4 6 
n = s b  8 33 46 51 51 
n = 6 a  0 . 9  2 . 7  18 16 33 
n = I a  1 . 3  1 .9  2 . 7  1 .8  1.7 
n = 8 =  0 1.0 1 . 3  1 . 1  0.8 


~~ ~ 


"Ref.  8 .  
bRef. 11. 


conformation. '*I1 Nevertheless, Figure 2 shows a great 
difference in their complexing behaviour towards alkali 
metal cations: all cations are better extracted by the 
pentamer, according to effects (i) and (ii), but the 
extraction profile is different in both cases. The 
tetramer gives rise to a very sharp peak selectivity in 
favour of Na*, whereas the pentamer leads to a 


n=5 


n=6 


n=4 


n=7 


n=8 


Figure 2. Logarithms of the extraction equilibrium constants 
K,  for the extraction of alkali metal picrates by p-ferf- 
butylcalix [n] arene ethyl esters from a neutral aqueous solution 
(metal concentration = 2.5 x M) into a dichloromethane 
solution (ligand concentration = 2.5  X M) at 2 0 ° C 1 0 ~ ' 1  
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'plateau-like selectivity' for the larger cations, with a 
lower discrimination between them. This difference can 
certainly be attributed to factor (ii), i.e. to the more or 
less good fit between the sizes of the cations and the 
cavities. 


A second observation concerns the larger calixarenes, 
which have a much weaker extraction power, 
decreasing from n = 6 to  7 and 8. This is in contradic- 
tion with factor (i) but results from factors (ii) and (iii). 
These larger oligomers d o  not display any sharp selec- 
tivity as does the smaller tetramer. The hexamer has a 
high extraction power for K', Rb' and Cs', inter- 
mediate between those of the tetramer and the pen- 
tamer. Cs' is the alkali metal cation best extracted by 
the hexamer, in agreement. with the structural data, 
which suggest a better size fit for the larger cations, 
whereas the heptamer and octamer, which are very 
weak extractants, d o  not discriminate much between 
the five cations, but still exhibit a very slight preference 
for K + .  


A further example of the influence of the size of the 
cavity and the conformation may be illustrated by the 
comparison between the tetraethyl ester and the 
dioxacalix [4] arene tetraethyl ester. 5,7 In the latter, the 
aromatic residues adopt the 1 , 2  alternate conformation 
(Figure 3), leading to a larger cavity. 


cone 1,2 alternate 


Figure 3. Cone and 1,2 alternate conformations of calix- 
[4] arenes 


Table 2. Picrate extraction from water into dichloromethane 
and stability constants in methanol for the p-terf- 
butyltetrahomodioxacalix 141 arene tetraethylmethoxy ester 


with alkali metal cations 
~ 


Parameter Li+ NaC K + Rb+ Cs+ 


Log P 2 . 2  2.7 4 .1  4 . 0  3.9 
%E 2 3 15 15 14 


In fact, the dioxatetraethyl ester is conformationally 
more similar to a hexamer than t o  a tetramer. We have 
already reported the stability constants of this dioxa 
compound, not in methanol where it is insoluble, but in 
acetonitrile, as well as the %E;' it is obvious that it is 
no longer selective for Na', and behaves more like a 
calix[6]arene ethyl ester in that it prefers the larger 
cations. The same behaviour is found for another 
dioxacalix [4] arene tetraester, the tetraethylmethoxy 
ester, in methanol 10 (Table 2). 


I N F L U E N C E O F T H E N A T U R E O F T H E  


T H E  SYMMETRICAL ESTER SERIES 


We have shown previously that the calix [4] arene 
tetramethyl ketone extracts and complexes the alkali 
metal cations slightly better than the calix [4] arene 
tetraethyl ester, with, for both, a sharp peak selectivity 
in favour of Na+ . This behaviour is in agreement with 
the structural data, which show a better preorganiza- 
tion in the case of the oxygen donor sites in the ketone 
and greater basicity of the tetraketone donor oxygens. 
However, another calix [4] arene tetraketone, bearing 
the bulkier tert-butyl substituents, displays a broader 
peak selectivity, including Na+ and K + ,  and this has 
been interpreted by an enhancement of the cavity size 
due to the bulky substituents. This result suggested 
that the residue on the function attached to  the calix- 
arene may also play a role in the complexation selec- 
tivity, depending on its electronic and/or steric 
properties. We therefore studied a number of calix- 
[4] arene tetraesters, all possessing the cone conforma- 
tion in solution but with different substituents R '  in the 
C02R'  group: R '  = methyl, ethyl, n-butyl, tert-butyl, 
benzyl, phenyl, phenacyl, methoxyethyl, trifluoroethyl, 
methylthioethyl and propargyl. The conclusions of the 
complexation studies in methanol are in the main con- 
firmed by the extraction studies.' The Na+/K+ selec- 
tivity of the receptors, S N ~ ,  is expressed as the ratio of 
the stability constants P(Na+)/P(K'). A substantial 
substituent effect was observed: in the simple alkyl 
series, the methyl group decreases (160) with respect 
to  the value for the ethyl group, taken as the reference 
substituent (SNa = 400) and the n-butyl group has the 
reverse effect, leading to  = 800. The tert-butyl 
group, on  the other hand, has the same effect of dimin- 
ishing (down to 5), as already pointed out for the 
ketone series. Substituents bearing heteroatoms or mul- 
tiple bonds induce a large change in selectivity, ranging 
from 2500 for the phenacyl to  25 for the trifluoroethyl 
ester. The exceptionally high discriminating power of 
the phenacyl derivative can be interpreted in terms of a 
greater rigidity of the molecule, which prevents a good 
match with K'. 


SUBSTITUENT R '  ON THE ESTER GROUP I N  
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INFLUENCE OF THE NATURE OF THE 
FUNCTION ATTACHED TO THE PHENOLIC 


OXYGEN 


In the alkali metal series 


Figure 4 shows the log p values in methanol for four 
types of substituted calix [4] arenes, all known to exist in 
the cone conformation. It is clear that the stability of 
the 1 : 1 alkali metal complexes increases in the order 
tetraethyl ester < tetramethyl ketone < tetradiethyl 
amide < tetraacetate* (except for Cs'). 


Although the ketonic member of the series is the 
methyl ketone, not an ethyl ketone, we anticipate that 
the difference between two such similar structures 
would be very small. The ester, amide and ketone are 
all looser binders than the cryptand 221, but the 


10 . 


8. 


6 -  


4 -  


NI acid 


221 


MlMe ketone 
MlEt  estet 
MIEt, amide 


2t 
Figure4. Influence of the nature of the ligating functions 
attached to the phenolic oxygens of calix[4]arenes on the 
stability constants p of the 1 : 1 alkali metal complexes in 
methanol at 25 'C (from Refs 1, 8 and 12). Values for the 


cryptand 221 are taken from Ref. 13 


*The stability constants of the complexes of the calix[4]arene 
tetraacetic acid LH4 are those of the 1 : 1 ML complexts. The 
four pKa values of the tetraacid in methanol at 25 C are 
pK, = 8 . 2 ,  pK2 = 9.2,  pK3 = 10.9 and pK4 = 13.4. In addition 
to &he fully deprotonated complex ML, protonated complexes 
are also formed. For instance, with Na', the log values for 
the complexation reactions of the protonated forms of the 
ligand according to M"" + LH,("-"- ? MLH/m-"+e"- are 
7 . 2  for i =  1, 6.4 for i = 2  and 5.0 for i = 3 .  


tetraacid derivative is a better complexing agent than 
221. In all cases, there is a peak selectivity in favour of 
Naf .  increases in the reverse order of the stability, 
from the acid to the amide, ketone and ester deriva- 
tives. In this solvent, all calixarenes are more selective 
than the cryptand 221, which in methanol loses the 
exceptional selectivity for Na+ observed in other 
media. l3  The calix [4] arenes are more selective than the 
crowns 15C5 and BISC5 and also than the natural anti- 
biotic monensin. l4 


In the alkaline earth metal series 


Whereas esters and ketones do not complex sig- 
nificantly alkaline earth metal ions in methanol, the 
amide and the tetracarboxylate are excellent complexin 
agents of these cations, as can be seen from Figure 5 .  


The tetraacid displays a very sharp peak selectivity 
for CaZ+,  a cation with about the same ionic radius as 
Na+ . The tetrapyrrolidinyl amide displays a broader 
peak selectivity for both Ca2+ and Sr2+ which, in fagt, 
do not have very different ionic radii (0.99 and 1 13 A, 
respectively 15). A huge CaZC/MgZ' selectivity is exhi- 
bited by these ligands: lo6 for the amide and 10'' for 


D 


C41 pyrr. amide 


1.k ritA) 


MgZ* caZ. c p  ~ 2 .  


0.5 1.0 


Figure 5 .  Logarithms of the stability constants of the 1: 1 
complexes of alkaline earths metals with the calix [4] arene 
N,N-diethylamide and the calix [4] arene tetraacetate at 25 'C  


(from Refs 8 and 12) 
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the acid. These values are, to  our knowledge, the 
highest ever reported for neutral or ionizable ligands. 


Other cations 
A great variety of cations have been screened for extrac- 
tion by thioamides. l 6  Results for two tetramers and two 
hexamers in extraction are shown in Table 3 together 
with, in parentheses, the data for the corresponding 
amides. 8,16 


It can be seen that the thioamides hardly extract the 
alkali metal, alkaline earth metal and lanthanide 
cations, contrary to the corresponding amides. Whereas 
Coz+ and Cd" are almost unextracted (except by the 
hexapyrrolidinyl thioamide in the case of C d 2 + ) ,  C u 2 + ,  
Pb" and Ag' are well extracted by the four 
thioamides. The extent of extraction compared with 
that of the corresponding amides can be inferior (PbZ+ 
and Ag+ with the tetradiethyl thioamide), nearly equal 
(Cu" with the tetradiethyl thioamide, P b 2 +  with the 
tetrapyrrolidinyl thioamide and Ag+ with the tetra- and 
hexapyrrolidinyl thioamides) or superior (Cu *+  with 
the tetrapyrrolidinyl thioamide and Ag' with the hexa- 
diethyl thioamide). This switch from a preference for 
alkali and alkaline earth metal cations to heavy metals 
is consistent with the change from a hard oxygen-based 
binding group to a softer sulphur-based binder, and 
demonstrates the very wide range of complexing ability 
that can be achieved with simple chemical modification 
of the calixarenes. 


Table 3 .  Extraction data for thioamides and, in parentheses, 
for the corresponding amides8.lfi 


Thioamide 


Tetrapyrro- Hexapyrro- 
Cation Tetradiethyl lidinyl Hexadiethyl lidinyl 


Na' 7 (95) 
K +  8 (74) 


2 +  3 (9) 


COLT 4 
;3 + 3 (74) 


CU2' 19 (14) 
Pb" 56 (97) 
C d Z t  8 (97) 
Ag' 80 (99) 
Pr" 2 (14) 


5 (49) 


- (20) 
3 (94) 
3 


42 
46 
58 


5 (52) 


94 (97) 
- 


INFLUENCE OF MIXED FUNCTIONALITIES 


Combining various functional groups on the same 
calixarene substructure represents yet another way to  
modify the complexation selectivities. In previous 
work, ' * I 2  in methanol was reported for the mixed 


R' = CH2COMe R' = CHZCONEtz 


CH2CONPyrr 


CHzCOzH 


Figure 6. The calixarenes with mixed functionahties 1.'2 


2 : 2 and 3 : 1 calix [4] arenes represented in Figure 6 .  We 
have shown that the replacement of two ester groups by 
two ketones in the tetraethyl ester reduces in 
methanol from 400 to  250, a result which could have 
been predicted as ketones are less selective than esters. 
Changing one ester group by a carboxylic acid enhances 
the complexation level from 5 to  6 log units for sodium 
and from 2.4 to  4 .9  log units for potassium, but is 
drastically decreased from 400 to  13. This also could be 
expected as the tetracarboxylic derivative is a stronger 
binder than the tetraester, but displays a poorer selec- 
tivity. The introduction of a tertiary amide among three 
ethyl ester groups also leads to a decreased selectivity, 
as expected from the different complexation behaviours 
of the tetraethyl ester and the tetradiethyl amide ( S N ~  
130 and 400, respectively). 


CONCLUSION 


This paper has illustrated that one can modulate the 
complexing properties of a 'lower rim' substituted 
calixarene by varying the following main factors: (1) the 
size match between the metallic cation and the ligand 
hydrophilic cavity, which mainly depends on the degree 
of condensation and on the conformation; (2) the 
arrangement of the binding sites and the degree of 
preorganization of the receptor; and (3) the chemical 
nature of the binding sites. Another paper in this issue, 
together with V .  Bohmer and W. Vogt, further illus- 
trates the fact that even minor changes in the conforma- 
tion of the chemically modified calixarene can be 
associated with drastic changes in the complexation 
properties. 
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STABILIZATION OF MOLECULAR ASSOCIATION: AN AMl/PM3 


COMPLEXES 
STUDY OF TETRAHALOMETHANE-ARENE MOLECULAR 


THOMAS MAGER* AND HELMUT BERTAGNOLLI 
Institut fur Physikalische Chemie, Universitaf Wurzburg, Markusstrasse 9-11, W-8700 Wurzburg, Germany 


An AMl/PM3 study of several tetrahalomethane-arene molecular complexes is presented. The results indicate the 
existence of weak attractive non-dispersion interactions in some of these complexes, which can be rationalized in terms 
of multipole-multipole and multipole-induced dipole interactions. No evidence was found for the occurrence of 
charge transfer in the ground states of these complexes. 


INTRODUCTION 


The binding in electron donor-acceptor (EDA) com- 
plexes has been the subject of many experimental and 
theoretical studies. There has been some disagreement, 
however, as to the nature of the intermolecular interac- 
tions that lead to the formation of these complexes. 
Earlier this century, interpretation of the stabilities of 
EDA complexes was based on ‘classical’ interactions, 
which may be described in terms of the ‘no-overlap’ 
wave function YO. In the wake of Mulliken’s seminal 
work, in which he proposed that the observed 
properties of EDA complexes could be explained by 
mixing charge-transfer (CT) excited states YI into the 
ground-state wavefunction * N  of the complex 
(YN = a90 + b*1), many experimental findings, in 
particular spectral observations, were (successfully) 
rationalized in terms of CT interactions. There has been 
a tendency, however, to overestimate the contribution 
of CT interactions and, more often than not, models of 
the binding in EDA complexes were based solely on CT, 
rather than on a combination of CT and all the other 
types of interaction, as originally proposed by Mul- 
liken. l In a series of papers, Hanna and c o - ~ o r k e r s ~ - ~  
stressed the importance of the ‘no-overlap’ wavefunc- 
tion qo in describing the ground-state properties 
of weak EDA complexes, such as benzene-halogen 
complexes. They placed special emphasis on the 
contributions to the heat of formation from multi- 
pole-induced dipole and multipole-multipole interac- 
tions in these complexes, and concluded that in many 
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cases the contribution from CT interactions had been 
overestimated in the past. 


The nature of the binding in a series of complexes 
based on tetrahalomethanes and aromatic compounds 
has been investigated experimentally during the past 
four decades. Especially the extent to which charge 
transfer occurs in these complexes has been a moot 
point (see Ref. 6 for a brief review of several exper- 
imental studies of CBr4-arene complexes). In 1962, 
Strieter and Templeton7 reported the crystal structure 
of a CBr4-p-xylene complex, and in a recent paper6 the 
existence in solution of a 1 : 1 CBr4-toluene molecular 
complex was demonstrated by means of differential 
anomalous x-ray scattering (DAS). The DAS results 
indicate the prevalence of ‘centrosymmetric’ species 
with one bromine atom directed at the ring centre and 
three bromines pointing away from the ring (Figure 1) 
[6]. This arrangement is very similar to that found 
in the aforementioned crystal structure of the 
CBr4-p-xylene complex. ’ 


The aim of this work was to investigate with PM3899 
and AM1 lo semi-empirical methods the nature of the 
non-dispersion intermolecular interactions in a series of 
complexes based on tetrahalomethanes and several aro- 
matic compounds. The merits and drawbacks of these 
semi-empirical methods are currently being investigated 
by many groups, and it appears that PM3 gives results 
of higher accuracy. 11312 Even so, the calculation of 
intermolecular potential energy curves may lead to 
erroneous results, since this type of calculation tends to 
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Figure 1 .  ORTEP diagram” of the ‘centrosymmetric’ intermolecular geometry chosen for the AM1 and PM3 calculations. (a) Side 
view; (b) top view 


underestimate the dispersion interaction between the 
constituent molecules in an EDA complex. 12,13 Neglect 
of the dispersion part of the ‘classical’ wavefunction 
has two effects: l4 (1) since van der Waals (vdW) disper- 
sion forces are invariably attractive, the complexes may 
appear to be less stable than they actually are, and (2) 
the equilibrium distances obtained from the calcu- 
lations are too large. There are, however, several 
reasons why neglect of dispersion interactions does 
not affect the conclusions drawn in this paper. First, 
the trend of increasing stability in the series of 
benzene-tetrahalomethane complexes discussed below 
is merely enhanced by addition of attractive dispersion 
forces, because the one major factor that varies in the 
series, i.e. polarizability, affects dispersion forces and 
multipole-induced dipole interactions in a similar 
fashion (Table 1). Second, since all aromatic systems 
investigated in this work have very similar polarizabil- 
ities (cf. Table2), the trend observed in the series of 
CBr4-arene complexes is not affected by the inclusion 
of vdW forces: the potential energy curves are merely 
shifted to lower energies by an equal amount. Third, 
the question of whether or not a particular EDA 
complex will be formed in solution (as is the case with 
the system investigated previously6) does not really 
depend on the strength of the vdW dispersion forces, 
since arene-arene and CBr4-CBr4 dispersion interac- 
tions should be of comparable strength. Hence, only 
the study of the non-dispersion interactions in these 
complexes will help explain the preferred formation of 
particular complexes and their relative stabilities. This 
work was undertaken to elucidate qualitatively the 
relative stabilities of a series of complexes involving 
aromatic systems and tetrahalomethanes in terms of 
the non-dispersion intermolecular interactions. 


METHOD OF CALCULATION 


The calculations were performed using the AM1 and 
PM3 methods as implemented in the MOPAC 6.0 
package. l5,l6 The final results were obtained using the 
PRECISE option and taking account of the relevant 
symmetry constraints, i.e. the molecular point group 
(e.g. C2 in the case of chlorobenzene). All calculations 
were carried out on a SUN SPARCstation 2. 


Calculations of the gas-phase heats of formation, the 
point charges on the constituent atoms and the atomic 
orbital electron populations were performed for the fol- 
lowing molecules and molecular complexes: CF4, CCL, 
CBr4, PhNHz (Ph=CsHs), PhCH3, PhH, PhCl, 
PhN02, CF4-PhH, CCL-PhH, CBr4-PhH, 
CBh-PhNHz, CBrd-PhCH3, CBr4-PhCl and 
CBr4-PhN02. The molecular complexes were examined 
at a fixed relative orientation (Figure 1) at various inter- 
molecular distances with the reaction path option. The 
intramolecular geometry (all parameters) are optimized, 
taking account of the aforementioned symmetry 
constraints. 


RESULTS AND DISCUSSION 
The potential energy curves in Figures 2 and 3 were 
obtained by the following procedure: The heats of for- 
mation A& of the molecular complexes were obtained 
by the methods described in the preceding section. At 
distances C C H ~ ~  - ring centre larger than ca 20A no 
significant change in the heats of formation was detect- 
able. These values were taken as the heats of formation 
at infinite separation AH? and subtracted from the 
heats of formation obtained at shorter distances, thus 
yielding the interaction energy of the system 
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Figure 2. Binding energy AAHr (in multiples of 
R T =  0.5921 kcal mol-' at T =  298 K) of various 
benzene-tetrahalomethane EDA complexes as a function of 
the intermolecular distance d.  (a) AM1 results; (b) PM3 


results. *, CF4; a, CC14; A , CBr4 


AAHf = A H f -  AH?.  The results in Figures 2 and 3 
are given in multiples of RT (at 298 K: 
R T =  0.5921 kcalmol-I), R being the gas constant and 
T the temperature. The electron populations n: of the 
?r systems of the aromatic rings were obtained by 
adding up the populations of the pz atomic orbitals of 
the phenyl carbon atoms. The results of these calcu- 
lations are given in Tables 1 and 2 (the subscript eq 
refers to values at equilibrium separation, i.e. the 
minima in the potential energy curves). 


The obtained heats of formation agree very well with 
the experimental values (Table 1); the only significant 
discrepancy shows up in the heats of formation of 
CBr4. PM3 yields a value twice as large as that obtained 
by AM1 . Comparison with the experimental values 
provides no criterion for assessing the quality of the cal- 
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2 5  
20 
1 5  
10 
0 5  
0 0  
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- 1  n . .- 
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Figure 3. Binding energy AAHr (in multiples of 
R T =  0.5921 kcalmol-I at T =  298 K) of various arene-tetra- 
bromomethane EDA complexes as a function of the intermol- 
ecular distance d. (a) AM1 results; (b) PM3 results. 0, 
CsHsNHz; 0, C6HsCH3; A ,  C6H.5; 0 ,  CsHsCI; *, CsHsNOz 


culations, because there is a startling discrepancy of 
19 kcal mol- ' between the two experimental values. It 
should be noted, however, that the second value of 
35 kcalmol-' is an estimated valueI7 and does not 
appear to be reliable (even the authors doubted its cor- 
rectness "). This discrepancy, however, does not seem 
to have an influence on the interaction energies 
obtained. In fact, the relative stabilities calculated with 
AM1 [Figures 2(a) and 3(a)l and PM3 [Figures 2(b) 
and 3(b)] are almost identical. In the following sub- 
sections we shall examine these results in more detail. 


CHal4-benzene EDA complexes 


Figure 2 shows the potential energy curves for the inter- 
action of benzene with CF4, cc14 and CBr4. The trends 
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Table 1. Experimental and calculated heats of formation and calculated point charges on the Hall atoms of various 
tetrahalomethanes 


-225.7 -0.144 -0.140 +0.004 
-211.9 -0.111 -0.113 - 0.002 
-28.1 - 0.008 + 0403  +0*011 
- 26.0 + 0.055 + 0.062 +0.007 


16 15.9 + 0.101 +0.113 + 0.012 
35' 32.9 + 0.072 +0.106 +0.034 


38-3Sb - 221 CF4 AM 1 
PM3 


ccl4 AM1 
PM3 


CBr4 AM 1 
PM3 


105' -24.6 


144d 


aMean polarizability, in cm3, 
From Ref. 23. 


'From Ref. 24. 
dValue estimated from the mean polarizability of a C-Br bond (36.0 x 
' In kcalmol-l; from Ref. 23. 
'From Ref. 17. 
a In kcal mol-'. 
hPoint charge on the halogen atoms of a free CHaL molecule (in atomic units: - 1 .OOO is the charge of an electron). 
'Point charge on the Hal1 atom of a CH& molecule in a CHaL-benzene complex (in atomic units: - 1.OOO is the charge of an electron). 
'Deviation of the point charge on the Hall atom of a CHab molecule in a CHah-benzene complex from its value in a free CHaL molecule: 


C I ~ ~ ) . ' ~  


aqg$Lh.'V - - qW$~lcx.cq - qp' (in atomic units: - 1 .OOO is the charge of an electron). 


Table 2. Point charges and numbers of phenyl 7~ electrons in various tetrahalomethane-arene (Cd-kX) complexes 


NO2 AM 1 
PM3 


c1 AM1 
PM3 


H AM 1 
PM3 


CH3 AM 1 
PM3 


NH2 AM1 
PM3 


-0.03 +0-097 
- 0.03 + 0.042 
+0.04 + 0.109 
+0.04 + 0.102 


0.00 +0*113 
0.00 +0.106 


+ 0.02 +0.114 
+ 0.02 +0*108 
+0.16 +0*119 
+0.17 +Om114 


129.2 


122.5 


103.2 


122.6 


- 


- 0.004 
-0.030 
+ 0.008 
+0*030 
+0.012 
+0.034 
+0.013 
+ 0-036 
+0.018 
+ 0.042 


4.58 
4.86 
4.18 
4.35 
4.08 
4.25 
4.08 
4.25 
3.98 
4.15 


'Mean polarizability of CaHsX, in lo-'' cm3; from Ref. 24. 


'Calculated point charge on the Br, atom directed at the ring centre (cf. Table 1, footnote i). 
dDeviation of qKyp'c'.eq frpm the value found for a free CBr4 molecule (cf. Table I ,  footnote j). 
'Equilibrium distance (in A) between Brl and the ring centre. 


Deviation of the number of I electrons of the C ~ H S  moiety from the value of benzene (6.00 I electrons). 


in the relative stabilities are very similar: in the case of 
C R  there is no minimum in the potential energy, sug- 
gesting a highly repulsive interaction between the Hall 
atom (i.e. the one closest to the ring centre) and the x 
electrons of the ring. In contrast, a shallow minimum 
shows up in the potential energy curve for the 
CCl~benzene  complex [deq = 4.14 (AMl), 4.75 A 
(PM3); AAWt4 = - 0.196 (AMI), - 0.104 kcal mol-' 
(PM3)l. The CBr4-benzene complex is more stable, 
with even closer agreement of the results from PM3 
and AM1 [de,=4.08 (AMl), 4-25 A (PM3); 
AAHfq = - 0.392 (AMl), - 0-348 kcal rno1-l (PM3)l. 
Closer inspection of Figure 2 reveals that the intermol- 
ecular potentials obtained by PM3 are more repulsive at 
shorter distances than those from AMl, a fact which 


was pointed out by Messinger and Buss" in a study of 
TCNE-arene complexes. 


The results of the calculations tie in very well with 
Hanna's analysis of the 'no-overlap' interactions in 
weak EDA complexes.' The absence of dispersion 
interaction greatly facilitates the interpretation of the 
data, since the rationalization of the attractive interac- 
tions in terms of electrostatic multipole-induced dipole 
and multipole-multipole interactions will be much 
more straightforward. Analysis of the charge distri- 
bution in the complexes (carried out for all intermol- 
ecular distances; cf. Figure2) shows that no charge 
transfer occurs in their ground states (a dipole moment 
normal to the phenyl ring indicates the existence of a 
CT interaction I * ) .  The multipole-multipole interaction 







STABILIZATION OF MOLECULAR ASSOCIATION: AN AM llPM3 STUDY 257 


depends on the (permanent) charge distribution in the 
constituent molecules, and can be attractive or repul- 
sive. In the present case this type of interaction would 
occur between the ?r electrons of the ring and the Hall 
atom next to it. Table 1 shows that the point charge on 
the F atoms in CF4 is highly negative - a fact which 
would explain the distinctly repulsive potential in 
Figure 2. On the other hand, the multipole-induced 
dipole interaction is always attractive and should help 
to reduce the repulsiveness of the potential. However, 
the data in Table 1 show that, in spite of the attractive 
induction interactions, there is still a negative charge on 
the FI atom, and, what is more, that this charge is 
hardly influenced by the benzene ring - a fact which is 
attributable to the very low polarizability of CF,. By 
contrast, in CC4 there is only a small negative (AMl, 
-0.008), or even a slightly positive (PM3, +0-055), 
charge on the CI atoms, leading to an only slightly 
repulsive, or even an attractive, interaction between the 
benzene 7~ electrons and the C11 atom in the complex. 
The attractive effect is further enhanced by the induc- 
tion interaction: in the complex the charge on the C11 
atom is more positive than in a free CC4 molecule and, 
as the variation AqcHOaTplex.eq of the charge on the Hall 
atom in the complex at the equilibrium distance deq 
shows, the effect is much more pronounced than in 
CF4, owing to the significantly higher polarizability of 
CCL. This effect is even more marked in the case of the 
CBr4-benzene complex. The attractive interaction 
between the r electrons and the positively charged 
[ + 0.101 (AMl), +0-072 (PM3)] Brl atom is further 
strengthened by the induction interaction 
[qE7p1ex,eq = + 0.113 (AMl), + 0- 106 (PM3)], which is 
stronger than in CC4 or CF4, because CBr4 has the 
highest polarizability of the three tetrahalomethanes. 


As mentioned above, inclusion of dispersion interac- 
tion would render this trend even more marked, since 
also the vdW forces are governed by the polarizability 
of the constituent molecules. 


CBr4-arene EDA complexes 
In a second series of calculations, we investigated the 
dependence of the intermolecular potential in 
CBr4-arene EDA complexes on the type of aromatic 
donor, in particular on the T electron density of the 
phenyl group. To that end, we studied the electron- 
releasing, or -withdrawing, character of a number of 
substituents, and the resulting variation of the positive 
point charge on the Brl atom next to the ring centre. 


The term ‘electron-releasing or -withdrawing group’ 
is a useful concept in organic chemistry and serves as a 
qualitative measure of the reactivity of a given aromatic 
compound in electrophilic and nucleophilic aromatic 
substitution reactions. The reaction mechanism of the 
electrophilic aromatic substitution is generally believed 


to involve the initial formation of a ‘ A  complex’, i.e. a 
loose association of the electrophile (e.g. Br2) and the 
phenyl ring. Several types of complexes are discussed in 
the literature, ‘‘*I9 and x-ray studies established the 
‘axial’ or ‘centrosymmetric’ form to be extant in the 
crystals of the benzene complexes with Clz and Br2. zo*21 
This ‘axial’ form is identical with the intermolecular 
orientation discussed in this paper. 


In order to be able to assess the (r) electron- 
‘releasing or -withdrawing’ character of the substituents 
in more quantitative terms, we calculated the number of 
electrons contained in the r system of a given aromatic 
donor by adding up the atomic orbital electron popula- 
tions of the carbon pz orbitals. The deviation An: from 
the value for benzene (6.00 r electrons) of the number 
of r electrons of the C6Hs moiety is shown in Table 2. 
The results tie in well with chemical intuition: the NO2 
group is found to be electron withdrawing, the NHz 
group is established to be strongly r electron releasing. 
The complex stabilities follow a similar trend 
(Figure 3); electron-rich arenes form relatively stable 
complexes, while the r-electron-depleted C6H5 moiety 
in nitrobenzene does not interact attractively with CBr4. 
Again, this may be rationalized in terms of electrostatic 
interactions. In EDA complexes involving electron-rich 
donors, such as aniline, and CBr4 both the multi- 
pole-multipole and multipole-induced dipole interac- 
tions are attractive. In addition, the more electron-rich 
the donor, the stronger is its inductive effect on the Brl 
atom, as is revealed by the variation of the point charge 
on the Brl atom in each complex (Table 2). The very 
shallow minimum observed in the case of C6HsCI does 
seem to run counter to this conjecture; there is, how- 
ever, a second aspect to be considered: the presence of 
a substituent with a strongly negative inductive effect 
may reduce the electron density in the u skeleton of the 
phenyl ring so as to counterpoise the effect of a 
(slightly) enhanced T electron density. Indeed, analysis 
of the atomic orbital electron populations of those 
orbitals that form the u bonds in the C6H5 moiety 
shows that in the case of chlorobenzene and nitro- 
benzene the (I electron density, in particular on 
the (CH)z-(CH)a atomic groups, is drastically reduced 
{C6HsCk An:[(CH)2-6] = -0-071 (AMl), -0.054 
(PM3); caH~N02:  Aflg[(CH)2-6] = - 0.116 (AMl), 
- 0.108 (PM3)) ; in other words, these molecules are ‘Q 


dipoles.’ with the positive charge centred in a region 
close to the Cz-6 atoms. In the case of C6H5CI this 
effect is not strong enough to offset completely the 
enhanced r electron density (it should be noted that the 
interaction between an aromatic donor and a bromine 
atom is mainly of the dr-au type); with nitrobenzene 
the inductive effect of the NO2 group is so pronounced 
that the charge on the ring is indeed a positive one [the 
point charge on the Brl atom is, in fact, diminished by 
the presence of the nitrobenzene molecule, 
Aq$:FPlcx.eq = -0.004 (AMl), -0.030 (PM3), indi- 
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cating the existence of a positive charge on the phenyl 
ring]. 


As already mentioned in the Introduction, inclusion 
of dispersion interaction would lead to a shift of all the 
potential energy curves in Figure 3 to lower energies by 
an equal amount, since the polarizabilities of all aro- 
matic systems investigated in this work are of the same 
order of magnitude (cf. Table 2). They would not help 
explain the preferred formation of certain EDA com- 
plexes based on tetrahalomethanes and aromatic com- 
pounds. For instance, the p-xylene-CBr4 complex is a 
solid at room temperature, whereas a 1:l mixture of 
CBr4 and toluene is a liquid at 305 K (of course, 
packing effects may contribute to this observation). 
Neglect of dispersion terms may explain the discrepancy 
in the equilibrium distances obtained by AM1 and PM3 
(ca 4.0-4.1 A) and the experimental values for the 
p-xylene-CBr4 complex (crystal structure, 3 - 3 5  A’) 
and the liquid-phase toluene-CBr4 complex (3.54 A6).  


Analysis of the charge distribution normal to the 
phenyl ring (carried out for all intermolecular distances; 
cf. Figure 3) indicates that no charge transfer occurs in 
the ground state of any of the complexes investigated. 


CONCLUSIONS 
This study provides evidence for the existence of weak 
attractive non-dispersion interactions in some tetra- 
halomethane-arene complexes. The observed trends 
can be rationalized in terms of multipole-multipole and 
multipole-induced dipole interactions, as originally 
suggested by Hanna. The results indicate the absence 
of charge transfer in the ground states of these 
complexes. 
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POTASSIUM FLUORIDE FOR THE PROMOTION OF p- 
CY CLODEXTRIN-INDUCED REGIOSELECTIVE P-0(3 ’ ) 
CLEAVAGE OF ADENOSINE 2’,3 ’ -CYCLIC PHOSPHATE 


SHINYA SAWATA 
Institute of Materials Science, University of Tsukuba, Tsukuba, Ibaraki 305, Japan 


AND 


MAKOTO KOMIYAMA* 
Department of Industrial Chemistry, Faculty of Engineering, University of Tokyo, Hongo, Tokyo 113, Japan 


Both the regioselectivity and the reaction rate for the 8-cyclodextrin (P-CyD)-induced P-0(3’) cleavage of adenosine 
2’,3’-cyclic phosphate (A > p) to adenosine 2’-phosphate are greatly promoted by KF. The promoting activity of KF 
is much larger than that of KCI. KF amplifies the difference in the chemical circumstance between the P-0(2’) and 
the P-0(3’) bonds of A > p, induced by P-CyD on complex formation with A > p. The higher activity of KF is 
ascribed to absence of complex formation of F -  ion with P-CyD, which results in deeper penetration of A > p into 
the cavity of P-CyD. 


INTRODUCTION 


Mimicking of the function of ribonuclease has been 
widely attempted, and efficient catalysts for the hydro- 
lysis of RNAs have been However, 
another feature of ribonuclease, regioselective cleavage 
of 2‘,3 ‘-cyclic phosphates as intermediates, has not yet 
been sufficiently accomplished. 


In previous work,’ 2’,3’-cyclic phosphates of 
ribonucleosides were regioselectively cleaved by the use 
of cyclodextrins (CyDs) as catalysts. Further, both the 
selectivity and the reaction rate for the CyD-catalysed 
cleavage were increased by alkali metal chlorides, espe- 
cially KCI. There the cyclic phosphate was shallowly 
included in the cavity of CyD, which was also accom- 
modating C1- ion as well [see Fig. 3(b)]. This finding 
indicated that the CyD-KF combination can exhibit an 
even higher catalytic activity, since F~ ion is hardly 
included in the cavity and hence the penetration of the 
cyclic phosphate can be deeper. 


This paper reports that KF greatly promotes both the 
selectivity and the reaction rate for the regioselective 
cleavage of adenosine 2‘,3 ’ -cyclic phosphate induced 
by 0-CyD and a-glycosyl-0-CyD (GI-P-C~D).  The mag- 
nitude of promotion is much larger than that given by 


*Author for correspondence. 
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KCI. The reactions were studied kinetically and spec- 
troscopically and a reaction mechanism is proposed. 


EXPERIMENTAL 
Materials. 2’,3’-Cyclic phosphates of adenosine, 


guanosine, cytidine and uridine (A > p, G > p, 
C > p, and U > p) were purchased from Sigma. 
GI-P-CyD was kindly supplied by Ensuiko (the molec- 
ular structure of G1-O-CyD is described in the legend to 
Fig. 4; the specimen was free from impurities according 
to HPLC analysis). All the reaction vessels and the 
water were sterilized immediately before use, in order to 
prevent contamination of ribonuclease. Absence of 
contamination was confirmed by the preferred for- 
mation of adenosine 2’-phosphate (see below). The 
enzyme i f  any should produce the 3’-phosphate with 
100% selectivity. 


Kinetics. Cleavage of the 2 ‘,3 ’-cyclic phosphates 
M )  at 30°C and pH 9.5 was followed by high- 


performance liquid chromatography (HPLC), as 
described previously. ’A KF was added to carbonate 
buffer solutions (ionic strength 0.01 M) and then the 
pH was adjusted to 9.5. 


Partial rate constants k2(c) and k3(c) for the for- 
mation of 2‘ -  and 3’-phosphates of adenosine from the 
A > p, in the [GI-0-CyD-A > p] complex were 
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evaluated by use of the equation' 


[k3(f) - kz(f)/Rl/F= -k3(C) + kz(c)/R 


where R is the ratio of the 2'-phosphate to the 3'- 
phosphate in the product, F is the equilibrium ratio of 
A > p, complexing state to that in the free state and 
kz(f) and k3(f) are the rate constants for the formation 
of 2 '-  and 3 '-phosphates of adenosine, respectively, 
from free A > p. 


Spectroscopy of the reaction mixture. 'H NMR 
spectra (in D20) and absorption spectra were measured 
at 30°C on a Bruker AM-500 spectrometer and on a 
JASCO Ubest-50 spectrophotometer, respectively. 


RESULTS 


Regioselective cleavage of A > p by combination of 
#?-CyD and KF 


Figure 1 shows the plot of the 2 ' /3 '  ratio vs the concen- 
tration of P-CyD for the cleavage of A > p in the pres- 
ence of KF. The corresponding plot either in the 
presence of KCI or in the absence of any metal halide 
is also presented. With KF and KC1 (3.0 M), the 2 ' /3 '  
ratio increases monotonically with increasing concen- 
tration of 0-CyD (0 and *). The magnitudes of the 
increase are much larger than those observed in their 
absence (a). Cooperation of 0-CyD with KF or KCI is 
clearly evidenced. The slight decrease in the 2 ' / 3 '  ratio 
with increasing [P-CyD] 0 for the 0-CyD-KF system, 
observed only when [P-CyD]o is 20.01 M, is associ- 
ated with precipitation of P-CyD, as described below. 


Significantly, the regioselectivity with KF is consider- 
ably greater than that with KCl. When [P-CyDIo is 
0-01 M ,  for example, the 2'/3' ratio with KF is 12, 
whereas the ratio with KCI is 8. In addition, the 
cleavage with KF is faster than that with KCl at any 
0-CyD concentration investigated. The pseudo-first- 
order rate constant (6.0 x min-I) with KF in the 
presence of 6-CyD (0.005 M) was 3.3 times larger than 
that (1.8 x min-I) with KCl. 


Kinetic analysis of the regioselective cleavage 


Remarkable cooperation of 0-CyD and KF for the 
cleavage of A > p has been now confirmed. However, 
the reaction mixtures with this combination involve 
some precipitation of 0-CyD (probably due to the 
salting-out effect of KF), which makes a more detailed 
kinetic study complicated. Therefore, the hydrolysis 
of A > p by the GI-P-C~D-KF combination was 
examined kinetically in place of the P-CyD-KF combi- 
nation. The reactions with the branched P-CyD proceed 
totally homogeneously throughout the reaction time. 
The selectivities and the reaction rates are almost ident- 
ical with the values with the P-CyD-KF system, as 
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Figure 1. Plots of the 2 ' /3 '  ratio vs the concentration of 
P-CyD for the cleavage of A > p in the presence or absence 
of alkali metal halide (3 .0  M) at pH 9.5 and 30'C. ( 0 )  With 
KF; (*) with KCI; (a) without alkali metal halide; ( A  ) results 
for the reactions catalysed by the combination of GI-P-C~D 


and KF 


depicted in Figure 1 (compare curve A with 0) .  Devi- 
ations of the results with P-CyD from those with GI+ 
CyD are observed only at large [P-CyDIo (>Oh01 M), 
where the amount of 0-CyD precipitates is significant. 
Apparently the glucose branch at the primary hydroxyl 
side of the cavity in G1-P-CyD has no important effect 
on the catalysis, apart from increasing the solubility. 


The observed rate constant kobsd in the presence of 
KF increased with increasing [GI-P-C~D] 0, but grad- 
ually saturated at high concentrations of GI-P-CyD. 
A fairly linear relationship was obtained between 
l / (kobsd - kUn) and I/ [GI-P-CyD] 0, where k,, is the 
rate constant in the absence of GI-6-CyD. Participation 
of the [GI-P-CyD-A > p] complex in the catalysis is 
conclusive.' The dissociation constant K d  of the com- 
plex, derived from the linear plot, is 3.0 x 


The plot of [k3(f) - kz(f)/R]/F vs 1/R according to 
equation (1) showed fair linearity (Figure 2). The F 
values were estimated from the Kd value determined 
above kinetically. Partial rate constants, determined 
from the slope and the intercept, are k2(c) = 5.2, 
k3(c) = 0.30, h ( f )  = 0.39 and k3(f) = 0.52 ( x 
min-I), where (c) and (f) denote complexing and free 
A > p, respectively. Complex formation of A > p 
with G1-P-CyD accelerates the production of the 2 ' -  
phosphate 13-fold [kz(c)/kz(f) = 131, whereas the pro- 
duction of the 3'-phosphate is suppressed by the 
complex formation [k3(c)/k3(f) = 0.61. 


M. 
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Figure 2. Plot of [k,(f) - k z ( f ) / R ] / F  vs 1/R for the cleavage 
of A > p by the combination of G1-P-CyD and KF (3.0 M) at 


pH 9.5 and 30°C 


Complex formation in the reaction mixture 


When A > p was added to aqueous solutions of G1-P- 
CyD in the presence of KF  OM), the NMR 
resonances of the H-3 and H-5 protons of GI-P-CyD 
shifted toward higher magnetic field; the limiting shifts 
were 0.08 and 0-07 pprn, respectively (the limiting 
shifts were evaluated by use of the kinetically deter- 
mined K d  value). Shifts for the other protons of GI-@- 
CyD were marginal. The adenine residue of A > p is 
included in the cavity and its anisotropic shielding 
effect' operates effectively on the protons located in the 
interior of the cavity. 


Absence of complex formation between F- ion and 
G1-@-CyD was confirmed by absorption spectroscopy. 
Addition of 0.1 M KF to aqueous solutions of 1- 
(4 ' -nitrophenylazo)-2-hydroxy-6-naphthalenesulphonic 
acid containing 0-1 M Gl-P-CyD showed no change 
in the 450-550nm region. If the (GI-0-CyD-F-] 
complex were formed to a considerable extent, the com- 
petitive inhibition by F- on the complex formation 
between the dye and G1-@-CyD should cause appreci- 
able spectral changes. The competitive inhibition was 
clearly observed when C1- was used in place of F-.6*'o 


Catalytic activities of CyD-KF combinations for the 
cleavage of other riboncleoside 2 ' ,3 ' -cyclic 
phosphates 


The increase in the regioselectivity by KF for the GI-@- 
CyD-induced cleavage of G > p. C > p and U > p 
was marginal. With KF (3.0 M), the 2 ' / 3 '  ratios were 
1.2,0.8 and 1 * 1, respectively (the corresponding values 


in the absence of KF were 1.2, 0.6, and 0.8). KF did 
not show any measurable effects on the a-CyD-induced 
regioselective P-O(2') cleavage of A > p, G > p, 
U > p and C > p.' 


DISCUSSION 


The regiosective catalysis of P-CyD (and of Gl-P-CyD) 
for the P-O(3') cleavage of A > p is considerably 
amplified by KF. Although KCI also promotes the cata- 
lysis, KF greatly exceeds KCl in activity. This is ascribed 
to marginal complex formation of F- with /3-CyD, as 
clearly evidenced by absorption spectroscopy. The 
binding activity of halide ions to (3-CyD decreases 
rapidly with decrease in the atomic number: 
I- > Br- > CI-." The catalysis by the (3-CyD-KF 
combination proceeds via the [@-CyD-A > p] com- 
plex, in which the adenine residue of the A > p is 
included fairly deeply in the cavity [Figure 3(a)] 5b and 
hence the regioselective catalysis by (3-CyD is more effi- 
cient. The catalysis by the (3-CyD-KCl combination, 
however, involves a ternary complex composed of 
0-CyD, A > p and C1- [Figure 3(b)] . 6  As a result, 
penetration of the A > p is shallower, since the cavity 
is largely occupied by C1- ion. 


These arguments are totally consistent with the fact 
that Kd for the GI-P-CyD-KF-A > p system 
(3.0 x M) is about four times smaller than that 
(11 x M) for the /3-CyD-KCl-A > p system.6 
The deeper penetration is also supported by 'H NMR 
spectroscopy: the limiting shifts for the H-3 protons on 
the formation of the GI-(3-CyD-KF-A > p system 
(0.10 ppm) are larger than the corresponding value 
(0.05 ppm) for the P-CyD-KC1-A > p system. 


In the [(3-CyD-A > p] complex, the P-O(2') bond 
of the A > p is located in the vicinity of the cavity 
(apolar medium), whereas the P-O(3') bond is far 
away from the cavity (more polar medium). 5b KF exists 
more preferentially in the polar medium [near the 
P-0(3 ' ) bond] , and decreases the mean ionic activity 
coefficient therein more effectively. Hence the cleavage 
of the P-O(3') bond, located in the more polar 
medium, is effectively facilitated by the metal halide. In 
a medium of mean ionic activity coefficient y + ,  a tran- 
sition state involving total charge separation is stabil- 
ized (with respect t o  the state formed in ideal solution) 
by the amount - 2 R T  ln(y*). In contrast, the cleavage 
of the P-O(2') bond is hardly affected by KF. 


The larger regioselectivity with KF than with KCl is 
ascribed to the deeper penetration of A > p into the 
cavity. Thus, the chemical nature of the two P-0 
bonds is differentiated more explicitly. Consistently, the 
ratio k3(c)/k3(f) given by KF (0.6) is considerably 
smaller than that given by KCI (1.2).6 


These interpretations are further supported by the 
log-log plot of the regioselectivity (2'/3') and the mean 
ionic activity coefficient yt of the medium in Figure 4. 
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a1 b' HOT 


Figure 3. Schematic diagrams of the P-CyD-A > p complexes in the presence of (a) KF and (b) KCI. GI-P-CyD has a glucose 
branch at the primary hydroxyl side (the bottom side) of the cavity 


\ 
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l o g  r i  
Figure 4. Log-log plot of the regioselectivity (2'/3') and the 
mean ionic activity coefficient (re) of the medium for the 
P-CyDinduced regioselective cleavage of A > p at pH 9.5 
and 30 "C. The open circle refers to the result for the cleavage 
by the GI-0-CyD-KF combination obtained in the present 
study; all other data (closed circles) are taken from Ref. 6. 
[P-CyD or G,-P-CyD]o = 0.015 and [alkali metal 


halide]0=3.OM 


The straight line is for the cleavage of A > p by the 
combination of P-CyD and various alkali metal chlor- 
ides reported in a previous paper.6 The point for the 
G1-P-CyD-KF system deviate considerably in a positive 
direction from the straight line (the mean ionic activity 
coefficient of 3-0 M aqueous KF solution is 0.705"). 
Apparently the superior promoting activity of KF over 
KCl cannot be interpreted in terms of the difference in 


the ionic activity coefficient of the medium. Rather, the 
structural difference in the complexes formed in the 
reaction mixtures is responsible for the superiority of 
KF, as proposed above. 


The absence of cooperative catalysis of the a- 
CyD-KF and 0-CyD-KF combinations for the 
cleavages of other ribonucleoside 2',3 '-cyclic phos- 
phates is associated with poor binding of the cyclic 
phosphates to CyDs. 


In conclusion, A > p is regioselectively and 
promptly cleaved to  adenosine 2 '-phosphate by the 
cooperation of P-CyD and KF. The simultaneous 
improvement of selectivity and reaction rate should be 
important fo the molecular design of advanced artificial 
ribonucleases. 
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THEORETICAL STUDIES ON NITRILE-FORMING ELIMINATION 
REACTIONS* 
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Department of Chemistry, Inha University, Inchon, 402-751, Korea 


AND 


BYUNG HOO KONG AND BYUNG CHOON LEE 
Department of Chemistry, Choongbuk National University, Chon&, 360-763, Korea 


The base-promoted nitrile-forming elimination reactions of YCH=CHCuH=NOCH=CHZ (Y=OCHo, H or CI 
and Z=H or NO2) were studied by the AM1 MO theoretical method with CI- as a base. The reaction is found to 
proceed by an ElcB-like E 2  mechanism in which CB-H bond cleavage is more advanced than N-0 bond breaking. 
The syn-elimination has a more ElcB-like transition state (TS) than the anti elimination, which is attributed to the 
structurally favourable nN-u*(Co- H) charge-transfer interaction. An electron-withdrawing Y substituent lowers the 
activation barrier by stabilizing negative charge developed on Cu in the TS. An electron-withdrawing substituent in 
the leaving group (2 = NO*) tends to enhance the anti relative to the syn elimination process by depressing the 
a*(N-0) level, which in turn makes the n&a*(N-O) interaction more effective. The YCH=CH- and -CuH=N 
fragments are perpendicular in the TS, which is stabilized by delocalization of negative charge developed on the Cu 
atom. 


INTRODUCTION 


Bimolecular base-promoted elimination reactions 
involve a combination of two basic processes: 
removal of a proton 6 to the leaving group (LG) by a 
base (B) and breaking of the bond [C,-LG(Z)] to the 
leaving group. The two may take place in a single step 
(E2 mechanism) or in two distinct steps; deprotonation 
occurs first in an ElcB elimination, whereas ionization 
of the LG occurs first in an E l  elimination. There can 
be, however, a continuous range of E2 reactions that 
are concerted but not synchronous, varying from ElcB- 
like to El-like with a true synchronous n(centra1) in 
between (Scheme 1). 


The 6-eliminations are also common in the base- 
induced imine-43' and nitrile-forming [equation (l)] 
reactions 6,7. 


B + YRCH=NLG(Z) -+ BH + + YRC=N + LG(Z) - 


(1) 
where Y and Z are substituent groups on the substrate 


(R) and leaving group (LG), respectively. Although 
some experimental studies on these have been reported, 
few theoretical calculations appear to have been carried 


and none as far as we are aware on the nitrile- 
forming elimination by a currently acceptable theor- 
etical procedure. Theoretical calculations are in 
principle particularly useful for unravelling the pro- 
blems concerning the timing of bond making and 
breaking during the P-elimination, which are difficult to 
solve by experiment. lo  


Here we report our results of AM1 studies" on the 
nitrile-forming eliminations involving effects of substi- 
tuents in the substrate (Y) and LG(Z) on the transition- 
state (TS) structure. 


In order to investigate effects of substituents in the 
substrate and LG, we simplified the E- and Z-forms of 
0-arylbenzaldehyde oxime, I, lo by substituting an 
ethylene group for each phenyl ring, 11, and II,, and 
varied the substituents Y and Z (Y = OMe, H, or C1 and 
Z = H or N01) with C1- as a base. In the E-form (&), 
deprotonation and LG departure occur in the same 


* Determination of Reactivity by MO Theory, Part 73. Part 72, 1. Lee, C. K.  Kim, B. H. Kong and B. C. Lee, J.  Phys. Org. Chenr. 
4, 449 (1991). 
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ElcB-like 4 Central ------+ El-like 
Scheme 1 


YCaH4CH=NOC6H4Z 


1 


direction, a syn elimination, whereas in the 2-form 
(IIa) the two bond-breaking processes take place to the 
opposite direction, an anti elimination. The 
mechanisms was found to be very similar to that 
involved in the alkane and imine-forming eliminations, 
but a lone pair on the nitrogen atom in 11, and 11, had 
a profound effect on the mode of elimination. 


CALCULATIONS 


The AM1 procedure” was used throughout this work. 
The reactants and reactant complexes (geometries and 
energies) were fully optimized with respect to all geo- 
metrical parameters and characterized by all positive 
eigenvalues in the Hessian matrix. TSs were located 
by the reaction coordinate method, I 3  refined by the 
gradient norm minimization method l4 and 
characterized by confirming only one negative eigen- 
value in the Hessian matrix. The activation entropy, 
A S f ,  was obtained by subtracting the calculated 
entropy of the reactant complex from that of the TS at 
298 K ,  using a program incorporated within the 
AMPAC.” 


RESULTS AND DISCUSSION 


Reactions with a moderate leaving group (Z = H) 
All the reactions had a double-well type of potential 
energy surface and proceeded through an exother- 
mically formed electrostatic complex (RC) between the 
base (C1- ) and substrate (II), which is followed by an 
activation barrier and a second complex (PC) formed 
from the products. This means that these reactions 
occur by the E2 mechanism so that the proton transfer 
and the leaving group departure are concerted. This 
does not mean, of course, that the two bond-breaking 
processes are synchronous and the degree of bond 
cleavage in the TS may differ between the two. The TSs 
for the reactions of 11, and 11, are shown in Figure 1. 


Inspection of the TS structures reveals that in all 
cases the proton transfer to the base is much more 
advanced than the degree of N-0 bond cleavage; 
hence the reactions, irrespective of anti or syn elimin- 
a t i ~ n , ’ ~ ” ’  proceed by the ElcB-like E2 (E’/ElcB) 
mechanism. The bond length changes ( A d )  for the 
C-H, N - 0  and C=N bonds involved in the acti- 
vation, i.e. A d  = dnn - d(React), are summarized in 
Table 1. As pointed out above, Adc--H is by far 
greater than AdN-0, and the bond contraction of the 
C=N double is also relatively small. Thus, even though 
the base used in this work, C l - ,  is not strong, the 
nitrile-forming eliminations occur by the E2/ElcB 
mechanism. Reference to Table 1 reveals that AdN-0 
is invariably greater for the anti elimination and the 
greater is AdN-0, the shorter the C=N bond con- 
tracts. This can be rationalized by the charge-transfer 
interaction involved between the lone pair on N (nN) 
and the antibonding orbital of the C-H bond (o&), 
and that between the developing lone pair on C(n6) 
and the antibonding orbital of the N - 0  bond (&o) as 
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Figure 1 .  Transition-state structures of syn and anti elimination, Z = H. Bond lengths in A; arrows indicate imaginary vibrational 
modes (vis are imaginary frequencies) 
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11, 11, 


syn-el iminat ion a n t i - e l i m i n a t i o n  


YCtI=CH nN 


Scheme 2 


Table 1. Difference in bond length [ A d ( A ) ]  between reactant 
and transition states for Z = H .  


Y Ad syn Elimination anti Elimination 


0.099 
0.903 


- 0.061 


0.124 
0.876 


- 0.064 


0.094 
0.906 


- 0.058 


0.323 
0.683 


- 0'085 


0.318 
0.717 


- 0.084 


0.314 
0.854 


- 0.086 


shown in Scheme 2. The syn elimination is more 
favourable for the proton abstraction by the base, since 
charge transfer of the N lone pair (nN) toward the anti- 
bonding u orbital of the C-H bond (u&) in the syn 
elimination will be greater with the anti-periplanar 
arrangement between the two compared with the syn- 
periplanar nN-u& interaction in the anti elimination 
(Scheme 2). 


A greater charge-transfer stabilization by the more 
efficient nN-u& interaction should lead to an earlier 
TS, i.e. the TS is reached at a lesser C-H bond stret- 
ching (smaller AdcH in Table l ) ,  since the principles of 
narrowing of inter-frontier Ievel separation and of 
growing frontier-electron density along the reaction 
path require a lesser degree of bond breaking for 
securing a sufficient frontier-orbital density needed to 


cross over the activation barrier. 1 8 s ' 9  For Y = 
OCH3, a greater negative charge at  the carbon centre 
due to the electron-donating effect of the methoxy 
group should lead to a repulsive interaction with the 
neighbouring nN, which will grow with the proton 
abstraction, so that a lesser degree of bond breaking 
seems to  be favoured at the TS for the anti elimination. 


The efficient charge transfer of the N lone pair to  the 
U& may well be the major factor leading to  a 
relatively large C-H bond scission in the TS with a 
large ElcB character in the syn eliminations. Depro- 
tonation having proceeded to a much greater extent in 
each TS, the partial anionic electron pair formed (nk) 
on Co can be transferred to  the &o orbital and accel- 
erate the N - 0  bond cleavage. Now the n&&o inter- 
action is anti-periplanar in the anti elimination, so that 
the N - 0  bond breaking will be more facilitated com- 
pared with the syn elimination involving the syn- 
periplanar nk-uko interaction. This is why we have a 
greater degree of N - 0  bond breaking in the anti elim- 
ination. A greater degree of N - 0  bond breaking will 
result in a greater degree of r-bond formation, leading 
to a partial triple bond, CGN, in the TS; since depro- 
tonation is facile and proceeds to a much greater extent, 
the C z N  bond formation is largely dependent on the 
less advanced bond breaking of the N - 0  bond. Since 
deprotonation occurs to a greater extent in the TS than 
ionization of the LG, the negative charge development 
on Co is greater than that on 0 (Table 2). 


The dihedral angle between the two frtgments, 
YCHV=CH- and -CoH=N--, is almost 90 , as can 
be seen in the TS structures presented in Figure 1, 


Tabte 2. Charge development in the activation ( A q  = q,\ - qKerlr,,,) in electron units for Z = H .  
- 


c- I G N,, O(in LG) 


Y syn Elim. anli Elim. syn Elim. anti Elim. syn Elim. anli Elim. syn Elim. anti Elim. 


OMe - 0.334 -0.150 -0.407 -0.360 0.167 0.177 -- 0.246 -0.237 
H - 0.260 - 0.149 -0.423 -0.345 0.095 0.157 -0,124 -0.244 
CI - 0.257 - 0.145 -0.408 - 0.353 0.084 0.161 -0.100 -0.235 
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owing to  the large negative charge development on Cp 
in the TS. The negative charge developed on the Cp 
atom delocalizes toward HYC’=CH-, forming an 
ally1 anion-type resonance structure. This results in an 
increase in negative charge on C- 1 in the TS, as shown 
in Table 2. 


Despite the negative charge dispersal in the TS, how- 
ever, charge on Cp is still relatively large (Table 2). 
This is in line with the relatively large Hammett p 
values (ca 2.0) found in the solution-phase nitrile- 
forming eliminations of (E)-benzaldehyde N ,  N ,  N- 
trimethylhydrazonium iodide” and (E)-oxime ethers. lo 


Again, the negative charge development on  the oxygen 
atom is in general greater for the anti elimination, indi- 
cating a relatively greater degree of bond breaking in 
the TS for the anti than for the syn elimination as a 
result of the more efficient n&&o interaction. 


The relevant thermodynamic data obtained by AM1 
are given in Table 3. The activation barriers ( A G f )  are 
seen to decrease in general, and hence the reactivity will 
increase, with an increase in the electron-withdrawing 
power of substituent Y, in agreement with the exper- 
imental results for (E)-0-arylbenzaldehyde oxime lo  


and (E)-benzaldehyde N ,  N ,  N-trimethylhydrazonium 
iodides in solution. 


The activation barriers ( A G f )  are lower for the anti 
elimination of Z-isomers (11,) than for the syn elimin- 
ation of E-isomers (IIs). This is consistent with a 
general trend observed in E2 elimination reactions that 
anfi elimination is more favourable than syn elimin- 
ation. ’ The activation enthalpy, A H * ,  for Y = CI is, 
however, lower for the syn rather than for anti elimp- 
ation. This should result from the greater nN-ucH 
interaction in 11% in contrast to the greater contri- 
bution of  n k - w o  interaction in 11,. The greater 
nN-u& interaction will give a more ElcB-like TS 
structure to  11, owing to a relatively more advanced 
Co-H bond cleavage with little N - 0  bond breaking. 
In the more ElcB-like TS, negative charge development 
on Co will be greater, which is more effectively stabil- 
ized by a more electron-withdrawing group (Y = C1) in 
the syn elimination. 


On the other hand, the entropy factor, A S * ,  is seen 
to be more favourable (Table 3) for the anti elimin- 
ation. This seems to reflect the entropy change involved 
correctly, since N - 0  bond breaking is greater in the 
anti elimination whereas proton abstraction by base 
with Ca-H bond cleavage is more advanced in the syn 
elimination; in the former ( N - 0  bond breaking only) 
entropy should be gained ( A S *  >O), whereas in the 
latter (proton abstraction by a base) the entropy change 
should be small (ASf  = 0) since one bond is formed 
while another bond is broken concertedly. The greater 
effect of AS‘ on the anti elimination is enough to  
reverse the reactivity trend in favour of the anti- 
elimination for Y = CI, for which syn elimination is 
more favoured based on A H ‘ .  The more favourable 


anti elimination found in this work is in agreement with 
the experimental results for nitrile-forming eliminations 
of oxime ethers in water-dioxane mixtures. ’ 


Reaction with a better leaving group (Z=NO2) 


The nitrile-forming eliminations from 11, and 11, with a 
better LG, Z = N02, are in general similar to  those with 
a moderate LG, Z = H, but there are also some signifi- 
cant differences. The bond length changes, Ad,  and 
thermodynamic data involved with Z = NO2 are sum- 
marized in Tables 4 and 5 ,  respectively, and the TSs are 
presented in Figure 2. 


The TS structures shown in Figure 2 are similar to 
those for Z = H in Figure 1 except that the extents of 
Cp-H and N - 0  bond breaking are relatively smaller, 
especially for the anti elimination. However, examin- 
ation of Table 4 reveals that in the syn elimination the 
extent of deprotonation is relatively smaller and ioniza- 
tion of the LG has progressed slightly further in com- 
parison with those for the case when Z = H (Table 1). 
This means that the TSs for the syn elimination with a 
better LG shift toward the centre in the potential energy 
surface (PES) diagram (Figure 3). This can be rationa- 
lized with the lowering of both nN and $0 levels by 
the electron-withdrawing group, Z = NOz. This low- 
ering of levels will result in the less efficient anti- 
periplanar nN-u&j interaction (less Co-H bo2d 
cleavage) and the more efficient syn-periplanar nk-mo 
interaction (greater N - 0  bond breaking). The latter 
interaction (n&&o) is substantially less efficient 
leading to  less N - 0  bond breaking in the anti elimin- 
ation because of insufficient development of the n*’c 
lone pair due to a less efficient syn-periplanar nN-aNH 
interaction. 


The AM1 bond orders ( P )  for the C-H and N - 0  
bonds are near unity (PCH = Piyo = 1 .O) for all reac- 
tants, and will vanish when the bonds are completely 
broken. The progress of reaction at the TS will there- 
fore be inversely related to  the bond orders. The 


Table 4. Difference in bond length [ A d ( A ) ]  between reactant 
and transition state for Z = NO2 


Y Ad syn Elimination anti Elimination 


0.175 
0 3 3 1  


- 0‘062 


0.128 
0.619 


- 0.055 


0.160 
0.550 


-0.059 


0.191 
0-488 


- 0’063 


0.186 
0.498 


- 0.062 


0.176 
0369 


- 0.063 
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Figure 2. Transition-state structures of syn and anti elimination, 2 = N02.  Bond lengths in A; arrows indicate imaginary 
vibrational modes (pis are imaginary frequencies) 
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Reactant 
(PCH=PNO=I.O) 


Figure 3. PES diagram for nitrile-forming eliminations with a moderate LG (A; 2 = H) and a better LG (B; 2 = NOz). Subscripts 
s and a denote syn and anti elimination processes, respectively 


average percentage change in the bond orders calcu- 
lated at the TS for PNO:PCH are 26:94 (syn) and 
49:92 (ant) with Z = H  and 30:84 (syn) and 38:71 
(anfi) with Z=NOz. These are shown in the PES 
diagram in Figure 3 .  We note that the syn elimination 
with a moderate LG, Z = H, (A, in Figure 3) is the most 
ElcB-like whereas the anti elimination with a better 
LG, Z = NOz, (B, in Figure 3 )  is the nearest to E2- 
central, and hence a better LG and anti elimination are 
conducive to the E2 character of the reaction. 


The activation barriers (AG') in Table 5 indicate 
that anti eliminations are more favoured than syn elim- 
inations, similarly to the more favourable anti elimin- 
ation with Z=H. Also, as in the case with Z=H, the 
activation barrier (AHf and AC*) is lowered by a 
more electron-withdrawing Y substituent in all cases, 
i.e. for both 11, and 11,. Furthermore, the activation 
barriers are lower for both 11, and 11, with Z = N 0 2  
than with Z = H  (Tables 3 and 5).  TYs can be 
attributed, again, to the lowering of the UNO level by 
the Z = NO2 group, leading to a greater contribution of 
the n&&o interaction. 


Finally, the imaginary frequencies (vi, in wave- 
numbers) given in Figures 1 and 2 are seen to be 
relatively smaller for the 11, with Z = H. This reflects 
correctly the most ElcB-like TS for the 11, with Z = H, 
since the distance d(C0-H) is the longest and hence the 
force constant is the weakest for this case. 


We conclude that the nitrile-forming elimination with 


a moderate leaving group proceeds by anfi elimination. 
This preference is mainly dictated by the* relative 
importance of the anti-periplanar nN-UCH and 
nk-u&o interactions. In all cases, the reaction proceeds 
with an MIElcB-type mechanism. The ElcB character 
increases with an electron-withdrawing substituent in 
the substrate, whereas the E2 character increases with a 
better leaving group. 


Supplementary materials 
Optimized reactant and reactant complex geometries 
are presented as supplementary materials together with 
vibrational frequencies of the TS in wavenurnbers, and 
are available from the authors on request. 
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The title compound (3) which is a 2-aminoindazol-3-one derivative linked through a methinephenyl bridge to an 
iminophosphorane, and unrelated to any previous host, is described. The bulky triphenylphosphino group provides 
the cavity and the indazol-3-one the hydrogen bonds (both donor -NH- and acceptor -CO-). X-ray structural 
analyses of the free host 3 and that of its ethanol inclusion compound 3. EtOH are reported. Hydrogen bonds resulting 
in infinite chains dominate the molecular packing. The use of thermal analysis and "C CP/MAS NMR shed light in 
the structures of two other inclusion compounds, 3 * MeOH and 3 - PrOH. The conclusion is that all three compounds 
are similar. An analysis of the cavities, using a model of interpenetrating spheres of van der Waals radii, demonstrates 
that in the case of the ethanol derivative, the cavity has the space and form requirements necessary to include the 
propanol guest. 


INTRODUCTION 


In recent years we have become involved in host-guest 
chemistry with particular emphasis on the X-ray struc- 
tural determination of inclusion compounds. I - '  One of 
the aims of that research was to find new hosts and to  
study the form8 and sizeg of the cavities before and 
after the guest is inside it. In this paper, we describe a 
new host, the title compound 3 with a structure related 
both to  iminophosphorane~~ and to indazolones. lo 


Recently, the iminophosphorane 2 has been prepared 
by the Staudinger reaction between o-azido- 
benzaldehyde 1 and triphenylphosphine (TPP) in 
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toluene at room temperature." In our hands, the 
reaction of o-azidobznzaldehyde with TPP in dry 
dichloromethane at 0 C followed by chromatographic 
separation (silica gel and ethyl acetate-hexane as 
eluent) and crystallization gave o-(triphenylphosphor- 
any1iden)aminobenzaldehyde 2 (30%) and the 
iminophosphorane 3 (25%). However, when the 
reaction was carried out in diethyl ether - 20 OC, the 
phosphazide 4 was isolated as the only reaction 
product. 


A tentative mechanism for the conversion 1 + 2 + 3 is 
represented in Scheme 1. It involves the initial 
formation of the phosphazide 4, which after nitrogen 
evolution leads to  2. Alternatively, the phosphazide 4 
undergoes a [ 1,5] proton shift to give 5, which cyclizes 
by nucleophilic attack of the amino group on the 
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6 3 


3 .  ROH 
Scheme 1 


central carbon atom of the ketene moiety to give 6 .  
Finally, an intermolecular aza-Wittig reaction between 
2 and 6 leads to 3. 


EXPERIMENTAL 


Melting points were determined with a Kofler hot-stage 
microscope and are uncorrected. Spectral studies were 
performed with the following instruments: NMR (see 
later); IR, Nicolet FT-5DX; MS (70 eV), Hewlett- 
Packard 5993C. Combustion analyses were performed 
with a Perkin-Elmer 240C instrument. 


Preparation of the host 3.  To a solution of 
triphenylphosphine (1.78 gb 6 -7  mmol) in dry 
dichloromethane (10 ml) at 0 C, a solution of o-azido- 
benzaldehyde 1 (1 * O  g, 6.7 mmol) in the same solvent 
(20ml) was added dropwise under nitrogen and the 
reaction mixture was stirred at room temperature for 
16 h. The solvent was removed under reduced pressure 
and the residual material was chromatographed on a 
silica gel column, eluting with ethyl acetate-hexane 
(3 : 1 )  to afford the iminophosphorane 2 derived from 
o-azidobenza1:ehyde (0-7 g, 30%; m.p. 175 OC, lit. l 2  


m.p. 173-174 C) and 3 (0.87 g, 25%; m.p. 185 C) as 
yellow crystals. 


Analysis for C32HzsN4PO (512.55): calculated, 
C 74.99, H 4.92, N 10.93; found, C 75.18, H 4.98, 
N 11.05%. 'H NMR (200MH~):  7.86 (H-4, 
'J4.5 = 7.8 Hz), 7.15 (H-5, 3J5,cj = 7.2 Hz), 7.01 (H-7, 


J6.7 = 8 . 1  Hz), 9.46 (N=CH), 6.49 (H-10, 
'Ji0.11 = 8 . 1  Hz), 6.93 (H-11, 3 J ~ 1 , ~ 2  = 7.2 Hz, 
4 J ~ ~ , ~ 3  = 1 . 8  Hz), 6.71 (H-12, 'J12,13 = 7.8 Hz), 


3 J ~ 5 , 1 6  = 7.6 Hz, 4 J ~ 5 , 1 7  = 1.4 Hz), 7.30-7-50 (rn, 
17H, H-6, NH, H-16, H-17). ''C NMR (50MHz, the 
reported couplings refer to '3C-31P): 159.12 (C-3), 
119.36 (C-3a), 124.16 (C-4), 122.40 (C-5), 132.45 
(C-6), 113.04 (C-7), 145.76 (C-7a) (this assignment is 
consistent with that of 2-methylindazolone), l o  145 *85 
(N=CH), 127-96 (C-8, 'J= 17.8), 155.55 (C-9, 
' J =  lag), 123.08 (C-10, 3 J = 9 . 2 ) ,  130.60 (C-ll), 


' J =  9 9 . 6 H ~ ) ,  132.55 (C-15, 2 J =  9.8), 128.70 (C-16, 
'J= 12.2), 132.02 (C-17, 4J= 2.8 Hz). Mass spectrum 
(Th, %): 512 (M+,  5 ) ,  134 (100). IR (Nujol): 
1642 cm-I. 


7.92 (H-13), 7.58 (H-1.5, 3J1531p = 12.1 Hz, 


118.74 (C-12), 127.31 (C-13), 129.79 (C-14, 


Preparation of inclusion compounds 3 -  ROH. A sus- 
pension of 3 (0.5 g, 97.6 mmol) in the appropriate 
alcohol (20 ml) was stirred at room temperature for 7 h. 
The separated solid was collected by filtration, washed 
with diethyl ether, air dried and recrystallized from the 
same alcohol. 


3 .  MeOH. Yield 0.2 g (38%), m.p. 151-152 "C. 
Analysis for C33H29N4P02 (544.59): calculated, C 
72.78, H 5-37, N 10.29; found, C 72.91, H 5.27, N 
10.42%. 'H NMR (200 MHz): the signals of the free 
host plus those of methanol at 3.42 (s, CH3) and 5-25 
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(s br, OH). I3C NMR (50 MHz): the signals of the free 
host plus that of methanol at 50.60 ppm (CH3). Mass 
spectrum (Th, 9'0): 379 (14), 377 (56), 183 (100). IR 
(Nujol): 1672, 1593, 1353, 1 1 1 1 ,  754, 721, 691, 
675 cm-'. 


3 .  EtOH. Yield 0.21 g ('to%), m.p. 133-134 "C. 
Analysis for C~H31N4P02 (558.62): calculated, 
C 73.10, H 5.59, N 10.03; Found, C 73-27, H 5-50, 
N 9.90%. 'H NMR (200MHz): the signals of the 
free host plus those of ethanol at  1.17 (t, CH3, 
3 5 = 7 . 0  Hz), 3.65 (q, CHz) and 5.60 (s br, OH). 13C 
NMR (50 MHz): the signals of the free host plus those 
of ethanol at 18.27 (CHI) and 58.17 (CHZ). Mass spec- 
trum (Th, %): 379 (9, 377 (19), 183 (20), 134 (100). IR 
(Nujol): 1676, 1352, 1231, 1112, 752, 721, 690cm-'. 


3 .  PrOH. Yield 0.19  g (460/0), m.p. 132-133 " C .  
Analysis for C ~ ~ H M N ~ P O ~  (572.65): calculated, C 
73.41, H 5.81, N 9.78; found, C 73.57, H 5.90, N 
9.90%. 'H NMR (200 MHz): the signals of the free 
host plus those of propanol at 0-88 (t, CH3, 
35= 7 . 4  Hz), 1.53 (m, central CH2), 3.54 (t, CH20H, 
'5= 8.1 Hz) and 4.50 (s br, OH). 13C (50 MHz): the 
signals of the free host plus those of propanol at 10.07 
(CH3), 25.74 (central CHZ) and 64.43 (CH20H). Mass 
spectrum (Th, To): 512 (M' - PrOH, l ) ,  497 (8), 377 
(30), 183 (100). IR (Nujol): 1676, 1593, 1235, 1111,751, 
721, 691 cm-'. 


Thermal analysis. Differential scanning calorimetric 
(DSC) and thermogravimetric (TG) studies were carried 
out under nitrogen on a Metler DSC-20 calorimeter and 
a Mettler TG-50 thermobalance. 


X-ray crystallography. Crystal data for 3: 
monoclinic, P2t/c, a = 25.2181(16), b = 10-6214(3), 
C =  21*3475(12)A, /3= 113*082(4)', I/= 5260-2(5)A3, 
dc = 1.294 g ~ m - ~ ,  Z = 8, crystal dimensions 
0.50 x 0-23 x 0.07 mm, Omax = 65', 8844 independent 
reflections, R (R,) = 0.045 (0.050) for 6693 
[ I  > 3o(I)] observed reflections, p = 11.62 cm-I. 


Crystal data for 3aEtOH: triclinic, P-!, 
a = 21.6674(26), b = 10*9789(10), c = 12*6855(11) 4, 
a = 91.097(6), /3 = 95-460(7), y = 98.780(10) , 
V=2967*1(5)A3, d c =  1.251 g ~ m - ~ ,  Z = 4 ,  crystal 
dimensions 0.20 x 0- 17 x 0.03 mm, Omax = 60°, 8823 
independent reflections, R (R, )  = 0.082 (0.076) for 
4422 [ I >  3a(I)] observed reflections, p =  10.93 cm-'. 


A Philips PWll00 diffractometer was used with Cu 
K a  radiation and a graphite monochromator. Direct 
methods and refinement on Fo were used. All hydrogen 
atoms were located on the corresponding difference 
Fourier map. Some hydrogen parameters in 3 * EtOH 
were kept fixed in the last cycles of the refinement. Most 
of the calculations were done on a Vax 6410 computer 
using the following set of programs: SIR88,13 


XRAY80, l4 XTAL3.0" and PESOS. l6  Empirical 
absorption corrections for all compounds were per- 
formed using the program DIFABS17 and the scattering 
factors were taken from the International Tables for 
X-Ray Crystallography. l 8  


KMR spectroscopy. The 'H and I3C NMR spectra in 
solution were obtained with a Bruker AC-200 spec- 
trometer (University of Murcia) [all chemical shifts are 
expressed in ppm relative to tetramethylsilane (TMS)] . 
The I3C data were obtained with the following co!- 
ditions: number of data points, 65 536; flip angle, 30 ; 
pulse width, 30 p s ;  acquisition time, I .O s. Solutions in 
DMSO-d6 were prepared by dissolving 100 mg of 
sample in 1 ml of solvent. The 13C NMR solid-state 
spectra were recorded on a Bruker AC-200 spec- 
trometer (UNED) working at 50.32 MHz, using 
3.5  kHz spinning speed and 7 mm 0.d. ZrOz rotors. 
The single-constant spin-locking cross-polarization 
pulse sequence was used under Hartmann-Hahn con- 
ditions. The contact and repetition times were chosen to 
be 3 ms and 5 s, respectively. A spectral width of 
20-0  kHz and 1K acquisition data points were used. 
Chemical shifts were measured with respect to the spec- 
trometer reference frequency, which was calibrated 
with the glycine signal (176-35 ppm downfield from 
TMS). 


RESULTS AND DISCUSSION 


The results of the thermal analysis are given in Table 1 .  
For all three compounds, the TG curves show exper- 
imental weight losses, which are in excellent agreement 
with calculated values (differences < 1%). The DSC 
curves show an endothermic peak near 120 C, which 
corresponds to the weight loss in the TG curve. This is 
followed either by two exothermic peaks at 140-147 "C 
and 155-160°C, for 3-MeOH and 3.EtOH, or one 
exothermic peak at 167"C, for 3.PrOH. The DSC 
curve of the host also shows this exothermic peak at 
169°C. Finallyd the melting endotherm of the host 
appears at 323 C. In all cases, the value obtained for 
AH by DSC is higher than the corresponding molar 
heat of vaporization. l9 Since the thermodynamic pro- 
perties of the inclusion compounds can be split into 
contributions from the host and guest substances,20 we 
can use the difference @AH= AH - AHv) as a measure 
of the lattice cohesion. The values in Table 4 show that 
6 A H  is almost constant, indicating that all the three 
compounds have similar crystal structures, particularly 
similar hydrogen bonds between the host and the guest. 


To discuss the X-ray structures, a drawing of mol- 
ecule 2 of compound 3 with the atomic numbering 
scheme is shown in Figure 1. Table 2 gives selected 
bond lengths, bond angles and torsion angles. 


The two independent molecules in 3 * EtOH (almost 
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Table 1. Results of the thermal analyses 


Thermogravimetry 


Temperature A M  (070)  
Differential scanning calorimetry 


DSC peaksa A H  AHJ9 
Alcohol Range ("C) Peaks Found Required ("C) (kcal mol-') (kcal mol- ' )  


MeOH 105- 158 133 5.94 5.88 125 14.16 9.4 
EtOH 93-151 137 8.32 8.24 120 14.00 9.7 
PrOH 98-140 126 10.56 10.49 120 15.55 11.3 


a Endothermic processes. 


Table 2. Selected bond distances (A), angles and torsion angles (') 


3 3.EtOH 


Compound l a  2a l a  2a 


N(iO1)-N(iO2) 
N(iOI)-C(i07A) 
N( iO2)-C(iO3) 
N (i02)-N(i09) 
C(i03)-C(i03A) 
C(i03)-O(iOS) 
N(i09)-C(ilO) 
C(il0)-C(i1 1) 
C(i1 l)-C(i12) 
C(il2)-N(il7) 
N(i17)-P(i18) 
O(iSO)--C(iS 1) 
C(i5 1)-C(i52) 


C(iO7A)-N(iOl)-H(iOl) 
N(iO2)-N(iOl)-H(iOl) 
N(iO2)-N(iOl)-C(iO7A) 
N(i02)-C(i03)-0(i08) 
N(iO2)-C(iO3)-C(iO3A) 
N(i02)-N(i09)-C(ilO) 
N(i09)-C(ilO)-C(i11) 
C(ilO)-C(ill)-C(i16) 
C(il0)-C(i1 l)-C(il2) 
C(i1 l)-C(il2)-N(il7) 
C(il3)-C(il2)-N(il7) 
C(il2)-N(il7)-P(il8) 
O(iSO)-C(i5 1 )-C(i52) 


N(iO2)-N(iOl)-C(iO7A)-C(iO3A) 
C(iO7A)-N(iOl)-N(iO2)-C(iO3) 
N(iOl)-N(iO2)-N(iO9)-C(ilO) 
N(iOl)-N(iO2)-C(iO3)-C(iO3A) 
N(iO2)-C(iO3)-C(iO3A)-C(iO7A) 
C(iO3)-C(iO3A)-C(iO7A)-N(iOl) 


N(i09)-C(ilO)-C(il 1)-C(il6) 
C(il0)-C(i1 l)-C(il2)-N(il7) 
C(il3)-C(il2)-N(il7)-P(il8) 
C(il2)-N(il7)-P(il8)-C(i19) 
C(il2)-N(il7)-P(il8)-C(i25) 
C(il2)-N(il7)-P(il8)-C(i3 1) 


N(i02)-N(i09)-C(ilO)-C(ill) - 


1.428(3) 
1.394(3) 
1 .378(3) 
1.372(3) 
1.445(4) 
1.234(3) 
1 .282(3) 
1.456(3) 
1.417(3) 
1.381(4) 
1.560(2) 
- 
- 


112(2) 
1 12(2) 
104.0(2) 
125.2(2) 
105.2(2) 
117.1(2) 
122.2(2) 
122.0(2) 
118. 5(2) 
1 17.7(2) 
124.6(3) 
134.4(2) 
- 


-5.6(3) 
6.1(3) 
6.7(3) 


0.5(3) 
3.4(3) 


177.6(2) 


-4.1(3) 


-6.6(4) 
-0.9(4) 
23.1(5) 


176.3(3) 
60.0(3) 


-66.6(3) 


1.422(3) 
1 .396(4) 
1.377(3) 
1 .364(4) 
1 .444(4) 
1.238(3) 
1 ' 284(4) 
1.455(4) 
1.412(4) 
1.388(3) 
1.579(3) 


116(2) 
108(2) 
103. 5(2) 
124.8(3) 
104. S(2) 
119.1(2) 
118.8(2) 
119.0(2) 
120.9(2) 
119.0(2) 
124.5(2) 
126.4(2) 
- 


-7.1(3) 
8.9(3) 
4.3(4) 


-7.2(3) 
2.5(3) 
3-0(3) 


- 179'4(2) 
- 11.6(4) 


1 ' 5(4) 
6.0(4) 


172' 2(2) 
53.0(3) 


- 70'4(3) 


1.412(10) 
1 .409( 12) 
1.388(12) 
1.372(10) 
1-441(13) 


1 .300( 12) 
1 .446( 12) 
1 *405(12) 
1.373( 10) 
I .568(7) 
1.43 1( 15) 
1.410(21) 


1.221(12) 


121(5) 
115(5) 
102.3(6) 
124.1(9) 
103 .2(8) 
1 18.8(7) 
121.7(8) 
120.8(8) 
118.3(7) 
117.9(7) 
125.1(7) 
130.5(6) 
11 1.3(11) 


4.5(10) 
- 5.1(9) 
- 7 '9( 12) 


- 0.7(10) 
- 2.5( 1 1) 


3.7( 10) 


179.4(8) 
16-3(13) 
- 6.2(11) 
- 4.2(13) 
176.6(7) 
60.5(8) 


-64.5(8) 


1.428(11) 
1.412(11) 
1.389(11) 
1.361(9) 
1.438( 14) 
1.242(13) 
1.303(11) 
1.446(11) 
1.422(11) 
1.379(12) 
1 .574(7) 
1 .466( 17) 
1.427(20) 


115(10) 


101.9(7) 
109( 10) 


123.6(9) 
105.2(8) 
117.3(7) 


124.0(8) 
117.6(7) 
116.5(7) 
124.8(8) 
132.2(6) 
110.4( 13) 


5.2(10) 


118.8(8) 


-6.4(9) 
- 9.3( 11) 


5 .3( 1 0) 
- 1.8(10) 
-2.3(11) 
179.7(7) 
10- 4( 13) 
- 1 '6(11) 
- 10.8(13) 
177.6(8) 
61.5(9) 


-65.2(9) 


"Molecule (i). 
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Figure 1. Molecular structure” with the numbering system adopted in the crystallographic work. Only one independent molecule 
(2) of compound 3 is shown for clarity purposes. Thermal ellipsoids for the non-hydrogen atoms are depicted at 30% probability 


level while hydrogen atoms are represented by spheres (radius = 0.1 A) 


related by a 2, axis at 0.2478, 0.0271, z )  have essen- 
tially the same geometry but differ from that of 3 in the 
twist of the phenyl rings and to  a lesser extent in the 
conformation of the ortho substituents of the benzene 
ring. This ring is less planar in 3 than in 
3.EtOH[C(A/u]’= 57.95, 51-62 and 18.95, 6.44 
versus the theoretical value of 7.811 and the C(il0) and 
N(il7) deviate slightly from this plane in opposite ways 
to  avoid the strain caused by the contact between them 
[N...C: 2-753(3), 2.833(4) and 2.737(11), 2.707(11) A 
in 3 and 3 * EtOH, respectively]. Moreover, examin- 
ation of the substituent angles (Table 2) shows that the 
C(ilO)-C(ilI) and C(il2)-N(il7) bonds are bent 
inwards except the first bond of molecule 2 in 3. This 
deformation may be due to the C(i10)-H(iIO)~~~N(i17) 
intramolecular interactions in spite of the unfavourable 
geometrical situation of the H(il0) with respect to  the 
nitrogen lone pair (Table 3). 


All molecules display an E configuration around the 
N(i09)=C(ilO) double bond. The shortening 
(Nsp2-Car, Car-CSp2, Nsp2-Nsp2) and the elongation 
(P-N,,2 and, to a certain extent, of CSp2-NSp2 in 
3 .  EtOH) of these bonds, with respect to the tabulated 
values from X-ray and neutron data,2’ is observed as a 
consequence of some degree of delocalization in the 
P-N,,~-C,,-C,,-Csp2-Npp~-Nrp~ moiety. This 
fact, together with the previously mentioned intramole- 
cular contact and that of C(i16)-H(il6).-.N(i09) 
(Table 3) could be responsible for the planarity of the 
molecules (phenyl rings at P excluded). The conforma- 


tion about the P = N  bond corresponds to the parallel 
one,22 the C(i19) atom being placed trans to the C(i12) 
atom. 


The bond angles a t  N(iO1) indicate an sp3 hybridiza- 
tion, the angles around it adding 328(3), 328(3) and 
338(7), 326( 14)’ respectively. This tetrahedral situation 
was previously observed in 2-acetylindazolone 
[320(2)”] 23 (the only reported indazolone in the 
Cambridge Structural Database), ” while a less tetra- 
hedral arrangement is displayed by indazolone itself 
[353(3)’]. lo  


The five-membered rings are not planar 
[C(A/u)’=486.51, 1170.80 and 35.07, 53-62 versus 
the tabulated value of 5.991, adopting a slightly dis- 
torted envelope conformation, flapping at N(101) and a 
twist conformation at N(201), N(202) (compounds 3 
and 3 EtOH) (see Table 2). The ethanol molecules are 
not significantly different, in terms of the precision 
achieved, and both have the trans conformation 
[-152(9), -157°].2 


The packing in the two structures, mainly dominated 
by hydrogen bonds, is illustrated in Figures 2 and 3. 
The geometries of the hydrogen interactions are given 
in Table 3. In compound 3, each independent molecule 
(1 and 2) Iinks itself through an intermolecular 
N-H...O=C bond into infinite chains along the (1/2, 
y ,  1/4) and (0, y ,  1/4) two-fold screw axis, respectively. 
One of these chains, that corresponding to  molecule 2, 
is depicted in Figure 4. Thus, the crystal is built by 
alternating layers of these chains parallel to  the c axis 
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Table 3. Hydrogen interactions” 


Interatomic distances (A) 
Compound X-H...Y X-H X.,.Y H-..Y X-H-*.Y (’) 


3 


1: l - x , f + y , f  


3E tOH 


- 2. 


N(lOl)-H(lOl)~~~O(lO8)i 0-92(3) 
N(201)-H(201)~~~0(208)2 0.89 
C(110)-H(110)...N(117) 0.93(3j 
C(210)-H(210)-‘.N(217) 0.95(3) 
C(116)-H(116)-~N(109) 0.97(3) 
C(216)-H(216)...N(209) 0.97(4) 
C(234)-H(234)”’CI( 1-7A)3 1 * 04(4) 
C(220)-H(220)...C2(3A-7A)z 1.03(3) 
C( 135)-H( 135)’-C2( 11-16)4 0.98(3) 


2: -x,;+y,;-z. 3: x , l + y , z .  4: x , f - y , - $ + z .  


0(250)-H(250)‘..0( 108) 
N(101)-H(101)~~~0( 150) 
O( 150)-H( 150).-0(208) 
N(201)-H(201)...0(250)i 
C(l IO)-H(110)~..N(117) 
C(21O)-H(2lO)...N(217) 


C(216)-H(216)...N(209) 
C(204)-H(204)~~~Cl(l1-16) 
C(223)-H(223)..‘Cl(l1-16)2 
C(236)-H(236)..‘C1(25-30)3 
C( 104)-H( 104)...C2( 1 1- 16)4 
C(123)-H(123)-.C2( 1 1- 16)s 


C(116)-H(116)~.~N(109) 


1.02(-) 
1.12(10) 
1 *00(14) 
0.84( 14) 
1.11(9) 
l.IO(11) 
1.01(10) 


1.08(8) 
1.02(12) 


1.04(7) 


1.03(11) 
0.9 l(8) 
0.98(9) 


2.799(3) 
2 754(3) 
2.753(3) 
2.833(4) 
2.884(3) 
2.765(4) 
3.581(3) 
3.518(3) 
3.663(3) 


2 *697( 10) 
2.868(9) 
2.7 1 1 (10) 
2.86411 1) 
2.737(11) 
2.707(11) 
2.876( 1 1) 
2.863(11) 
3.610(11) 
3.441( 12) 
3.615( 11) 
3.573(11) 
3.506( 12) 


1 .89(3) 
1.87(3) 
2.36(3) 
2.53(3) 
2-58(3) 
2.42(3) 
2’75(5) 
2-59(4) 
2 .8  l(4) 


1 .68( -) 
1 .79(9) 
1 .86( 14) 
2.03( 14) 
2.40(9) 
2.40(9) 
2.39( 10) 
2.43(7) 
2.58(8) 
2.61 (1 2) 
2.75(10) 
2.73(8) 
2-62(9) 


170(2) 
171(4) 
105(2) 
9 9 m  
9 W )  


1W2)  
137(4) 
150(3) 
147(4) 


180(-) 
160(8) 
140(11) 
168(12) 
95(5) 
94(5) 


108(7) 
104(5) 
159(6) 
139(9) 
141(8) 
154(6) 
151(7) 


Numbers stand for symmetry operations and Ci(l-7A). Ci(3A-7A), Ci(l1-16) and Ci(25-30) (i = I ,  2) for the centroids of the corresponding rings. 
(-) Stands for fixed hydrogen atoms. 


(Figure 2). In compound 3 * EtOH, the ethanol and the 
host molecules in the asymmetric unit are connected 
alternately by O-H...O=C and N-H...O-H 
hydrogen bonds to construct a ribbon-like structure 
along the c axis. The independent unit of this strand is 
shown in Figure 5. In addition, quasi ‘T’ contacts,25 
involving C-H and the five and the six-membered 
rings, are also present (Table 3). 


After performing a smoothing of the van der Waals 
surf?ce* of the free host 3, by rolling a sphere of radius 
1 * 4  A,’ a cavity of volume 12-38 A3 (and its symmetry 
related) almost spherical in shape was located. Its cen- 
troid, situated at (-0.0049, -0~0061,0~3600),  led to 
the foJlowing shortest distances 2.52, 2.75, 2-55 and 
2.99 A, H(210),* H(201),* H(224)T and H(227)t being 
the atoms involved. 


A similar study was carried out for 3*EtOH,  
excluding the guest molecule. The two independent 
ethanol molecules were allocated in different types of 
cages: the molecule labelled as 2 and its centrosymmet- 


* - x, - 1/2 + y, 112 - z. 
t x, 112 - y. 112 + 2. 


rically rFlated are included in a cavity of volume 
222.59 A 3  and Of approximately dimensions 26.33, 
k3.83, 22 .88  A; a section of it through y = 0 * 5 0  is 
represented in Figure 6. Molecule 1 is inSluded in a cage 
of volume and dimensions of 89-49A3 and 23.81, 
k2.63, 22 .53  A, respectively. For the ethanol molec- 
ules, the corresponding volumes, sizes and local 
packing coefficients, as defined as c k  = V,,,,,/ I/h&, are 
51.46A3, 23-20 ,  $2.18, +2.01 Aand0.46formol- 
ecule 2, and 52.55 A’, 23.12, 22.35, 2 2 . 1 7 A  and 
0.59 for molecule 1. 


The structures of 3 * MeOH and 3 - PrOH have not 
been determined. Although it is obvious that methanol 
can be accommodated in the hole left by the ethanol 
molecule, the case of propan-1-01 has to be considered. 
To determine the volume and size of this molecule, a 
search in the CSD (July 1991 version, 90 296 entries)24 
was carried out for structures including propan-1-01 as 
solvate. Only five examples were found which fulfil the 
following conditions: (i) no disorder present; (ii) 
crystallographic R factor less than 0.10; (iii) no metal 
atoms present in the structure; (iv) fractional coor- 
dinates available. Of these five, only one (CSD refcode 
ESTRPD)26 has the hydrogen atoms of the propanol 
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Figure 2. Compound 3: a view of the packing along the b axis (Ellipsoids at 30%) 


molecule located, which are necessary to use the 
program HOLES: it contains a propan-1-01 moleculeoin 
the ‘gauche’ conformation (0-C-C-C = - 65.4 ). 
The model of interpenetrating spheres of van der Waals 


gives values of 66.62 A3 and 23.27, 22.56 
and 5 2 - 3 5  A for volume and size, respectively. There- 
fore, if the smallest hole of molecule 1 (3*EtOH, 
89.49 A 3 )  is considered, the propan-1-01 molecule can 
be included in the same host matrix displaying a local 
packing coefficient ck = 0.74, higher than those above 
reported for the ethanol case but similar to those found 
by us for the B F i  anion where the fluorine atoms are 
involved in hydrogen interactions. 27*28 


The 13C NMR spectra of the free host 3 and those of 
its three alcohol inclusion derivatives were recorded in 
the solid state using the CPlMAS technique. The 
chemical shifts are given in Table 4, which also includes 
the data in solution (see Experimental). 


Concerning the chemical shifts of the host, the three 


inclusion compounds present very similar values; as a 
consequence, those in Table 4 are averaged values. The 
only noticeable difference is that the resolution of the 
spectrum increases regularly from 3 (the worst) to 
3 -P rOH (the best). The differences between the 
chemical shifts of the host in DMSO-d6 solution and 
the pure host in the solid state (A6 = Gsoln - 6solid) and 
those, in the solid state, between the pure host and the 
inclusion compounds (As’ = bsolid - ~ H G )  are also 
reported in Table 4. 


The largest A6 values, about 3 -3  ppm, are observed 
for C-9 and C-12. Probably, the conformation about 
the N-C-9 bond changes between the solid state and 
the solution. The fact that the highly polarized 
iminophosphorane” is more or less conjugated with the 
phenyl ring should affect mainly the ips0 (C-9) and the 
para (C-12) carbon signals. 


Concerning A6 ‘, the largest values correspond to 
C-3a and C-4. We assign these shifts to the hydrogen 
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Figure 3.  Same as Figure 2 for compound 3 .  EtOH. (Ellipsoids at 30%) 


bond between the OH of the alcohol and the carbonyl 
group of the indazolone. Contrary to naive expecta- 
tions, it is not C-3 but the adjacent atoms which are the 
most sensitive carbons in indazolones. lo 


The signals of the guest are clearly observed. The 
CP/MAS technique allows one to identify the guest and 
to determine the host-guest stoichiometry in a non- 
destructive way. The signals appear (with the differ- 
ences with respect to the values in solution reported 
under Experimental in parentheses) as follows: 
methanol at 49.08 ppm ( -  1.5 ppm), ethanol at 18-06, 
CH3 (-0*2ppm), 56.11 ppm, CH2 (-2.1 pm); 
propan-1-01 at 11.27, CH3 ( I  a2 ppm), 26.11 ppm, 


central CH2 (0.4ppm) and 63.33 ppm, CHzOH 
( -  1 - 1 ppm). The effect on the terminal CH3 in pro- 
panol is probably due to the proximity of a phenyl ring 
in the crystal, whereas the systematic deshielding of 
the carbon linked to the OH is attributable the 
hydrogen bonds present in the crystal (see the structural 
discussion of 3 * EtOH): 


O=C-N-H ...O-H...O =C-N-H 
I 


R 


The I3C NMR spectra of propanol in CDC13 without 
and with one equivalent of pyridine (as an HB acceptor) 







HOST-GUEST CHEMISTRY. METHANOL, ETHANOL & PROPAN-1-OL 515 


Figure 4. Compound 3: perspective of one chain showing the hydrogen bond interactions. (Ellipsoids at 30%) 


Table 4. Carbon-13 chemical shifts (ppm) and chemical shifts differences (ppm) of the host 3 in different situations 


Carbon Solution Pure host Host-guest A6 = 6so1n - h i d  A6 = dsolid - ~ H G  


c - 3  
C-3a 
c - 4  
C-5 
C-6 
c -7  
C-7a 
C-H 
C-8 
c-9  
c-10 
c-11 
c-12 
'2-13 
C-14 
c-15 
C-16 
C-17 


159.12 
119.36 
124.16 
122.40 
132.45 
113.04 
145.76 
145.85 
127.96 
155.55 
123-08 
130-60 
118.74 
127.31 
129.79 
132.55 
128.70 
132.02 


158.10 
119.17 
125-23 
123.64 
131.84 
112.87 
146-27 
146.27 
127.27 
152.38 
123.64 
129.55 
115.29 
127.27 
130.05 
132.71 
127.27 
131.84 


158.19 
119.97 
124.09 
123.19 
131.95 
112.88 
146.49 
146-49 
127.91 
152.81 
123.19 
130.20 
115.91 
127.91 
129.07 
131.95 
127-91 
131.94 


1.02 
0.19 


- 1 *07 
-1.24 


0.61 
0.17 


- 0.51 
-0.42 


0.59 
3-17 


-0.56 
1.05 
3.45 
0.04 
0.24 


1.43 
0.18 


- 0.16 


-0.09 
-0.80 


1.14 
0.45 


-0.11 
- 0.01 
- 0.22 
-0.22 
-0.64 
- 0.43 


0.45 
-0.65 
- 0.62 
- 0.64 


0.48 
0.76 


- 0.64 
-0.10 
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d 


Figure 5.  Same as Figure 4 for compound 3 .  EtOH. (Ellipsoids at 30%) 


(a) (b) 
Figure 6. Section’ Y = 0.50 showing the hole (a) where the two ethanol molecules (2) centrosyrnrnetrically related are included and 


(b) the same section for the ethanol molecules (2) 







HOST-GUEST CHEMISTRY. METHANOL, ETHANOL & PROPAN-1-OL 517 


and with one equivalent of trifluoroacetic acid (as an 
HB donor) were recorded. The trifluoroacetic acid does 
not shift the terminal CH2 signal, but pyridine produces 
an effect similar in sign to but smaller (- 0.42 ppm 
instead of - f * 1 ppm) than that observed in 3 - PrOH 
compared with 3. The effect is larger in the solid state 
because all propanol molecules are hydrogen bonded 
whereas in solution there is an equilibrium between 
hydrogen-bonded and free propanol molecules. 


CONCLUSIONS 
The combined use of three methods, X-ray crystallo- 
graphy, thermal analysis and solid-state NMR, is 
necessary to understand the properties of inclusion 
compounds. Crystallography yields the most valuable 
information but it suffers from two drawbacks: it is too 
time consuming for a systematic survey and in some 
cases good crystals cannot be obtained. Thermal 
analysis gives a macroscopic view of the energies 
involved in the host-guest interaction. Solid-state NMR 
(in most cases 13C NMR) gives a picture of the mol- 
ecular interactions, hydrogen bonds and proximity 
effects. In the present case, the X-ray structures of 3 and 
3 - EtOH have been determined. On this basis, the DSC 
and I3C NMR chemical shifts can be interpreted. Fur- 
ther, they predict that the two other inclusion com- 
pounds, 3 b MeOH and 3 * PrOH, should be similar to 
the ethanol derivative (i) in the structure of the host, (ii) 
in the size of the cavity and (iii) in the hydrogen-bond 
networks that link the guest in the cavity of the host. 


SUPPLEMENTARY MATERIAL 


Tables of atomic coordinates, anisotropic displacement 
parameters for the non-hydrogen atoms and structure 
factors can be obtained from the authors on request. 
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The formation of micelles, vesicles and monomolecular layers by amphiphilic cyclodextrins possessing hydrophobic 
ester groups on the secondary hydroxyl face is described. The physico-chemical properties of these self-organizing 
systems were studied by dynamic light scattering, variable-temperature ’H NMR, the use of lanthanide shift reagents, 
deposition of Langmnir layers, variable-temperature solubility measurements and aqueous and non-aqueous surface 
tension activity measurements. The results are interpreted in terms of the cylindrical geometry of the compounds 
which, coupled with the presence of a large planar polar head group, leads to the formation of self-organized systems 
both in polar organic solvents and also at the air-water interface. 


INTRODUCTION 


The cyclodextrins are cyclic oligosaccharides possessing 
six, seven or eight a-1 ,il-linked glucopyranose units and 
forming a cylindrical molecule. The resultant non-polar 
cavity is capable of including a wide variety of organic 
molecules. I They are commercially available on the ton 
scale and have been widely used in alimentary,’ phar- 
maceutical and separation applications. 


Figure 1 shows the dimensions of 01-, p- and 7- 
cyclodextrins and the molecular symmetries. In 
addition to the axial symmetry (G), the presence of 
two hydrophilic faces (the primary and secondary 
hydroxyl groups) surrounding a hydrophobic cavity, 
yields a ‘face to face’ pseudo-symmetry. In order to 


*Author for correspondence. 


0894-3230/92/0805 18- 1 I $10.50 
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synthesize amphiphilic cyclodextrins, one of these two 
hydroxyl faces must be selectively substituted by hydro- 
phobic groups (Figure 2). The synthetic strategies 
necessary to achieve this have been developed in the 
context of an interdisciplinary approach to new cyclo- 
dextrin derivatives, and a wide range of amphiphilic 
cyclodextrins are now available at the multi-gram 
level. 


In this paper we report the physico-chemical proper- 
ties of a series of amphiphilic cyclodextrins in which the 
secondary hydroxyl face has been rendered hydro- 
phobic by the addition of lipophilic ester groups at the 
0-2 and 0 - 3  positions.6 These molecules possess, as 
a core, a rigid cylindrical geometry and are capable of 
forming a wide range of self-organizing structures: 
micelles, vesicles and mono- and multi-molecular 
layers; as would be expected, the behaviour of these 
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a-cyclodexuin R-cyclcdexuin y-cyclodexuin 


(b) 


Figure 1 .  (a) Molecular dimensions and (b) molecular symmetries of cyclodextrins 


6 <OH 


f i  
OH OH i I  


Figure 2. Synthetic strategy for the preparation of 
amphiphilic cyclodextrins 


systems is dominated by the formation of lamellar 
structures.' 


EXPERIMENTAL 


The syntheses of amphiphilic CD diesters have been 
published previously for P-CD;6*8 the a- and y-CD 
derivatives were prepared by analogous methods6 
[a-CD-C14 ester, yield 66%, TLC RF= 0.48 
(CHzC12-EtOH, 95 : 5 ) ;  P-CD-Cl4 ester, yield 57%, 
R E =  0.45 (CH2C12-EtOH, 95 : 5);  7-CD-C14 ester, 
yield 5 1 To, RF = 0.42 (CHzCIz-EtOH, 95 : 5) ]  . 


Solvents were distilled over the appropriate drying 
agents prior to use and water was triply distilled. All 


glassware was cleaned with sulphuric acid-chromic acid 
mixture, abundantly rinsed with triply distilled water 
and dried before use. 


Solubility measurements were carried out by placing 
a weighed amount of the compound in 5 ml of solvent 
in a stoppered tube, in a thermostated bath, and stirring 
at the desired temperature for 20 min. If complete dis- 
solution occurred, a further amount was added and the 
experiment repeated until complete dissolution was no 
longer observed. 


Surface tension was measured on a Prolabo T. D. 
2000 tensiometer using the stirrup and blade technique. 
All measurements were repeated three times to ensure 
reproducibility. In the case of aqueous systems small 
(2  pl) volumes of a chloroform solution were deposited 
at the water surface and the solvent was allowed to to 
evaporate prior to the measurement. For measurements 
in tetrahydrofuran known amounts of the amphiphile 
were added to distilled tetrahydrofuran (THF). 


'H NMR measurements were carried out at 200 MHz 
on a Bruker AC 200 spectrometer. The signal was 
locked on the internal deuterium signals of the solvent 
and peaks were referenced with respect to the internal 
standard. Variable-temperature spectra were carried 
out at 5 K intervals between 293 and 363 K in 
pyridine-ds and between 293 and 343 K in THF-&. 


External shift reagent experiments were carried by 
the addition of small amounts of Eu(fod)3 or Eu(NO3)3 
stepwise to solutions of the @-CD-C6 ester in THF-d8 or 
p yridine- ds. 


Light-scattering experiments were carried out at 
various concentrations of the compound in THF or 
pyridine using a Coulter N4M Nanosizer. The measure- 
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ments were repeated three times to ensure 
reproducibility. 


Monolayers of cyclodextrins were deposited at the 
air-water interface of a Langmuir-type film balance 
(MCN Lauda, Germany). Known concentrations of 
approximately 10 I4 molecules were deposited from 
chloroform solutions and were allowed to  evaporate for 
10min before the compression r - A  isotherms were 
recorded at a constant compression rate of 
2 - 3  cm min-I. The r - A  isotherms were recorded at 
least three times to  ensure that the molecular surface 
areas measured were within experimental error. 


Molecular graphics studies were carried out using the 
SYBYL modelling package. The initial structures were 
constructed using cyclodextrin coordinates obtained 
from the Cambridge Crystallographic Data Bank. The 
chains were added in a geometry which will correspond 
to a compact state, and an initial energy optimization 
was carried out using the internal force field. In a 
second series of calculations, the 0 - 2  chains were 
oriented towards the molecular cavity with the 0 - 3  
chains remaining oriented towards the exterior, giving 
an 'in-out' conformation. For the non-compact state 
no energy minimization was carried out  and the figure 
is only a simplified representation. 


RESULTS 


Temperature dependence of solubility 


Figure 3 shows the solubilities of the p-CD-C6, 0-CD- 
C12 and p-CD-Cl4 0 2 ,  03-diesters in THF as a func- 
tion of temperature. The designation C6, C12 and C14 
refers to the ester chain length. 


Solubilities at 20°C for the compounds are p-CD- 
C6 = 450 P-CD-Cl2 = 360 and p-CD-Cl4 = 310 g 1-'; 
the solubilities increase slowly up to 50°C,  at which 
temperature all three compounds have essentially the 
same solubility of 500 g I - ' .  A sharp increase in solubi- 
lity occurs above this value, reaching 850 g l-. '  for P- 


I"" I I 


0 CIJ 
9 C l t  
1 C6 


2 0 J  I 
1 5  2 5  1 5  4 5  5 s  6 5  


Temperature(C")  


Figure 3.  Solubility of the amphiphilic diesters P-CD-C6, 
P-CD-Cl2 and P-CD-Cl4 in tetrahydrofuran as a function of 


temperature 


CD-C6, 94Ogl- '  for p-CD-C12 and 141Ogl-' for 
p-CD-Cl4 at 60°C.  It is noteworthy that the break 
point for all three compounds occurs at identical tem- 
peratures. This suggests that the process occurring is 
related to a single constant factor, unrelated to  the alkyl 
chain length (probably OH-6 head group interactions). 
As shown above, in the lower temperature zone the 
solubility is inversely related to chain length, 
C6 >> C12 > C14. 


Surface tensions of aqueous solutions 


Surface tension-concentration plots are given in 
Figure 4 for 0-CD-C2 diester. This compound exhibits 
a strong surface activity, characterized by the appear- 
ance of the critical micellar concentration (CMC) value 
of concentration equal to 2 x lo-' M. For n-octyl-0- 
glucoside' and sucrose monolaurate lo the CMC values 
were found at concentrations much higher than that 
observed for /3-CD-C2, 2.5 x lo-' and 3.4 x M ,  
respectively. 


15 1 I 


65 


so '  ' ' ' ' . ' . ' ' ' d 
1.: I 2  I 4  


C ~ ~ ~ i c c i i l r : i l i ~ ~ ~ i ( M  x 10 ) 


Figure 4. Concentration dependence of the surface tension of 
P-CD-C2 in water 


Surface tensions of tetrahydrofuran solutions 


Figure 5 shows the surface tension-concentration 
curves for P-CD-C6, P-CD-Cl2 and p-CD-C14 in THF. 


19 1 
I 


I 
U , 0 0  0 , U I  0 . 0 2  IO.03 0 . 0 4  0 , 0 5  


Figure 5 .  Concentration dependence of the surface tension of 
P-CD-C6, P-CD-Cl2 and P-CD-CI4 in tetrahydrofuran 
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Although the effects are relatively small, they are repro- 
ducible. The curves obtained resemble closely those 
observed for surfactants in aqueous solutions (see 
Figure 4) and are all consistent with the formation of 
vesicles (cf. phospholipids). The critical micellar 
concentrations are 2.8 x lo-' M for P-CD-C6, 
7 - 1  x w 3  M for P-CD-Cl2 and 6 . 0 ~  M for 
a-CD-C 14. 


Dynamic light scattering 


In view of the above results, which support the for- 
mation of micelles or vesicles in aqueous and non- 
aqueous systems, aggregate size was investigated by 
light scattering. For (3-CD-Cl4 in pure THF,  with a 
mean apparent diameter of 530 nm at  a scattering angle 
of 90°, the aggregates are stable over a period of 48 h 
with no observed variation in size. In water-THF mix- 
tures, at aqueous mole fractions of 1% and 2%, slightly 
smaller aggregates are observed at 420 nm diameter. 
For mole fractions in excess of 3% extremely large 
aggregates are observed, with apparent diameters in 
excess of 2100 nm. Diameters of around 400-500 nm 
are in accord with the curvature needed for the for- 
mation of vesicles, with a lamellar external membrane. 
Formation of vesicles in non-aqueous media is rare and 
only recently have liposomes been observed by electron 
microscopy from such solvents. '' 


For the P-CD-Cl2 and P-CD-C14 diesters in pyri- 
dine, much larger, highly disperse aggregates are 
observed of apparent diameter apparent ca 4300 nm. In 
contrast to the behaviour in THF, such systems in pyri- 
dine are relatively unstable and during 2 h further 
aggregation occurs, leading to assemblies larger than 
10 pm. 


Variable-temperature 'H NMR studies 


Variable-temperature 'H NMR studies have been 
widely used to  provide information about solvent 
accessibility of proton" and phase changes in 
organized systems. Here we used this technique to  
provide information on the structure of the bilayers 
formed by aggregates of the C D  diesters. l 3  


Tetruhydro furun 


The room-temperature 'H NMR spectra of the 0-CD- 
C6, (3-CD-C12 and (3-CD-Cl4 diesters in THF-ds are 
broadened with no differentiation observed between the 
0 - 2  and 0 -3  chain CH2 or CH3 protons. In this solvent, 
the OH-6 [Figure 6(a)] and H2O slope [Figure 7(a)l 
signals are relatively insensitive to tempe:ature. 


The temperaturelchemical shift slope for OH-6 of cu 
1.4 Hz "C-' suggesting a system in which there is little 
interaction between the OH-6 head group and the sol- 
vent. This situation is similar to  that observed for pep- 


1400 7 


e 1000 
THF 


I"" 


1 5  2 5  3 5  4 5  5 5  6 5  


: rl------,~ 
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Figure6. Tempreature dependance of the OH-6 'H NMR 
resonance in (a) tetrahydrofuran-ds and (b) pyridine-ds for 


p - C D - C 6 


4 0 0 '  ' . ' I 
I 0  2 0  4 0  5 I1 6 0  7 0  "' . I  I U,,l,l"",l"l'C 1°C) 


Figure7. Temperature dependance of HzO 'H NMR 
resonance in (a) tetrahydrofuran-ds and (b) pyridine-d5 for 


&CD-C6 


tides and proteins in which amide resonances are 
temperature invariant for buried amide groups. This 
is in accord with the observed residual water possibly 
bridging hydroxyl groups as observed in the solid state 
for the native cyclodextrins. l4 


Pyridine 


In pyridine-d5, for the @-CD-C6 diester, the OH-6 
signalois relative easily identified as occurring 6.7 ppm 
at  20 C. At room temperature the CH2 chain protons 
are observed as relatively broad peaks, centred at 1.34 
and 1-50 ppm. The CH3 protons are observed as two 
triplets at 0.89 and 1.01 ppm, hence we now observe 
inequivalence between the 0 - 2  and 0 - 3  chains. 


Both the OH-6 [Figure 6(a)] and water [Figure 7(b)] 
resonances are more temperature sensitive than in 
THF-ds, showing slopes of 2 - 7  and 2 * 8 H z ° C - ' ,  
respectively. This probably arises from solvent-head 
group interactions. Separate resonances are observed in 
the 0 - 2  and 0 - 3  chains for the CH2 chain and CH3 
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Figure 8. Temperature dependence of the frequency difference 
of 0 - 2  and 0 - 3  CH3 and CH2 chain resonances in the 'H 


NMR spectra of P-CD-C6 
0 


protons [Figure 8(b)]; this would be the case for mol- 
ecules packed in a classical bilayer assembly in which 
the alkyl chains will be sterically non-equivalent; in this 
aggregate structure, the polar head groups will be 
oriented towards the solvents. Figure 8 presents the 
chemical shift differences between the 0 -2  and 0 - 3  CH2 
chain and CH3 terminal peaks. 


The curves for the chemical shift difference between 
the 0 -2  and 0-3,  CH2 chain and CH3 terminal protons 
show zones of 30-60°C (CH2 chain) and 40-70°C 
(CH3 terminal) in which there is considerable diver- 
gence from a linear variation. The slopes observgd in 
the regions outside these areas are A = 0.13 Hz C-l 
for CH2 and A = -8 x Hz 'C-' for CH3. Such 
changes in chemical shift differences may arise from a 
change in the phase state of the chains, possibly a 
passage from a static to a dynamic state for one or both 
ester chain groups. 


External shift reagents 


The addition of Eu(fod)3 or E u ( N O J ) ~  to P-CD-C6 in 
pyridine-ds caused the OH-6 resonance to be displaced 
(0.6 ppm) and broadened; eventually at high concen- 
trations the resonance is so broadened as to be unob- 
served. No other perturbations of the 'H NMR 
spectrum were observed. 
In THF-ds the addition of Eu(fod), causes pertur- 


bation of the CH2 and CH3 resonances, with some split- 
ting of the peaks occurring. For Eu(NO3)3 at low 
concentrations of the shift reagent the CH2 and CH3 
resonances are again perturbed, but a t  higher concen- 
trations the OH-6 resonance is now broadened and 
shifted (0.4 ppm). 


Surface pressure-area isotherms of monomolecular 
layers 


Figure 9 gives the surface pressure r ( m N  rn-') versus 
molecular area (A') curves for deposited layers of a- 


100 200 300 400 


Molecular area (A*) 
Figure 9. Surface pressure isotherms for the diesters ____ 
a-CD-C14, ..... P-CD-Cl4 and y-CD-C14 at the 


air-water interface 


CD-C14, /3-CD-C14 and y-CD-C14 diesters. The curves 
show two distinct parts in which a rise in x is observed. 
The first corresponds to the expanded state of the film, 
A", and arises from the compact state. Extrapolation of 
these linear parts to  the abscissa yields molecular area 
A0 values (I) of 334 398 and 441 A' and A values (II), 
of 288, 338 and 385 A' (Table 1). Dividing the corre- 
sponding AO or A values by the number of chains for 
each compound gives a mean area per chain equal t o  28 
( 2  0.1) A, characteristic of c o m p o p d s  in the non- 
compact state (I) and 24.0 ( t O . 1 )  A in their compact 
form ( I f ) .  All three compounds form stable layers with 
collapse pressures for a-CD-C14 and P-CD-Cl4 of 44.6 
and 43.1 mN m-I ,  respectively, and y-CD-Cl4 of 
47 mN m- ' .  The shape of the T - A  isotherms suggests 
that transitions from liquid expanded to liquid con- 
densed and solid states of monolayers take place. '' 


The surface pressure isotherms for P-CD-C2, 6-CD- 
C6, p-CD-C8, 0-CD-CIO and p-CD-CI2 are shown in 
Figure 10. The compounds show A0 values as follows: 
C2, Ao7314A2 mean chain area 22.4A2: C6 
Ao=337AZ,  mean chain area 24.1 A'; C8, 
Ao=356A2;  CIO, A 0 = 3 6 1  A'; and C12, 
A0 = 368 A'. The corresponding mean area per chain is 
25.4, 25.8 and 26.3 A', respectively. The collapse 
pressure values for C6, C8, CIO and C12 are approxi- 
mately the same at 30.5 mN m-', whilst the monolayer 
formed by 0-CD-C2 is less stable with a collapse 
pressure of only 14 mN m-I. 


The observed values of *A (compact) for a-CD-Cl4 
(288 A2), p-CD-C14 (338 A') and y-CD-C14 (385 A') 
are consistently larger than those observed for 
amaphiphilic cyclodextrins in which lipophilic group is 
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f * O '  - 
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20 


0 


Table I .  Result from compression isotherms of amphiphilic molecules 


CDs, a-CD-NH-C 16 = 162 A ', P-CD-NH- 
C16 = 215 A' and y-CD-NH-C16 = 287 A'. 


From the observed values it is possible to calculate 
the areas occupied per chain for each conformation for 
the C14 diesters. The extended and compact areas 
obtained are constant for a-, 0- and y-CD at 28.0 and 
24.1 A', respectively. The values obtained- at the col- 
lapse pressures are 19.1, 20.2 and 20.3 A', respect- 
ively, and aFe close to the hydrocarbon cross-sectional 
area of 20 A'. The values obtained are slightly smaller 
than those observed by Taneva et for the 
aminoalkyl-CDs, but consistent with the structure of _____\______ \. '.). '. these compound containing a slightly wider cavity at the 
secondary face which allows a compact final packing 
arrangement. The molecular areas observed at the col- 
lapse pressure increase with increasing chain length. 


-.. ---u...- -..,_.._ .__,_ ="- ..___,, -.-.-,..- \ - --"u - ..i 
-%;. .. . . \'.). ', 


. \. ..\. .. \ , \ '\.:..:\. ',, 
'\. '..! % 


\. '. '\ 8 


'.:?:& .\, -.: *-- 


Molecular area, A (A') Area 
Collapse pressure per alkyl chain area, Collapse pressure I 


Compound Experimental Calculated (mN rn-') A (A2) per alkyl chain area (A') 


a-CD-C 14 
@-CD-C14 
y-CD-Cl4 
0-CD-Cl2 
p-CD-ClO 
P-CD-CS 
&CD-C6 
- C D - C 2 


288, 334' 
338, 398" 
385, 441' 


368 
361 
356 
337 
3 14 


339 
407 
450 
379 
358 
351 
323 
289 


44.6 
43-1 
47.0 
30.1 
30.1 
30.6 
33.0 
14.0 


24.0, 28.0a 
24.1, 28.4= 
24-1, 28.0' 


26.3 
25.8 
25.4 
24.1 
22.4 


19.1 
20.2 
20.3 
20.6 
20.0 
18.4 
18.0 
16.0b 


'Expanded (fluid state)(&). 
bThe line shape for P-CD-CZ reeduces the accuracy for these values. 


Table 2. Molecular graphics results 


Compound 
ChainJength 


(A) 


u-CD-Cl4 
P-CD-Cl4 
y-CD-CI4 
P-CD-C12 
P-CD-ClO 
P-CD-CS 
P-CD-C6 
P-CD-C2 


P-CD-C14= 
p-CD-C2(in) 


16.702 
16.702 
16.702 
14.215 
11.351 
8.850 
6.491 
1.510 
1.510 


16.702 


CD diameter 
(A) 


20.780 
22.765 
23.941 
21.972 
21-356 
21.147 
20.286 
19.074 
15.738 
18.862 


Calculated energy 
(kcal mol-') 


- 79.408 
-96.222 
- 74.923 
- 86.568 
-90.048 
- 56.753 
-38.182 
- 2.017 
82.745 


- 118.423 


Van der Waals energy 
(kcal mol-') 


- 155.929 
- 180.830 
-216.802 
- 163.071 
- 159.483 
- 137.820 
- 115.060 
-61.049 
-42.561 


-219.600 
~~~~ ~ 


aThis structure corresponds to a highly compact state, probably observed near the collapse pressure. 
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minimum energy values, values for the van der Waals pendicular to the molecular C, axis for the non- 
energies and the chain length and the corresponding 
values for the ‘in-out’ mode for P-CD-C14. In The calculated values for .40 and A ,  as shown in 
Figure 1 1  are shown space filling representations of a- Table 2, are in close agreement with the observed 
CD-C14, P-CD-C14 and y-CD-C14, parallel and per- values. The observed increase in molecular diameter 


compact form. 


(C) 


Figure 1 1 .  Molecular graphics representations of the diesters (a) a-CD-C14, (b) P-CD-C14 and (c) 7-CD-Cl4 in the non-compact 
mode 
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with increasing chain length results from a geometry in 
which the 0 - 3  chains are oriented slightly outwards 
from the molecular axis. This geometry leaves an open 
cavity with a relatively open-chain packing, corre- 
sponding to a mean chain area which should be iarger 
than that of close-packed alkyl chains, i.:. > 20 A’, in 
agreement with the observed value of 24 A’ for A .  The 
overall geometry is that of a cylindrical hydrophobic 
zone capped by a conical polar zone (CD+ester car- 
bonyl) ca 6 . 5  A in depth. The ester carbonyl oxygen 
atoms are clearly available for interaction with the 
external environment. 


The ‘in-out’ conformations in which the 0-2  ester 
linkage moves to the interior of the cavity may be 
expected to correspond to those observed in the com- 
pression zone in which the chains will rearrange 
geometry until increasing van der Waals repulsion will 
prevent further molecular compaction. In this geometry 
the chains are packed in a dense form where the mean 
chain area will approach the value of 20 A’ typical for 
single close-packed alkyl forms. 


For P-CD-C2 a model was constructed with all 
acetate groups oriented in the ‘in’ mode. Energy calcu- 
lations show very large repulsive energies for this con- 
formation (ca 90 kcal mol-’). Hence we may consider 
the ‘in-out’ mode as representing the most compact 
form possible. 


DISCUSSION 


The cyclodextrin 0-2, 0 - 3  diesters possess rigid cylin- 
drical structures and hence self-organizing assemblies 
based on these molecuIes should be based on lamellar 
bilayer structures. From the dynamic light-scattering 
studies the molecules form large, uni- or multi-lamellar, 
vesicle structures in THF (500 nm). 


In THF the evidence from the temperature 
dependence of solubility and the ‘H NMR chemical 
shift of the OH-6 protons leads us to propose an aggre- 
gate structure in which there are strong inter- and intra- 
molecular interactions; when there are strong head 
group-head group interactions, the interactions will be 
via hydrogen bonding either directly between two 
hydroxyl groups or via the residual water molecules. It 
is expected that such hydrogen bonding will be intra- 
and intermolecular, with the intermolecular hydrogen 
bonding within the same layer and also spanning head 
gro2ps or adjacent layers. Thus the change occurring at 
50 C implies a change in such interactions; this is in 
agreement with work of Jeffrey and Malu~zynska’~ on 
certain mono-saccharide liquid crystal systems in which 
it was found that head group-head group rearrange- 
ments occur in self-assemblies of carbohydrate 
amphiphiles. This implies that in multimolecular 
assemblies there is a geometry with the polar head 
groups interacting and the hydrophobic chains oriented 


in pyridine in tetrahydrofuran 
(a) I (b) 


Figure 12. Proposed lamellar structure of the amphiphilic 
diesters in (a) tetrahydrofuran and (b) pyridine 


towards the solvent, i.e. a reversed membrane structure 
(Figure 12). 


In pyridine much larger objects (4000 nm) are 
formed; the exact nature of these is undetermined. 
However, the premise of a normal bilayer with the 
polar head group oriented towards the solvent is in 
accord with the observed effects in variable-temperature 
‘H NMR where the OH-6 protons ‘observe’ the solvent. 
Such a structuring would involve interaction in the 
bilayer of the alkyl chains, and should lead to inequiva- 
lence for the 0-2  and 0 - 3  chains. This structure is in 
agreement with th: observation of a phase change 
between 40 and 60 C, for the CH2 chain resonances, 
which is proposed to arise from transition between a 
non-mobile (gel state) and a dynamic (fluid) state. 


Particularly strong evidence supporting an inverse 
membrane structure in THF and a normal membrane 
structure in pyridine comes from the use of external 
shift reagents. These cause perturbations in the ‘H 
NMR spectra by a through-space mechanism and thus 
will affect the regions of the aggregates in contact with 
the solvent in THF. It is the alkyl chain resonances 
which are perturbed, hence an inverse structure should 
exist. In pyridine where the normal bilayer structure 
will cause the alkyl chains to be buried no effects are 
observed for these resonances, but here the OH-6 head 
group resonance is strongly perturbed. In the case of 
Eu(NO3)3 THF the small cation is apparently capable at 
high concentrations of penetrating the aggregate and 
interacting with OH-6 head group moieties. 


Further support for the difference in the nature of the 
aggregates found in THF and pyridine arises from 
surface area-pressure isotherms obtained from depo- 
sition of THF and pyridine solutions of P-CD-Cl2 
diester at the water surface. For- deposition of a THF 
monolayer a value of A = 368 A’ is obtained, corre- 
sponding closely to that observed for deposition of 
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chloroform solutions. For deposition of pyridine sol- 
utions an apparent A = 180 A' is observed. This may 
arise for partial dissolution of the deposited compound 
by the miscible pyridine, but T H F  is also miscible and 
similar effects might be expected if only a dissolution 
effect were occurring. Even in chloroform head 
group-head group interactions undoubtedly occur and 
the dispersion of this structure to  give a monolayer is 
favoured by the hydrophobic interaction between the 
alkyl chains and water and hydrogen bonding of the 
hydroxyl groups with water. Similar effects will occur 
for THF even with possible dissolution of THF in 
water. 


For pyridine the interactions within the organized 
systems in which the polar head groups are oriented t o  
the exterior and the lipophilic chains are blocked from 
solvent interaction will be less favourable to the for- 
mation of monolayers and either partial dissolution of 
the aggregates or deposition of rnultilayers will be 
favoured; either event will lead to a reduction in the 


observed Ao.  The exact nature of this process is cur- 
rently under investigation. 


The formation of monolayers by amphiphilic CDs 
has been observed for compounds having hydrophobic 
groups substituted at the primary face. 5916,18* '9  For 
such compound highly unstable layers were observed 
for chain lengths of less than six carbon atoms; in this 
study stable layers were observed even for the @-CD-C2 
diester. 


For chain lengths of 6-12 carbon atoms collapse 
pressures are approximately equal, with a subsequent 
increase in stability for the P-CD-C14 ester. Whereas 
the a-CD-C14 and P-CD-Cl4 diesters collapse at 
similar pressures, 7-CD-C 14 forms more stable layers. 


Collapse of the monomolecular layers should lead to  
the formation of multi-layered aggregates at the 
air-water interface. Two factors should govern such a 
collapse: first, the adhesion forces at the water surface, 
and second, the depth of the molecule. From the above 
results it would seem that either factor may predomi- 


H20 Hz0 


u 


H20 H2O 
Figure 13. Proposed states at the air-water interface for C14 diesters: (a) expanded; (b) non-compact; (c) compact; (d) com- 


pact-immersed 
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nate; the observation of equivalent collapse pressures 
for P-CD-C6 through P-CD-C 12 suggests that adhesion 
forces are important in these cases. For the passage 
from a-CD through (3-CD to 7-CD the molecular depth 
would appear to be important for a-CD and 0-CD (in- 
creasing surface area, same stability); whereas with 
7-CD the adhesion forces are important (larger surface 
area, greater stability). 


Within the zone of increasing pressure, in addition to 
reorganization of the chain packing it may be expected 
that the CD amphiphile molecule will reorient them- 
selves with respect to the water surface, changing from 
a possible tilted orientation to an upright form 
accompanied by possible immersion of the head group 
in the solvent phase. In such an orientation, hydrogen 
bonding would become possible between water mol- 
ecules and the 0-4  and 0 - 5  carbohydrate oxygens; 
interactions of this type have been observed in the 
herring-bone 6-CD crystal structures. 20-21 


For the C14 diesters in particular, a less compact 
state is observed at low compression pressures; this may 
correspond to a liquid expanded state” in which the 
acyl chains will be in fluid (non-oriented) confor- 
mations. The stability of such a state will be related to 
the chain melting temperature and hence chain length; 
as this is a phase change at a monomolecular surface, 
this temperature should not be related to the phase 
change temperature observed in the pyridine ‘mem- 
brane’ structures. Figure 13 show schematically the 
transition from an open through a non-compact to a 
compact state. 


The molecular graphics studies support the possibility 
of the chains rearranging geometry to give a compact 
form in which the acyl groups are close packed. The 
availability of the carbonyl and cyclodextrin ring 
oxygen atoms to interact with the solvent leads to 
speculation about how deeply in the Langmuir layers 
the polar head group will extend into the water. If sig- 
nificant penetration does happen there will arise a zone 
several Angstroms deep in which the water is in a bound 
structure rather than the bulk free state. 


CONCLUSION 


We have shown that the amphiphilic cyclodextrins 
having two  hydrophobic ester groups at the secondary 
face are capable of forming organized assemblies in 
aqueous and non-aqueous solvents and at the air-water 
interface. At the air-water interface, for the p-CD 
diesters with relatively short chains the stability is domi- 
nated by the presence of the rigid cyclodextrin head 
group. For compounds with carbon chain lengths of 10 
or greater, phase changes involving the alkyl chain are 
observed and the stabilization of the monomolecular 
layer by hydrophobic interactions between the chains 
become important; not only the OH-6 hydroxyl groups 


would participate in hydrogen bonding to the water but 
also the ester carbonyl groups would be sterically 
available for hydrogen bonding. This would effectively 
place the water surface at the ester groue lever; now the 
OH-6 groups would extend about 8-18 A into thewater 
and give rise to a zone in which there would be water 
molecules bound to the cyclodextrin head group and 
present in a structured rather than bulk free state. The 
cyclodextrin cavity will probably include one or more 
solvent molecules in these amphiphilic aggregates. 
There also evidence for multi-molecular organization 
within these supra-molecular systems. 
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BINDING COOPERATIVITY IN THE SELF-ASSEMBLY OF 
DOUBLE STRANDED SILVER(1) TRIHELICATES 


THOMAS M. GARRETT,* ULRICH KOERTt AND JEAN-MARIE LEHNS 
Institut Le Bel, UniversitP Louis Pasteur, 4 rue BIaise Pascal, 67000 Strasbourg, Frances 


Spectroscopic and potentiometric studies of Ag(1) binding by tris-bipyridine strands indicate that the formation of 
trinuclear silver trihelicates is a process displaying positive cooperativity. 


INTRODUCTION 


Self-assembly is the process by which a supramolecular 
species forms spontaneously from its components. 
Ideally, it is driven to high yield and specificity by posi- 
tive thermodynamic cooperativity between the family of 
reactions that lead to the assembling.' It is a key step 


1 X = H  


2 X = CHzCHz COOtBu 


in numerous biological processes such as morpho- 
genesis, * the formation of ribosomes, ' double-stranded 
DNA,4 viral protein coats' and multiprotein com- 
plexes.6 Self-organizing systems, as is the case of the 
natural systems, should contain three levels of infor- 
mation input. The first is that the subunits bind one 
another with the correct arrangement. The second and 
third are that the growing supermolecule shapes itself 
into the desired tertiary structure and self-terminates 
growth when the target architecture has been achieved. 


We have developed earlier a self-assembling system 
based on oligobipyridine ligands, where coordination of 
copper(1) or silver(1) ions efficiently and selectively pro- 
duces complexes of double helical geometry, the 
helicates.7-9 Since these systems did not show a strong 
correlation between the product obtained and the stoi- 
chiometry of the reagents used, it appeared that they 


helicates [Ag3(3)2] 3+ ,  1,9 and [Ag3(4)2] '+, 2, from the 


The complexes 1 and 2 were isolated and 
characterized and the binding of Ag(1) by 3 and 4 was 


pQ 
might study the display formation positive of cooperativity. the double-stranded lo This silver led us tris- to 


-$-P3 0% 


tris-bipyridine ligands 3'*" and 4 and AgCF3SO3. \ ," ", / 
X = H  


followed by both spectrophotometric and potentio- 4 X = CH2H2 COOtBu 


*Present address: M.C.P. Industries, Inc., Corona, California 91719, USA. 
t Present address: Fachbereich Chemie, Phillips Universitat, Lahnberge, D-3550 Marburg, Germany. 
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CNRS URA 422. 
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metric (using a silver electrode) titrations (see 
Experimental). 


RESULTS AND DISCUSSION 


Spectrophotometric titration (Figure 1) showed clean 
isosbestic points indicative of the formation of a single, 
well defined compound, in agreement also with the 
proton NMR data. 


Positive cooperativity is a thermodynamically clearly 
defined process that may be revealed by several criteria 


1.50 1 I 


0.1001 I 


-0.1501 I 
250 275 300 325 350 nrn 


Figure 1. (Top) changes in the absorption spectrum observed 
in the course of titration of ligand 4 with AgCF3SO3 in 
CH3CN-CHCls (1 : l ,v/v); (bottom) first derivative of the 


absorption spectrum 


1 1.00ot7 


o.ooeto - - 
0 1 2 3 1  


Figure 2. Scatchard plot obtained from the potentiornetric 
titration of ligand 4 with AgCF3SO3 in CH&N-C6HsCl 
(1 : 1, v/v); r is the saturation of the ligand and varies from 0 


to 3; [MI is the concentration of free metal ion 


or tests (for a n  excellent general presentation, see 
Ref. 12). Thus, both the spectrophotometric and the 
potentiometric experiments yielded concave downward 
Scatchard plots13 (Figure 2), indicating that the 
assembly of the helicates proceeded in a positively 
cooperative manner. This could be seen as arising 
from a homotropic process where the stability constant 
KZ for reaction (2) is greater than that for reaction ( I ) ,  
K1. In fact, for positive cooperativity to occur in 
reaction (2) it would be sufficient to  have Kz > K1/3. 


[AgLz] + + Ag’ [AgzLz] ’+ (1) 
[AgzL2l2+ + Ag+ [Ag3LzI3+ (2) 


A positively cooperative heterotropic process, where 
ligand ‘dimerization’ would occur concomitantly with 
metal binding, could in principle also take place. Even 
if the most favoured pathway for assembly is not 
known, one may rationalize the existence of 
cooperativity in the self-assembly by arguments based 
on a homotropic path (see above). Bardsley and 
Wyman14 have described a general method for the 
determination of the sign of homotropic cooperativity 
in the case of ligand aggregation in addition to metal 
binding. All data collected for the present system dem- 
onstrate positive cooperativity by this test. 


(Figure 3), using both the 
UV and silver electrode data sets, yield Hill coefficients 
greater than unity, confirming the result of positive 
cooperativity indicated by the Scatchard plots and the 
Bardsley and Wyman criteria. However, the two types 
of data sets d o  not give the same Hill coefficient. At 
0 - 4  mM ligand, the silver electrode titrations yield 
n~ = 1.45(5), whereas the UV titrations with 0.03 mM 
ligand give n~ = 2-05(15). Since the Hill coefficient can 
be taken to be a quantitative measure of the amount of 
cooperativity present in a system, it would appear that 
the more dilute the system, the greater is the 
cooperativity in helicate formation. The lower values of 
n~ at high concentration could be due t o  the presence 
of small amounts of species which have lower stability 


A series of Hill 
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Figure 3. Hill plot obtained from the UV titration of ligand 4 
with AgCF3SO3 in CHICN-CHCI3 ( 1  : l ,v /v) ;  for rand [MI, 


see Figure 2 


constants, and are less cooperative in their formation, 
than the final helicate product. Such extraneous 
substances have been detected by proton NMR studies 
of the [Cu3(4)2] 3 +  helicate in the presence of excess 
ligand; l 6  dilution of the sample resulted in a decrease in 
their signals. Since these species contain a defect of 
copper with respect to the helicates, this confirms that 
they assemble along a less cooperative path. Their 
absence at low concentrations is in line with the 
isobestic behavior of the UV titrations of the silver 
complexes (Figure 1). 


The formation constant for [Ag3(4)~] 3 +  is the same, 
to within experimental error, for the silver electrode 
and the UV titrations, log K = 22(1). This result shows 
little thermodynamic chelate effect, indicating that the 
cooperativity, although important for speciation, is not 
very large. Cooperativity could be more pronounced 
with the less hindered (but less soluble) ligand 3 than 
with 4. On the other hand, the ligand-exchange kinetics 
observable by variable-temperature proton NMR yield 
a free energy of activation AG 2 16 kcal mol-' for 
[Ag3(4)2] '+. The literature value for Ag(phen)z+ is 
13.8 kcal mol- ', l7 demonstrating in our case a kinetic 
chelate effect of at least 2 kcal mol-' 
(1 kcal = 4.184 kJ). Hence the special double helical 
structure in which two ligand strands are wrapped 
around three metal ions has provided significant kinetic 
stability to the five particles composing the helicate 
cation. 


We have seen that the source of cooperativity need 
not be energetically large, and can be viewed in homo- 
tropic terms. It could arise at least in part from the x 
stacking seen in the crystal structure of 
[Ag3(3)2] (CF3CO3)3. After complexation of a metal 
by two ligands, the stability constants for the binding of 
the second and third metals is raised by the r stacking 
of the pyridine bases, which may induce a more favour- 
able conformation for progressive metal coordination. 


The present results demonstrate that the formation of 


the double-stranded silver(1) helicates 1 and 2 displays 
positive cooperativity and provide a physico-chemical 
basis for the remarkable ability of these species to 
assemble spontaneously from their components with 
high efficiency and selectivity. 


Studies of the corresponding Cu(1) helicates and of 
longer helicates involving more metal centres should 
shed further light on the origin of these self- 
organization processes. 


EXPERIMENTAL 


General. All commercially available chemicals 
employed were of reagent grade and used without 
further purification. the 'H NMR spectra were 
measured on a Bruker AC 200 or Bruker AM 400 spec- 
trometer. The microanalyses were performed at the 
Service Central de Microanalyse du CNRS, Institut de 
Chimie, Strasbourg. 


The tris-bipyridine ligands 3 and 4 were synthesized 
as described elsewhere. I '  


Synthesis of the helicate complex 
[Ag3(3)z](CF3S03)3, 1. To a sonicated slurry of 
50.1 mg (0.0863 mmol, 2 equiv.) of ligand 3" in 4 ml 
of C H S N  was added, dropwise, in the dark, a solution 
of 43.6 mg (0.170 mmol, 3.9 equiv.) silver(1) 
trifluoromethanesulphonate in 2 ml of CH3CN. After 
dissolution of the ligand, the solution was stirred for 
30min. The reaction mixture was filtered over glass 
wool-Celite and concentrated. Addition of diethyl 
ether produced a precipitate which was collected by 
centrifugation and washed twice with diethyl ether. The 
product was dried in VQCUO at room temperature, giving 
75.7 mg (9070) of 1 as a cream-coloured powder. 
Analysis: calculated for C ~ ~ H M N I Z O I ~ A ~ ~ F ~ S ~  4H20, 
C 44.94, H 3.63, N 8-39; found, C 44.74, H 3.39, N 
9.40%. 'H NMR (CD3CN): 6 8.05-7.40 (m, bpy), 


(m, H, CHZOCH~) ,  2.35 (s, H, CH3). FAS-MS (ortho 
nitrobenzyl alcohol (NBA)): m/z 1783 
[Ag3(3)z(CF3S03)21+. 


6.95 (d,bpy), 6.81 (d,bpy), 3.90-4-15 


Synthesis of the helicare complex 
[Ag3(4)2] (CF$303)3, 2. To a sonicated slurry of 
25-2 mg (0.0230 mmol, 2 equiv.) of ligand 4" in 5 ml 
of CH3CN was added, dropwise, in the dark, a solution 
of 10.0mg (0.0389mmo1, 3.4 equiv.) of silver(1) 
trifluoromethanesulphonate in 3 ml of CH3CN. After 
dissolution of the ligand the solution was stirred 
for 1 h. It was filtered over a plug of silica gel (Merck 
60, 70-230 mesh) and the solvent stripped off. The 
product was taken up in CH3CN, filtered again over 
silica gel and the solvent evaporated. Drying in VQCUO 
at room temperature yielded 29 mg (81%) of 2 as 
a colourless glass. Analysis: calculated for 
C I ~ ~ H ~ ~ O N ~ Z O ~ ~ F ~ S ~ A ~ ~ ' ~ H ~ O ,  C 50.72, H 5.47, N 
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5.42: found. C 50.50. H 5.24. N 5.30% 'H NMR REFERENCES 
(CD3'CN): 6'7-93-7.60 (m, bpy), 7.30 (s, bpy), 6.93 
(br d, bpy), 4.0 (m CHZOCHZ), 3.1-2-4 
(m, C H ~ C H ~ C O ~ ~ B U ) ,  2-07 (s, CHzCHzCOttBu), 1.41 
(s,tBu), 1 - 3 5  (s,tBu). FAB-MS (NBA): m/z  2807 
[Ag3 (3)z(CF3S03)21+. 


Physico-chemical measurements. Spectrophoto- 
metric titrations (Figure 1) were performed on a 
Kontron Uvikon 860 apparatus, thermostated at 25 "C.  
The solvent system was acetonitrile-chloroform 
( 1  : 1 ,  vlv). The ligand concentration was 0.03 mM and 
the silver concentration was varied from 0-003 to 
0.05 mM by addition of AgCF3SO3 with a calibrated 
Gilmot pipette. Data refinement was performed on an 
IBM-AT equivalent computer with the REFSPEC non- 
linear least-squares program. '* Variable-tempreature 
NMR was performed on a 200 MHz Bruker instrument 
in CD3CN-CDCl3 (2 : 1, v/v). 


Potentiometric titrations of the silver ion were per- 
formed on a custom-built apparatus of the type 
described by Gustowski et ~ 1 . ' ~  The electrodes were 
solid silver wires. Data were collected on a Metrohm 
Model 636 potentiometer. Electrodes were calibrated in 
p[Ag] = -log[Ag+] and checked for linearity in the 
region from p [Ag] 3 to 8 - 1 .  The supporting electrolyte 
was 0.1 M Nl$&F,SO3. The apparatus was ther- 
mostated at 25 C. The solvent was acetonitrile-chloro- 
benzene (1 : 1 ,  v/v). The ligand concentration was 
0.4 mM and the silver concentration was varied from 
0.04 to 0-8 mM. 


ACKNOWLEDGEMENTS 


We thank Professor Berta Perlmutter-Hayman for very 
valuable discussions. We gratefully acknowledge 
postdoctoral support from the National Science Foun- 
dation (grant number INT-8809307) (to T.M.G.) and 
the Fonds der Chemischen Industrie (to U.K.). 


1. J.-M. Lehn, Angew. Chem., Inr. Ed. Engl. 27, 89 (1988); 


2. A. L. Lehninger, Biochemistry, 2nd ed., pp. 1011-1030. 


3. M. Nomura, Science 179, 864 (1973). 
4. W. Saenger, Principles of Nucleic Acid Structure, 


pp. 141-143. Springer, New York (1984). 
5. H. Fraenkel-Conrat and R. C. Williams, Proc. Natl. 


Acad. Sci. USA 41, 690 (1955); A. Klug, Angew. Chem., 
Int. Ed. Engl. 22, 565 (1983). 


6. See, e.g., C. Frieden, TIES 14, 283 (1989); R .  Jaenicke, 
Angew. Chem., Int. Ed. Engl. 23, 395 (1984). 


7. J.-M. Lehn, A. Rigault, J .  Siegel, J .  Harrowfield, 
B. Chevrier and D. Moras, Proc. Natl. Acad. Sci. USA 
84, 2565 (1987). 


8. J.-M. Lehn and A. Rigault, Angew. Chem., Int.  Ed. 
Engl. 27, 1095 (1988). 


9. T. M. Garrett, U. Koert, J.-M. Lehn, A. Rigault, 
D. Meyer and J. Fischer, J.  Chem. Soc., Chem. 
Commun. 557 (1990). 


10. For studies of cooperativity effects see, e.g., T. G .  
Traylor, M. J. Mitchel, J .  P.  Ciccone and S. Nelson, 
J. Am. Chem. SOC. 104, 4986 (1982); I .  Tabushi, S.-I. 
Kugimiya, M. G. Kinnaird and T. Sazaki, J. Am.  Chem. 
SOC. 107, 4192 (1985); J .  Rebek, Jr, T. Costello, 
L. Marschall, R. Wattley, R. C. Gadwood and K .  Onan, 
J.  Am.  Chem. Soc. 107, 7481 (1985); M. Gubelmann, 
A. Harriman, J.-M. Lehn and J .  L. Sessler, J.  Chem. 
Soc., Chem. Commun. 77 (1988); J .  Phys. Chem. 94, 308 
(1990). 


11. M. M. Harding, U.  Koert, J.-M. Lehn, A. Marquis- 
Rigault, C .  Piguet and J .  Siegel, Helv. Chim. Act0 74, 594 
(1 99 1). 


29, 1304 (1990). 


Worth, New York (1975). 


12. B. Perlmutter-Hayman, Arc. Chem. Res. 19, 90 (1986). 
13. G. Scatchard, Ann. N.Y.  Acad. Sci. 51, 660 (1949). 
14. W. G. Bardsley and J .  Wyman, J .  Theor. B i d .  72, 373 


15. A. V.  Hill, J.  Physiol. (London) 40, 4 (1910). 
16. T. M. Garrett and J.-M. Lehn, unpublished work. 
17. R. H. Holyer, C. D. Hubbard, S. F. A. Kettle and R. G. 


18. P.  N. Turowski, S. J .  Scarrow and K. N. Raymond, 


19. D. A. Gustowski, V. J. Gatto, J .  Mallen, L. Echegoyen 


(1978). 


Wilkins, Inorg. Chem. 4 929 (1965). 


Inorg. Chem. 27, 474 (1988). 


and G. W. Gokel, J. Org. Chem. 52 ,  5172 (1987). 












JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 5,  533-539 (1992) 


SUPRAMOLECULAR CONTROL OF MOLECULAR ELECTRONIC 
BEHAVIOUR OF TCNQ-. SALTS 


MARTIN c. GROSSEL* AND SIMON c. WESTON 
Department of Chemistry, The University, Highjeld, Southampton SO9 5NH, UK 


Crown ether complexation of 1 : 1 alkali metal TCNQ salts, MTCNQ (M = K, Rb, TI) leads to structures containing 
isolated TCNQ dimers. These materials provide valuable models for investigating the spectroscopic and electronic 
behaviour of TCNQ-' dimer components which are key structural fragments of, for example, organic metals and 
semiconductors. 


INTRODUCTION 


Since its discovery in 19601, the solid-state properties of 
radical anion salts of 7,7' ,  8,8'-tetracyano-p- 
quinodimethane (TCNQ)(l) have been of considerable 
interest. The physical behaviour observed is dependent 
on a number of factors,' which include the nature of 
the counter ion, the solid-state architecture of the 
crystal phase and the stoichiometry of the salt. For 
example, the salts of tetrathiafulvalene (TTF' ') and 
tetramethyltetraselenofulvalene (TMTSF' ') show 
metallic behaviour 3 * 4  whereas that of decamethylferro- 
cenium cation (MeloFc+ ') has meta- and paramagnetic 
phases.ss6 Addition of neutral TCNQ can also dra- 
matically alter the behaviour of these materials.' 


NCKCN NCYCN 


where M = Li. Na. K. Rb 


NCACN 
2 


Many of these variations in behaviour can be related 
to the solid-state structures of the salts. For example, a 
common feature of these materials is the packing of the 
TCNQ - ' moieties into face-to-face a-stacked columns. 
In TTF-TCNQ and one modification of RbTCNQ 
(type I Q 7  neighbouring anion columns are parallel 
stacked, whereas for NaTCNQ,' KTCNQ9 and 
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RbTCNQ (type I) lo neighbouring columns are arranged 
perpendicularly. Whilst high electronic conductivity is 
associated with infinite parallel stacked TCNQ - ' col- 
umns, other interesting phenomena occur in semi- 
insulating systems. For example, metamagnetic 
MeloFc'' TCNQ-' has linear chains of 
... D+A-D+A- ... (D' = donor, A- = acceptor)' 
whereas the paramagnetic phase has herringbone- 
packed subunits D'A-A-D'. Similar subunits are 
present in the infinite face-to-face a-stacked columns of 
3,3 ' -diethyloxacyanine TCNQ- '. 


IONOPHORE-COMPLEXED METAL TCNQ 
SALTS 


A potentially more subtle method of controlling the 
behaviour and solid-state architecture of metal TCNQ 
salts involves ionophore complexation of the metal 
cation. A large number of such salts have been 
prepared ''-IS but until recently little has been known 
about their solid-state structures. 11316-'8 Although the 
introduction of a bulky ionophore into the material 
impedes the formation of close-packed TCNQ- . col- 
umns, it does permit a study of the solid-state behav- 
iour of the structural components in isolation. 


18-Crown-6 complexes 
Dunitz, Phizackerley and co-workers l9 have deter- 
mined the solid-state structures of the series of 18- 
crown-6 MSCN complexes, M = Na, K, Rb, Cs. For the 
'best-fit' cation, K', a linear chain structure is 
observed, the anions being coordinated to both faces of 
the cation-crown plate. Larger cations are forced to lie 
above the crown ether oxygen plane and this results in 
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dimer formation in which two 18-crown-6 M' units are 
linked through two synfacially coordinated anion 
bridges. In contrast, in the sodium salt the crown ether 
is puckered and partially encapsulates the relatively 
smaller cation. 


Slow crystallization of solutions of KTCNQ or 
RbTCNQ in acetonitrile in the presence of one molar 
equivalent of 18-crown-6 affords crystals of the 1 : 1 
crown:MTCNQ complex 3. Attempts t o  prepare the 
sodium complex 3a by this method afford a brown 
powder, analytical data for which support the for- 
mation of a 1 : 1 complex but no crystals of this 
material have as yet been isolated. We have determined 
the solid state structures of both the potassium and 
rubidium salts 3b and 3c. 


3 a. M = Na 
b . M = K  
c , M = R b  
d. M = TI 


In marked contrast to  the different behaviours of the 
corresponding thiocyanates, l9 the K +  and Rb' salts 
adopt almost identical solid-state structures built up 
from a dimer subunit consisting of two crown ether 
complexed metal ions linked through a TCNQ dimer 
bridge (Figure 1) in a manner similar t o  that observed 
for Rb( 18-crown-6)SCN. l9 Anion coordination occurs 
through two cyanide nitrogens at each end of the 
TCNQ dimer in a transoid fashion (Figure 2). This 
leads t o  an offset geometry for the cations such that the 
crown ether pl$nes are parallel to  each other but at an 
angle of ca 25 C relative to the TCNQ dimer long axis 
(Figure 3). These offset dimer subunits pack into a her- 
ringbone array (Figure 4) rather than the dimer 
columns observed for Rb( 18-crown-6)SCN. l9 


Figure 1. Side view of a dimer subunit in 3c, (3 being the angle 
of tilt between the TCNQ molecular plane and the crown ether 
oxygen best plane (the value I90 - 6 1 used in Table 2 thus 


measures the deviation from a perpendicular geometry) 


Figure 2. Top view of a dimer subunit in 3b 


There are very few structures known in which K+ is 
located out of the plane of an 18-crown-6 host ring. 
Other examples include two hydrido complexes: (18- 
crown-6)KC [ (Me3P)3WH5] -, in which the K' is 
located 0.75 A above the crown ether oxygen plane," 
and (18-crown-6)K' [ (p-H)Mo(C~H5)21 -, where it is 
displaced- by 0.87A." In 3b the corresponding distance 
is 0.76 A, which compares with a displacement of 
0.94 A for Rbf out of this plane in the complex 3c. 


In order to  explore further the role of cation size on 
the solid-state behaviour of these complexes, we have 
also prepared the novel thallium(1) complex 3d. '' This 


\ 
\ 


I \ 


, 
\ 
\ 
\ 
\ 
\ 
\ 
\ 


Figure 3.  Overlap of the crown ethers in 3b-d showing their 
arrangement around TCNQ, 01 being the angle between the 


TCNQ long axis and the crown ether oxygen best plane 
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Figure 4. Solid-state structure of 3b showing the herringbone structure 


again favours a dimerized structure similar to those 
observed for the K+ and Rb+ salts 3b and 3c with the 
T1+ ion located 0.89 A above the crown ether oxygen 
plane. For all three salts the M+-NC distance is 
similar (Table I) ,  but in the case of the T1+ salt the 
cation no longer lies close to the CN bond axis (as 
viewed from above the TCNQ molecular plane) and the 
crown ether best plane lies more nearly perpendicular to 
the TCNQ dimer long axis (as viewed from above), but 
is significantly tilted relative to the TCNQ dimer plane 
(see angles CY and 0, respectively, in Figures 3 and 1 and 
Table 1). 


No solid-state structures of 18-crown-6 T1+ com- 


plexes have been previously reported although binding 
constants in solution have been determined. 24 How- 
ever, the structure of 3d may be atypical in view of the 
unusual behaviour of its K +  analogue 3b. It is also 
interesting that (1 8-crown-6)NHd+TCNQ - ' appears to 
be isostructural with the potassium salt 3b. 


15-Crown-5 and 12-crown-4 complexes 
In view of the fact that in the K +  salt 3b the metal ion 
is pulled out of the crown ether plane by interaction 
with the (TCNQ- ' ) 2  dimer, we decided to investigate 
whether similar behaviour would arise in a 'poor-fit' 


Table 1. Metal-oxygen and metal-nitrile distances in 3b-d and the hydrido complexes 


(18C6)K' [(MesP)pWH,] - (18C6)K+ [&-H)Mo(C~HS)ZI 
Parameter 3b 3c 3d (see Ref. 20) (see Ref. 21) 


Cation diameter 


M+-0 distance, 
(A)23 2.66 2.94 2-80 2.66 


min., max. (A)a 2.812, 2.962 2.874, 3.031 2.839, 3.043 2.812, 2.949 
M+-NC 


distances (A)" 2-843, 3.013 2-978, 3.095 2.986, 3.209 - 
Displacement of 


M+ from crown 
ether plane (A) 0.76 0.94 0.89 0.75 


Angle of crown 
best plane 
relative to 
TCNQ: 26-60 27.10 78.72 - 


a(') 190-61 ( o ) b  1.57 4.14 10.25 - 


2.66 


2.844, 2.935 


0.87 


a The deviation from a perpendicular crown ether TCNQ geometry. 
bAtom positions in the structures 3b-d are known to a precision of 0.001 







536 M. C. GROSSEL AND S. C. WESTON 


Figure 5 .  A view of the solid-state structure of 4 showing the sheets of TCNQ dimers isolated by crown ether-cation 'barrels' 


Table 2. TCNQ- ' dimer geometries 


M' 
(1 8C6)K' (18C6)Rb' 


3b 3c 


Short-axis slipa: 
r(A) 
@(")  


q) 
Long-axis slip": 


Intradimer perpendicular spacing, d(A) 
TCNQ- ' geometryb 


@( ) 


0.33 0.51 
5.82 9.13 


0.08 0.09 
1 a 4 2  1.58 
3.23 3-19 


Paddle Paddle 


~~ 


(18C6)Tl' (15C5)2K+ Oxacyanine 
3d 4 5 


0.69 1.28 0.94 
12.38 22.05 16.29 


0.10 0.01 0.04 
1.73 0.15 0.66 
3.15 3.16 3.21 


Distorted Paddle Paddle 
boat 


'From TCNQ ring centre of mass to TCNQ ring centre of mass. 
Short-axis Long-axis 


slip slip 
Paddle 


geometry 
Boat 


geometry 
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situation resulting from the use of a smaller crown 
ether. However, cooling of an acetonitrile solution of a 
1 : 1 mixture of 15-crown-5 and KTCNQ afforded crys- 
tals the combustion analytical data for which cor- 
responded with the complex (15-crown-5)zKTCNQ 
(41. '~ Perversely, a 2 : 1 crown-salt solution fails to 
crystallize in this manner, presumably as a result of 
increased solubility of the salt in the presence of excess 
ionophore. An x-ray structural study of this saltz5 
shows isolated and significantly short-axis slipped 
TCNQ dimers (Figure 5 and Table 2) separated by (15- 
crown-5)&+ barrels. In the absence of direct cation 
coordination and of any other unusual intermolecular 
interactions, it would seem reasonable to suggest that 
this TCNQ-' dimer geometry should represent an 
energy minimum situation. Indeed, we have reported 
similar, although not exactly identical, behaviour 
(Table 2) for the oxacyanine TCNQ-' salt 5 ,  the solid- 
state structure of which also consists of isolated 
TCNQ- ' dimers sandwiched between face-to-face T-  


associated cyanine cations (Figure 6) .  I '  


former is microcrystalline, no single crystals have yet 
been obtained suitable for an x-ray structural study. 
This is not the case for the corresponding sodium salt, 
the structure of which is currently being determined. 


PHYSICAL CONSEQUENCES 


Optical spectra 


UV-visible spectroscopic studies indicate that whereas 
the green solution (A,,, = 737 nm) of simple TCNQ- ' 
salts in most solvents (e.g. MeOH, MeCN) arises from 
the TCNQ- ' monomer,26 the blue solution (A,,, 
= 643 nm) obtained from dissolution of LiTCNQ in 


water arises from TCNQ- ' dimers. The solid-state 
optical spectra of the TCNQ-' salts 3b-d, 4 and 5 
(Table3) bear a marked similarity to that for the 
aqueous solution but compare less well with the 
KTCNQ powder spectrum consistent with this interpre- 
tation of the solution data.*' 


The spectrum of the isolated dimer in 4 is somewhat 
different from those of the linearly metal coordinated 
dimers 3b and 3c but the trends are not clear cut, and 
probably reflect the interplay of several competing fac- 
tors. The data relating to the cyanine TCNQ salt 5 are 
not directly comparable with those for the others since 
face-to-face T-T interactions between the cyanine and 
TCNQ- ' are also a possible contributing factor in 5. 


We have also prepared (12-crown-4)2LiTCNQ and 
(12-crown-4)~NaTCNQ. Unfortunately, although the Table 3. Optical spectra of (crown)MTCNQ salts and related 


systems 


Figure 6. An extract from an infinite stack in 5 


~ 


CT, a 


Material (ev) 


3c 
3d 
4 
5 


1.38 
1.30 
1 -22 
1.30 


1.93 3.34 
1.95 4.48 
1.87 3.35 
1.84 3.22 
1 .I1 3.17 
1.88 2.62 
1.89 3-28 


~~ ~~ ~~~ ~ 


a CTI describes the charge transfer between two TCNQ radical 
anions. LEI describes the lowest energy local excitation within 
a TCNQ radical anion and correspondingly LE2 describes the 
second lowest energy local excitation. 


Electrical behaviour 


In Table 4 are presented electrical data for compressed 
powders of a number of (crown)MTCNQ salts and 
related systems, as determined by variable-temperature 
d.c. and a.c. dielectric response techniques 
(10-4-105 Hz). 28929 Comparison of the activation ener- 
gies for charge migration in the 18-crown-6 complexes 
3a-c shows that highest activation energy corresponds 
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Table 4. Electrical properties of (1 8-crown-6)MTCNQ and 
related salts 


Material 0293 (S m-I)  Ea(eV) Ref. 


3a 1.8 X 0.28(2) 17 
3b 3.4 x 0*87(5) 17 
3e -lo-" 0.63(7) 17 
5 1.2 x 0.46(5) 30 
DB18C6'-KTCNQ - 10-'2 0.58(19) 17 


a DB18C6 = dibenzo-18-crown-6. 


to the 'best-fit' cation K'. All materials show low- 
frequency dispersive dielectric behaviour consistent 
with short-range inefficient charge-hopping processes. 
The low activation energy for charge migration in the 
sodium salt 3a is consistent with a disordered structure 
resulting from a non-planar crown complex conforma- 
tion as reported by Dunitz and co-workers for the cor- 
responding thiocyanate. l 9  The behaviour of the TCNQ 
salt 3b is very similar to that of the corresponding 
iodide and oxonol salts, " suggesting that the nature of 
the anion is not important in determining the charge- 
carrying process in these cases. The lowest energy 
optical transition for 3b (Table 3) is sufficiently higher 
in energy that the accumulated evidence is consistent 
with K+ ions acting as the predominant charge carriers 
in these materials. In the oxacyanine 5, electronic 
charge transport seems to be the only viable charge 
migration pathway and the lower activation energy 
observed for this system probably reflects charge 
migration between relatively close TCNQ- ' dimers in 
neighbouring columns within the crystal. 


Thermally activated triplet exciton behaviour 


A notable consequence of the isolated TCNQ dimer 
structures found for the (crown)MTCNQ salts is the 
formation of thermally activated triplet excitons in 
these systems. 3 1  Similar behaviour has been observed in 
simple MTCNQ salts but the close similarity of the 
structures of 3b and c allows a rare opportunity for 
some interesting comparisons. Two triplet exciton 
signals are found and assigned to static and mobile 
exciton formation. Whilst the static exciton activation 
energy is similar for both salts, that for the mobile 
exciton is strongly cation dependent, the smaller cation 


Table 5 .  Single-crystal triplet exciton 
activation energies in 3b and e 


~~ 


3b 0-88(2) 0.37(2) 
3c 0.18(2) 0.38(2) 


markedly reducing exciton mobility. It is interesting to 
note the similarity of Jstatic (Table 5) and Ea for charge 
migration (Table 4) in (18-crown-6)KTCNQ. 


Similar thermally activated triplet exciton behaviour 
is also observed for the other TCNQ salts discussed 
here. However, no mobile exciton is evident in the ESR 
spectra of single crystals of (15-crown-S)zKTCNQ (4), 
reflecting the greater separation between neighbouring 
TCNQ-'  dimer pairs in this structure. 


CONCLUSIONS 


Ionophore complexation offers an interesting approach 
for manipulating and fine tuning of the molecular elec- 
tronic properties of organic materials such as the alkali 
metal T C N Q - '  salts. Whilst 'bulking out' the struc- 
ture by crown encapsulation of the cation prevents the 
formation of infinite TCNQ- '  columns typical of 
highly conducting electrical systems, it does lead to the 
isolation of the TCNQ-'  dimer component which is a 
key structural repeat unit in the semiconducting phases 
of, for example, TTF-TCNQ and the simple metal 
TCNQ salts. This has allowed us to begin to explore the 
spectroscopic properties and electronic behaviour of 
and interaction between such structural fragments as a 
function of their relative spatial relationships. Such 
complexes should provide an excellent opportunity for 
investigating the crystal engineering of 
tronic behaviour. 
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SYNTHESIS AND TRANSACYLATING ACTIVITY OF ISOMERIC 
Co(II1)-CYCLODEXTRIN ARTIFICIAL METALLOENZYMES 


ENGIN U. AKKAYA AND ANTHONY W. CZARNIK* 
Department of Chemistry, The Ohio State University, Columbus, Ohio 53210, USA 


Although the cyclen-Co(II1) complex has exhibited amongst the greatest rate accelerations in acyl and phosphoryl 
transfer reactions, this catalytic unit has not been used previously in the design of an artificial metalloenzyme. For 
this study, 8-cyclodextrin derivatives of cyclen-Co(II1) with attachments to the primary and secondary sides of the 
cyclodextrin torus were synthesized. The primary-side cyclodextrin-cyclen-Co(Il1) conjugate accelerates the 
hydrolysis of p-nitrophenylacetate by a factor of loo0 (pH 7.0, 25OC) in comparison with the water-catalyzed 
reaction. Maximum reactivity occurs at pH 7,  consistent with the known pK. values and hypothesised mechanism of 
action of Co(II1) complexes. The secondary-side cyclodextrin-cyclen-Co(II1) conjugate is less reactive towards 
p-nitrophenylacetate hydrolysis under saturating conditions. Reactivities towards an azide, a phosphonate and a 
phosphate triester were in each case less than five times greater than the buffer-catalyzed rate. 


INTRODUCTION 


Metal ions can catalyze a variety of reaction types, 
either by super-acid catalysis (including metal ion- 
bound hydroxide mechanisms) that has a directional or 
template effect, or by acting as a carrier of electrons in 
the catalysis of redox reactions. These properties of 
metal ions are exploited by  enzymes and other proteins. 
Metalloenzymes are often involved in biochemical acyl, 
and always in phosphoryl, transfer reactions. Most of 
the enzymes which act on nucleic acids or nucleotides 
require a divalent metal ion (typically Zn2+ or Mg2+) 
for optimum activity. Whereas enzymes demonstrate 
such desirable properties as large rate enhancements, 
substrate selectivity, activity under neutral aqueous 
conditions and turnover behavior, virtually all enzyme 
mimics studied to date succeed in mimicking only one 
or two of these properties at a time. The compounds 
described in this paper are no exception, but we are 
encouraged by their unique activity under neutral 
conditions. 


One way of improving the specificity of metal- 
catalyzed processes is to attach the reactive metal ion 
center to a molecule that can selectively bind substrate 
molecules. Cyclodextrins (CDs) have been used for this 
purpose, as they have a hydrophobic cavity and can 
form inclusion complexes. Also, these cyclic oligomers 
of glucose can be modified on both primary and sec- 
ondary sides, making them versatile molecules for this 
purpose. CD-based metalloenzyme mimics have been 


*Author for correpondence. 


reported to catalyze carbon dioxide hydration, ' 
phophotriester hydrolysis, ' activated ester hydrolysis, 
furoin oxidation4 and decarboxylation. The 
cyclen-Co(I1I) complex 1 has exhibited amongst the 
greatest rate accelerations in acyl and phosphoryl 
transfer reactions; accordingly, we have synthesized 
two cyclen-Co(II1) complexes positioned alternately on 
the primary and secondary sides of /3-CD. 


1 


RESULTS AND DISCUSSION 


Synthesis 


6-Deoxy-6-monotosyl-/3-CD is a useful intermediate for 
functionalizing 0-CD on its primary side. The tosyla- 
tion reaction has been carried out both in dry pyridine' 
and in a biphasic mixture of diethyl ether and 0.1 M 
aqueous NaOH solution. * In both procedures, the 
reaction yields a mixture of monotosylate (major pro- 
duct), ditosylates and unreacted p-CD. In our hands, 
the first method results in better yield:. Repeated 
recrystallizations from warm water (60 C) did not 
remove the ditosylate impurity completely. Therefore, 
this tosylate mixture was reacted with cyclen (1,4,7,10- 
tetraazacyclododecane; 3), prepared by following the 
literature procedures' with some modifications. A 
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similar reaction of B-CD monotosylate with cyclam 
(1,4,7,11 -tetraazacyclotetradecane) has been reported 
previously, lo but without experimental detail. Purifica- 
tion of the 6-cyclenyl derivative (4) was accomplished 
using CM-Sephadex ion-exchange chromatography, 
eluting with an NH4HC03 linear gradient. The dito- 
sylate impurity in the 'monotosylate' sample, when 
reacted with an excess of cyclen, will form a 
dicyclenyl-CD that can be separated easily from the 
monosubstituted product. The pKa values of cyclen are 
> I ,  1.73, 9 -7  and 10.7.'0 Therefore we predict the 
monocyclen compound to be + 2  charged and the 
dicyclen compound to be + 4 charged at pH 7. A solid 
sample of 6-deoxy-6-cyclenyl-&CD was obtained after 
lyophilization, whose NMR and mass spectra and 
microanalytical characterization were supportive of the 
structure assignment. 


When 0-CD is treated with m-nitrophenyl tosylate at 
pH 10, the isolated organic product is almost exclu- 
sively the 3-deoxy-3-tosyl derivative. 12a On heating with 
NH4HCO3 in aqueous solution, the mannoepoxide 8 
forms. This has been the most useful synthetic inter- 
mediate for the secondary side derivatization (alterna- 
tive, higher yielding syntheses of the secondary side 
tosylate have been r e p ~ r t e d ' ~ ) .  The literature procedure 
affords an epoxide that is > 50% salt by weight, which 
has been used successfully for further reactions. We 
have effected a 'desalting' of the CD-epoxide by passing 
an aqueous solution through an Amberlite MB-3 
column (a mixture of cation- and anion-exchange 
resins). Lyophilization afforded a fluffy white product 
that was show to be 'salt free' by elemental analysis. 
Epoxide 8 is not as reactive as the primary-side tosylate, 
probably for steric reasons; nucleophiles must approach 
from the inside of the CD cavity to open the epoxide 
ring. When 8 was reacted with excess cyclen at 
100-1 10 "C, substitution took place together with some 
hydrolytic opening of the epoxide ring. As with the 
primary-side derivative, compound 9 was purified by 
ion-exchange chromatography. Again, the NMR and 
mass spectra and microanalysis data are supportive of 
the structure assignment. 


The preparations of various Co(II1) complexes are 
documented in the literature. 14-15 Our target Co(II1) 
complexes were the diaqua forms. These complexes 
have been prepared mainly via two routes: by conver- 
sion of the dinitro complex to the dichloro complex fol- 
lowed by hydrolysis, or by preparation of the carbonate 
complex followed by direct hydrolysis. Carbonate com- 
plexes treated with concentrated acids bearing non- 
nucleophilic counterions can be converted in the diaqua 
complexes directly. However, reactions under strongly 
acidic conditions are sometimes not applicable to the 
preparation of CD derivatives because the glycosidic 
linkages are hydrolyzed with strong acids, especially 
when heated. l6 


We first reproduced the complex formation reaction 


using cyclen itself. As a stable source of Co(II1) with 
labile ligands, sodium triscarbonatocobaltate(II1) was 
prepared by oxidizing Co(I1) with H202 in the presence 
of NaHCO3. l7 The olive-green complex is stable for a 
few weeks if properly kept dry. This complex, when 
reacted with cyclen hydrochloride (as described for the 
analogous cyclam complex 18), gave the carbonate 
complex as pink microcrystals. The same reaction was 
then repeated using 4, affording carbonato complex 5 in 
89% yield. The literature procedure for conversion of 
the cyclam-carbonato complex to the dichloro complex 
suggests heating for 1 h on a steam-bath." We have 
found that 5 min at 65 "C is sufficient to complete the 
conversion of the carbonato complexes into the corre- 
sponding dichloro complexes. As with the cyclen- 
carbonato complex, a suspeysion of 5 in methanolic 
HCI, when heated at 60-65 C for 5 mins, forms the 
dichloro complex (6). Lyophilization affords 6 as a pink 
fluffy solid. The UV spectra of the cyclenyl and 
primary-CD-cyclenyl dichloro complexes were ident- 
ical at X > 300 nm (see Table 1). In addition, the fast 
atom bombardment (FAB) mass spectrum and the 
elemental analysis were consistent with the structure 
assignment (6). The dichloro complex is unstable in 
aqueous solutions, hydrolyzing to the monoaquachloro 
complex. Dichloro complex 6 was therefore isolated as 
a hydroscopic purple powder. 


The aqua complex of cyclen-Co(II1) (i.e., 1) was 
obtained by hydrolysis of the dichloro complex; this 
was achieved simply by passing an aqueous solution of 
the dichloro complex through a strong anion exchange 
column followed by acidification and then trituration 
using diethyl ether. We found that Dowex resin (OH- 
form) works very well for the cyclen compound, but 
that p-CD interacts strongly with the resin (inclusion of 
the aromatic portion of the resin is a possibility); in 
fact, no CD derivative could be eluded from the ion- 
exchange column. We therefore switched to a Sephadex 
resin (QAE-Sephadex) and were able to obtain the 
hydrolysis product as a solid material; however, the UV 
spectrum was different from that of the non-CD com- 
plex. In order to show that decomposition had not 
occurred during the ion-exchange process, another 
method of conversion to the aqua complex was 
examined. The carbonato-Co(II1) complexes of the 


Table 1 .  UV data (A,,, ? 1 nm of the Co(II1) complexes of 
cyclen derivatives in water 


Ligand Non-CD Primary-CD Secondary-CD 


Carbonato 530 5 30 531 
Dichloro 560 562 - 
(Di)aqua 504 524 508 
Aquahydroxo 522 534 522 


a 


aThe secondary-side Co(II1) dichloro complex hydrolyses rapidly to the 
diaqua complex. 
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tetraamine ligands hydrolyze almost immediately to the 
aqua complexes when treated with acids. The color 
change due to hydrolysis is apparent and can be also 
followed by UV spectrophotometry. As expected, on 
acidification the cyclen-carbonato complex changes 
color immediately. However, the same color change is 
not observed for the CD derivative. The UV spectra 
indicate a hydrolysis-induced spectral shift only to 
524 nm. Since no other potential external ligand exists 
in the solution that is not also available to the parent 


complex, we assign structure 6 to the compound 
obtained in this way. We postulate that one of the 
primary hydroxyl groups of an adjacent glucose unit is 
involved in coordination to the Co(II1) cation. In fact, 
coordination to CD by metal ions has been shown pre- 
viously for Mn3+ and Cu2+,I9 and recently for Co(II1) 
itself. 


With some modifications, the yield of 6 was 
improved. It was found that the final ion exchange can 
be avoided altogether if the carbonato complex has 


Id 


9 


9 


9 
.w 


Figure 1. Synthesis of CD-cyclen-Co(II1) complexes. (a) DMF, 8O"C, CM-Sephadex (HCOT form); (b) aq. HC1; (C) 
Na3[Co(C0,)3]; (d) HCl-MeOH; (e) QAE-Sephadex (OH- form); (f)  acidification (HN03); (g) DMF, 105 C; (h) aq. HNOG (i) 


methanolic HN03 
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nitrate or perchlorate as the counterion simply by 
warming an acidic (acidified with HN03 or HClOd) sol- 
ution in MeOH for 5 min; conversion to the aqua 
complex is achieved efficiently. By this method we were 
able to prepare 0.8 g of the primary-side complex. 


Preparation of the Co(II1) complex with the corre- 
sponding secondary-side cyclen derivative was achieved 
similarly, although with an important modification 
(Figure 1). Carbonato complex 10 can be prepared from 
the corresponding triscarbonato complex exactly as 
described for the primary-side complex. MeOH-HCl 
treatment, however, produced some interesting results. 
The dichloro compound is purple, but reaction of the 
secondary-side derivative produced instead a bright red 
product. In methanol, the dichloro compound is stable, 
but when dissolved in water it immediately changes 
color. The A,,, of the resulting species was found to be 
504 nm, the same as for the diaqua complex. In fact, it 
was observed that when an attempt was made to collect 
the solid purple dichlorides complex by filtration, the 
color changed from purple to red; the solid seemed to 
be hydroscopic and it hydrolyzed as it absorbed water 
from the air. Larger amounts of the secondary-side 
aqua complex were prepared by direct hydrolysis of the 
carbonato complex in MeOH-HN03. More import- 
antly, the reactivities of secondary-side aqua samples 
differ, depending on the method of isolation. 


Our first communication of this work6 noted that the 
secondary-side complex obtained by hydrolysis of the 
dichloro complex, followed by hydrolysis on a QAE- 
Sephadex column, was unreactive towards activated 
ester and carbonate substrates. We now report that 
QAE-Sepahadex chromatography itself, by an as yet 
undetermined reaction, results in the reactivity loss. 
Alternatively, direct hydrolysis of the carbonato nitrate 
complex with methanolic HNO3 affords a sample that is 
spectroscopically identical with, but more reactive than, 
the QAE-Sephadex-treated material. Thus, the kinetic 
results reported in this paper are those obtained using 
the new synthesis method. This effect is not observed 
for the primary-side complex. 


In an attempt to prepare a primary-CD-Co(II1) 
complex with at least two aqua ligands coordinated to 
the Co(II1) center (as required for catalytic activity in 
phosphate hydrolysisz1), primary-dien-CD (12) was 
synthesized by the reaction of dien (diethylenetriamine) 
with primary-CD-tosylate. It was thought that since 
the Co(II1) complex of dien bears three water ligands, 
even if one of the HzO molecules was displaced by a CD 
hydroxyl group there would be two more labile ligands 
as required to form the cyclic phosphacohalt inter- 
mediate. We have been successful in preparing the 
dien-Co(II1) complex, although only in the trinitro 
form (i.e. 13). We have found that the parent trinitro 
complex can be converted into the trischloro complex 
only under strongly acidic conditions. Therefore, 
although 13 was prepared successfully, conversion 


13 12 - - 14 - 
attempts with 13 failed because significant acidic 
hydrolysis of the CD took place. 


As part of this work, we also prepared the primary- 
CD derivative of tris(3-aminopropy1)amine (TRPN). 
Co(1II) complexes of this ligand have been studied 
recently and found to have exceptional reactivity 
towards phosphodiesters such as bis-p- 
nitrophenylphosphate. 22 The polyamine ligand TRPN 
was synthesized using literature procedures. 23 Primary- 
TRPN-CD (14) was then synthesized and characterized 
successfully. Two different attempts were made to 
prepare a Co(II1) complex, but each failed. In related 
work, we have likewise found that anthrylmethyl 
substitution on TRPN results in an inability to form 
Co(II1) complexes. It appears that when the amine is 
substituted, our complexes cannot form. Hence, 
although cyclen as a ligand does not afford Co(II1) 
complexes of maximum activity, it seems to be (at pre- 
sent) the optimum compromise between activity and the 
ability to synthesize the Co(II1) complex in the first 
place. 


Circular dichroism studies 


Additional support for our structural assignment came 
from spectropolarimetric work done with complexes 7 
and 11. The primary-side complex showed one positive 
peak at 19 500 cm-' in the first d-d absorption band 
region, whereas the secondary-side complex showed 
three peaks in the same region (Figure 2). As expected, 
circular dichroism contributions due to the cyclodextrin 
unit on the primary side, although mainly lined with 
achiral methylene carbons, are larger as the Co(II1) 
center is fixed at a shorter distance from the CD by 
hydroxymethyl coordination. The observed secondary- 
side induced circular dichroism is less, suggesting the 
absence of a direct coordination of Co(II1) center to the 
CD. It is also interesting that the circular dichroism 
spectrum for 11 is very similar to the published" spec- 
trum of Co(II1)enz complexed to the CD secondary 
side, CD supplying two vicinal hydroxyls of a glucose 
residue as a bidentate ligand. 
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Figure 2. Circular dichroism spectra of primary and secondary side complexes 


Reactions with ester, carbonate, amide and 
phosphate substrates 
The reactivity of compounds 7 and 11 was evaluated PNPA 
with the activated substrates shown in Figure 3: p-nitro- 
phenylacetate (PNPA), bis-p-nitrophenylcarbonate 
(BPNPC), p-nitrotrifluoroacetanilide (PNTFAA), 
bis-p-nitrophenylphenylphosphonate (BPNPPP) and 
bis-p-nitrophenylethylphosphate (BPNPEP). Although 
activated substrates may not be good surrogates for the 
more interesting unactivated varieties, it is unlikely that 
an enzyme mimic inactive towards these reactants will 
prove active towards, e.g., an ethyl ester. Because the 
reactions of p-nitrophenyl substrates are easy to 
monitor experimentally, and because they do provide a 
yardstick for comparison against previously published 
work, we employed them in the current study. 


As shown in Table 2, the transacylation reaction of 
PNPA bound to 7 at neutral pH is faster than that 
derived from the buffer. As both buffer and 7 are 
present in excess, pseudo-first-order rate constants are 
obtained. Because the reaction of PNPA is strongly 
accelerated by buffer whereas that of PNPA-7 is not, 
the intracomplex rate advantage increases with 
decreasing buffer concentration. Moreover, the reac- 
tivity of Co(1II) complexes is well known to be deceler- 
ated by buffer owing to a reversible complexation that 
effectively decreases the concentration of the reactive 
aquahydroxo species. Thus, the intracomplex reaction 
is almost twice as fast with 0.1 M than with 0.2 M 
buffer. Whereas the zero buffer rate can be safely 
extrapolated for the uncomplexed reaction as 


BPNFC 


BPNPPP 


BPNPEP 


Figure 3. Structures of substrates used in this study 


1 - 3  x s - ' ,  extrapolation of the intracomplex 
reaction to zero buffer is more tenuous. The intra- 
complex rate advantage thus calculated ranges from 
1000 to 1400-fold, with the former comparison the 







ISOMERlC Co(II1)-CYCLODEXTRIN ARTIFICIAL METALLOENZYMES 545 


Table 2. pH and buffer effects in PNPA reactions with 7* 


5 1 0.2 0.5 1 .3  15 
7 0.1 0.26 13 49 
7 O.Ob 0.013 (18) 1ooO- 1400 
7 0.1 - 1.9 (0.1 M cyclohexanol) 


1 6 0.05 0.01 0.20 20 
7 0.05 0-028 2.0 15 
8 0.05 0.24 2.8 12 
9 0.05 0.95 5.5 5.8 


'All rate constants are kabn X lo4 s- ' .  [PNPA] = 5 p ~ .  The buffer materials used are listed under 
Experimental. 


Obtained by extrapolation to zero buffer concentration. 


more secure one. This proves to be the largest acceler- 
ation seen to date at pH 7 for a cyclodextrin-metal con- 
jugate, and is attributable to the high reactivity of the 
cyclen-Co(II1) complex. The acceleration is not due 
simply to reaction with 4, which demonstrates only an 
8.6-fold acceleration over buffer under these 
conditions. 24 


Table 2 also indicates a bell-shaped pH-rate profile 
for the intracomplex reaction (while comparisons of 
zero buffer rates would be much preferable, the 
amounts of 7 required for extrapolation were prohibi- 
tive). The apogee occurs at pH 7, consistent with two 
facts: (1) the cis water molecules on the cyclen-Co(II1) 
complex have pKa values of cu 6 and 8; and (2) it is the 
singly deprotonated (i.e. the aquohydroxo) form that 
shows the greatest reactivity. It is precisely this set 
of properties that portended the utility of Co(II1) 
complexes in artificial metalloenzyme design. 


Table 3 summarizes the effect of CD conjugate con- 
centration on the reaction rate. Two conclusions may 
be drawn. First, the secondary-side conjugate achieves 
saturation (by 3 mM) before the primary-side conjugate 
does; this is consistent with an observed preference of 
p-nitrophenyl compounds to bind at the secondary-side 


of cyclodextrin itself. Second, although the primary- 
side conjugate binds PNPA more weakly, it is nonethe- 
less more reactive. Although we might deliberate on the 
origin of this observation, the rate ratio is really too 
small to warrant such speculation. 


Bis-p-nitrophenylcarbonate (BPNPC) is one of the 
substrates most commonly used with carbonic anhy- 
drase models. Both of the Co(II1) complexes that we 
have prepared had some promotional activity towards 
BPNPC. Carbonate is a very good ligand for Co(III), 
and catalysis of COZ hydration by Co(II1) complexes 
has been reported.25 Again, with this substrate the 
primary-side complex was more reactive. Table 4 sum- 
marizes the reactions of 7 with BPNPC at various pH 
values. It is important to note that, although several 
buffering materids were used to obtain kbutfer rates at 
different pH, no corrections have been made (such as 
extrapolation to zero buffer concentration). Neverthe- 
less, because the intracomplex reactions are much faster 
than the buffer reactions, a bell-shaped pH-rate profile 


Table 4. Reactions of BPNPC with 7a2b 


Table 3. Effect of changing Co(II1) 
complex concentration in PNPA 


reactions at pH 8.0" 


1.0 4.8 2 . 4  
2.0 6.8 3.0 
3.0 8-4 3.5 
4.0 9.7 3.5 


a Buffer: 0.1 M bis-trispropane. All rate 
constants are kobs x lo4 s-'.  
[PNPA] = 5 pM. 


6 0.1 11 76 7.1 
6.5 0 - 1  15 150 10 
7 0.1 10 290 29 
7.5 0.1 9-5 370 38 
8 0.1 30 600 20 
8 . 5  0.1 11 380 22 
9 0.1 120 400 3.4 


[7] = 2 mM. 
'All rate constants are kobs x lo4 s-'. [BPNPC] = 5 p ~ .  
bThe buffer materials used are listed under Experimental. 
Buffer rates shown are those for that buffer at 0.1 M 
concentration. 
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is observed. Again, this is consistent with the reaction 
proceeding via the aquohydroxo Co(II1) species. 


The reactions of 7 and 11 with amide (PNTFAA), 
phosphonate (BPNPPP) and phosphate (BPNPEP) 
substrates were also examined. Although rate increases 
over the buffer-catalyzed rates were observed in every 
case, the intracomplex advantage was never more than 
fivefold (which occurred using 4 mM 7 with BPNPPP 
at pH 8). p-Nitrophenylphosphate, which is of interest 
because of its structural analogy to nucleoside 
monophosphates, reacts about 20 times more slowly 
with 7 than with 1. It therefore appears that 7 and 11 
show little or no intracomplex rate advantage towards 
these functional groups, even though non-CD Co(1II) 
complexes demonstrate activity towards each substrate 
type. The most likely explanation is that the intra- 
complex reaction cannot achieve the conformation 
required for productive metal-functional group inter- 
action. This is an issue that can be addressed; struc- 
ture-reactivity relationships are, in principle, possible 
using synthetic catalysts; the structures of these com- 
pounds are known. 


CONCLUSION 


Although the cyclen-Co(II1) complex has exhibited 
amongst the greatest rate accelerations in acyl and 
phosphoryl transfer reactions, this catalytic unit has not 
been used previously in the design of an artificial metal- 
loenzyme. For this study, we have synthesized @- 
cyclodextrin derivatives of cyclen-Co(II1) with 
attachments to the primary and secondary sides of the 
cyclodextrin torus. The primary-side cyclodextrin- 
cyclen-Co(II1) conjugate accelerates the hydrolysis of 
p-nitrophenylacetate by a factor of lo00 (pH 7.0, 
25 " C )  as compared with the water-catalyzed reaction. 
Maximum reactivity occurs at pH 7, consistent with the 
known pK, values and hypothesized mechanism of 
action of Co(II1) complexes. The secondary-side cyclo- 
dextrin-cyclen-Co(II1) conjugate is less reactive 
towards in p-nitrophenylacetate hydrolysis under satu- 
rating conditions, perhaps because of strain that 
requires the metal to point away from the CD cavity (as 
predicted by space-filling models). Reactivities towards 
an amide, a phosphonate and a phosphate triester were 
smaller. Artificial enzymes that can act on an unac- 
tivated substrates remain elusive but important targets. 
It appears likely that a hydrolytically active Co(II1) 
complex attached to a strong and selective binding- 
cavity bearing molecule may well be a good candidate 
for this purpose. 


EXPERIMENTAL 


General. Melting points were taken on an elec- 
trothermal melting point apparatus and are uncor- 


rected. Microanalyses were carried out at Canadian 
Microanalytical Services (New Westminster, BC). Mass 
spectra were obtained by use of a Kratos-30 mass spec- 
trometer. FT-NMR spectra were obtained at 11.75 T 
(500MHz) or 7.OT (300MHz). UV spectra were 
obtained on a Hewlett-Packard Model 8451A diode- 
array spectrophotometer; all wavelength data reported 
are 2 1 nm. 6-Monotosyl-@-cyclodextrin (2) was pre- 
pared as described previously.' Most of the chemicals 
used in this study were obtained from Aldrich Chemical 
(Milwaukee, WI). Biological buffers (pH/ 
buffer: 6/MES, 6- 5/HEPES, 7-8/bis-trispropane, 
8.5-9/CHES) and p-nitrophenylphosphate were 
obtained from Sigma Chemical (St. Louis, MO). 


Reactions that produced p-nitrophenolate were fol- 
lowed by measuring the change in absorbance at 
398 nm and 25 "C. For the reactions carried out at pH 6 
and 6.5, the change in absorbance at 340 nm was fol- 
lowed (A,,, of p-nitrophenol). p-Nitroacetanifide 
reactions were followed at 400nm. Reactions were 
monitored to > 95% completion; pseudo-first-order 
behaviour was observed in most of the reactions, one 
important exception being that of p-nitrophenyl- 
phosphate hydrolysis. 


6-Deoxy-6-(If,4 ', 7', I0 '-tetrazacyclododecyQ-@- 
cyclodextrin (4) .  A solution of the 6-monotosyl deriva- 
tive of @-cyclodextrin (1.3 g, 1 -0 mmol) and cyclen 
(1,4,7,I0-tetraazacyclododecane; 695 mg, 4-0  mmol) in 
dry DMF (4 ml; stirred with KOH and distilled from 
BaO) was heated in a sealed tube at 90 "C for 24 h. The 
reaction mixture was cooled, DMF was removed under 
reduced pressure and the residue was dissolved in water 
(2 ml) and added dropwise to ethanol (40 ml). The pre- 
cipitated CD-containing compounds were collected by 
filtration, dissolved in 0.05 M NH4HCO3 buffer (25 ml) 
and applied to a CM-Sephadex cation-exchange column 
(30 x 7 cm id.) .  A linear gradient of NH4HCO3 (from 
0.05 to 0.5 M) was used for elution. The fractions 
(25 ml each) were checked by TLC; CD-containing 
spots were made visible using a 
MeOH-AcOH-HzS04-p-anisaldehyde 
(200: 20: 10: 1) spray and developing with heat. Frac- 
tions 50- I10 were combined and lyophilized to afford 
a fluffy white solid (4; 675 mg, 52%). 'H NMR (DzO): 
6 2.35-3.10 (m, 12 H, azamacrocycle), 3.24-4.12 (m, 
42H,  H2, H3, H4, Hs, Hg and 4 H  azamacrocycle), 
4.87-5.15 (m, 7 H, HI) .  FAB mass spectrum: m/z 
1290 (M' + I) .  Analysis: calculated for 


4.74; found, C 41.71, H 7.12, N 4.7%. 
C5oH88N4034.6H~O. NH4HC03, C 41 -49, H 7.17 ,  N 


6-Deoxy-6-(1',4', 7', 10 '-tetraazacyclododecy1)-0- 
cyclodextrin (N  ', N4 I ,  N ' ', N'O ')carbonatocobalt(llI) 
chloride (5). To a solution of 4 (500  mg, 0.39 mmol) in 
1.2 M HCI (1.0 ml) was added sodium triscarbonato- 
Co(II1) (159 mg, 0.44 mmol) in portions. After COz 
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evolution had ceased, the solution was warmed to 66 "C 
for 5 min. The solution was cooled to room tempera- 
ture, filtered and acetone (50ml) was added. The 
product separated as pink microcrystals (5; 498 mg, 
89%). UV (A,,,, H20): 368, 530 nm. 'H NMR (D2O): 
6 2-45-4.42 (m, 16 H, azamacrocycle; 42 H, Hz, H3, 
H4, H5, H6), 4.80-5.18 (m, 7 H, HI). FAB mass spec- 
trum: m/z 1347 (Mf - co3 - C1). 


6-Deoxy-6-(1',4', 7', 10'-tetraazacyclododecyl)-P- 
cyclodextrin (N ' I ,  N 4  ',N1 I ,  N'")bischlorocobalt(III) 
chloride (6). Compound 5 (498 mg, 0.34 mmol) was 
suspended in methanol (8 ml) and conc. HClo(l .O ml) 
was added. The mixture was warmed to 65 C for 5 
min. A purple solid precipitated on cooling (6; 454 mg, 
90O70). UV (Amax, HzO): 390, 562 (unstable in aqueous 
solutions). FAB mass spectrum, m/z  1347 (M' - 3C1). 
Analysis: calculated for 


N 4-28, C1 8.68; found, C 37.05, H 6-51, N 3.89, C1 
8.71% 


C ~ O H ~ ~ C ~ ~ C O N ~ O ~ ~ * N H ~ C I .  7Hz0, C 36.75, H 6.54, 


6-Deoxy-6-(1',4', 7', 10 '-tetraazacyclododecy1)-P- 
cyclodextrin (N I ,  N ', N7 I ,  N lot ,  0 6B)aquaco balt(1II) 
nitrate (7). Compound 6 (400 mg, 0.28 mmol) was dis- 
solved in water (5  ml) and the solution was applied to 
a QAE-Sephadex anion-exchange column (OH- form, 
15 x 3 cm i.d.) and eluted with water. The pink eluate 
was concentrated under reduced pressure to 5 ml The 
solution was acidified with 4 M HN03 (I ml) and tri- 
turated with Et2O until the product separated as a 
reddish powder, which was filtered and then dried in 
vacuo at room temperature (7; 251 mg, 59%). 'H NMR 
(DzO): 6 2-30-4-15 (m, 16 H, azamacrocycle; 42 H, 
H2, H3, H4, H5, H6), 4.90-5.25 (m, 6H,  HI), 
5.28-5.45 (br d, 1 H, HI).  UV (Amax): 366, 522nm 
(0.1 M HNO3), 368, 540 nm (pH 7 buffer), 362, 
576 nm (0.1 M NaOH). FAB mass spectrum: m/z 1347 
(M+ - HzO - 3NO3). Analysis: calculated for 


6-44; found, C 34.80, H 6.12, N 6.29%. 
C ~ ~ H ~ ~ C O N ~ O ~ ~ . ~ H Z O ' H N O ~ ,  C 34.53, H 5.97, N 


Direct conversion of the primary-carbonato- 
cobalt(III) complex into the aqua complexes. We have 
found out that carbonato-cyclenyl-CD-Co(II1) com- 
plexes can be converted directly into the aqua com- 
plexes with high yields. Both primary- and the 
secondary-side complexes can be reacted in this way. 
This procedure will be exemplified here with the 
primary-side complex. First, the carbonato complex 
was prepared in the nitrate or perchlorate form. The 
carbonato complex (0.8 g) was then suspended in 
MeOH (10 ml) and concentrated HNO3 (0.5 ml) was 
added. The bright pink color of the aqua complex was 
observed immediately. To remove any dissolved C02, 
the solution was heated on a steam-bath for 2 min. The 
mixture was then cooled to room temperature and the 


bright pink precipitate was collected by filtration. The 
precipitate was dissolved in water (30 ml) and lyophi- 
Iized to afford a fluffy pink solid (0-585 g, 50%), ident- 
ical in all respects with material prepared by initial 
conversion to the primary-side dichloro complex. 


0- Cyclodextrin-mann 0-2,3-epoxide (8). The liter a- 
ture procedure'2a was used to prepare the epoxide. 
However, the white solid obtained in this way is a 
mixture of product and various salts. The salts were 
removed by passing an aqueous solution of the epoxide 
sample through a cation-anion-exchange column 
(Amberlite MB-3). The salt-free epoxide was obtained 
after lyophilization. TLC indicated the presence of 
small amounts of CD and and of the diepoxide. Analy- 
sis: calculated for C42H68034 5H20, C 41 -79, H 6.51, 
found, C 41-66, H 6.43%. 


3-Deoxy-3-(Ir,4', 7',10 '-tetraazacyclododecyl)-p- 
cyclodextrin (9). To a solution of 8 (655 mg, 
0.59 mmol) dissolved in dry DMF (4-0 ml) was added 
cyclem (1,4,7,10-tetraazacyclododecane; 400 mg, 
2-3 mmol). The solution was heated at 100°C for 48 h, 
then DMF was removed under reduced pressure. The 
residue was dissolved in water (2.0ml) and added to 
EtOH (45 ml) dropwise. The resulting precipitate was 
collected by filtration, dissolved in water (50 ml) and 
then applied to a CM-Sephadex cation-exchange 
column (30 x 7 cm id.). Elution was performed using a 
linear gradient of NH4HCO3 buffer (0-05 to 0 . 6 ~ ) .  
Fractions were analyzed by TLC as described for com- 
pound 2. Appropriate fractions (55- 100) were pooled, 
concentrated and lyophilized to afford the secondary- 
side derivative (9; 187 mg, 25%). 'H NMR (D20): 6 
2.50-3.15 (m, 12 H, azamacrocycle), 3.19-4.08 (m, 
42 H, Hz, H3, H4, H5, H6; 4 H azamacrocycle), 
4.85-5.22 (m, 7 H, HI). FAB mass spectrum: m/z  
1289 (M'). Analysis: calculated for 


N 4.74; found, C 41.11, H 7.12, N 5.06%. 
C ~ O H ~ ~ N ~ O ~ ~ . N H ~ H C O , * ~ H ~ O ,  C 41.49, H 7.17, 


3-Deoxy-3-(1 I ,  4', 7', 10 ' -tetraazacyclododecyl)-P- 
cyclodextrin(N' I ,  N 4  I ,  N 7  I ,  N'O ')diaquacobalt(III) 
nitrate (12). To a solution of 9 (415 mg, 0.32 mmol) in 
1 * 2  M HNO3 (0.80 ml) was added Na3Co(CO3)3 - 3H20 
(132 mg, 0.37 mmol). After the effervescence had 
stopped, the mixture was heated at 60°C for 5 min, 
cooled and filtered. The solid was washed with cold 
water (5  ml), then to the clear red, combined filtrate 
were added acetone (5 ml) and EtOH (50 ml). The pre- 
cipitate was collected by filtration, suspended in MeOH 
(6ml), and conc. HNO3 (six drops) wa,s added. The 
mixture thus obtained was heated at 60 C for 4 mins 
and cooled to room temperature. The reaction vessel 
was evacuated to remove dissolved COZ, and the result- 
ing precipitate was collected by filtration, dissolved in 
water (100 ml) and lyophilized to provide 11 as a red 
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fluffy solid (213 mg, 24%). UV (Amax): 508 (0.1 M 
HNO3), 522 nm (pH 7 buffer), 530 nm (0.1 M NaOH): 
'H NMR (DzO): 6 2-20-4-40 (m, 16H,  azamacro- 
cycle, 42H, Hz, H3, H4, Hs, H6), 4-50-5.32 (m, HI,  
7 H). FAB mass spectrum: m/z  1409 
(M+ - 2N03 - 2Hz0), 1347 (M+ - 2Hz0-3NO3). 
Analysis: calculated for 


6.43; found, C 34.28, H 5.93, N 6.80%. 
C ~ O H ~ ~ C O N ~ O ~ ~ . H N O ~ * ~ H Z O ,  C 34.49, H 6.08, N 


6-Deoxy-6-(1',4', 7'-triazaheptyl)-@-cyclodextrin (12). 
To a solution of 2 (655 mg, 0.59 mmol) dissolved in dry 
DMF (4.0 ml) was added dien (1,4,7-triazaheptate; 
400 mg, 2.3 mmol). The solution was heated at 70 C 
for 24 h, then DMF and most of the diethylenetriamine 
were removed under reduced pressure. The residue was 
dissolved in water (2.0 ml) and the solution was added 
to EtOH (45 ml) dropwise. The precipitate was col- 
lected by filtration, dissolved in water (50 ml) and 
applied to a CM-Sephadex cation-exchange column 
(30 x 7 cm i,d,). Elution was performed using a linear 
gradient of NH4HCO3 buffer (0.05 to 0 . 5 ~ ) .  Frac- 
tions were analyzed by TLC as for compound 4. Appro- 
priate fractions (50-90) were pooled, concentrated and 
lyophilized to afford the primary-side derivative (12; 
187 mg, 25%). 'H NMR (D20): 6 2.55-3.13 (m, 6 H, 
polyamine), 3.19-4.08 (m, 42 H, Hz, H3 H4 H5, H6; 
2 H polyamide), 4.85-5-22 (m, 7 H, HI).  


6-Deoxy-6- [ 5 -N-(3" -aminopropyl)-l'Jr,9'- 
triazanony] -p-cycIodextrin(l4). To a solution of 2 
(1.3 g, 0.587 mmol) dissolved in dry DMF (4.0 ml) was 
added TRPN [5-N-(3 '-aminopropyl)-l,5,9- 
triazanonane; 1 * O  g, 2.3 mmol] . The solution was 
heated at 7OoC for 12 h, then DMF and some of the 
polyamide were removed by vacuum distillation. The 
residue was dissolved in water (6-Oml) and added to 
EtOH (75 ml) dropwise. The precipitate was collected 
by filtration, dissolved in water (40 ml) and applied to 
a CM-Sephadex cation exchange column (30 x 7 cm 
i.d.). Elution was performed using a linear gradient of 
NH4HCOs buffer (0.05 to 0.8 M). Fractions were ana- 
lysed by TLC as for compound 4. Appropriate frac- 
tions (61-120) were pooled, concentrated and 
lyophilized to afford the primary-side derivative (14; 
480 mg, 25%). 'H NMR (DzO): 6 2-52-3.11 (m, 16 H, 
polyamide), 3.20-4.11 (m, 42 H, Hz, H3, H4, Hs, H6; 
2 H polyamide), 4.83-5.19 (m, 7 H, HI). 
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KINETICS AND MECHANISM OF THE DISSOCIATION OF THE 
Cu2+ AND Ni2+ COMPLEXES WITH MONOOXO- AND 


DIOXOMACROCYCLIC TETRAAMINES 
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Insfitut fur Anorganische Chernie, Spitalstr. 51, CH-4056 Basle, Switzerland 


The kinetics of the acid-induced dissociation of the Ni2+ and Cu2+ complexes of a monooxo and two dioxo tetraaza 
macrocycles werestudied by stopped-flow spectrophotometry at single wavelengths and using a photodiode array. For 
the monooxo derivative the dissociation rate follows the law Vd = klcCom[H+]/(K2 + [H+]) ,  whereas for the dioxo 
derivatives the law is Vd = kzccom[H '1 2/(K1K2 + K2[H+] + [H+]*).  The dissociation kinetics are interpreted by a 
mechanism in which protonated intermediates are formed in a rapid pre-equihrium, the rate-determining step being 
the dissociation of this species. Comparison of the spectral results from multi-wavelength stopped-flow measurements 
with those acquired in the equilibium study using spectrophotometric titrations allows the nature and structure of these 
intermediates to be discussed. The order of the dissociation rates in strongly acidic solution, where a plateau in the 
pH dependence is reached, was determined and it demonstrates the importance of the ring size on one hand and of 
the number of amide groups on the other. 


INTRODUCTION 


Macrocyclic ligands are able to  form metal complexes, 
which often are thermodynamically more stable and 
kinetically more inert than those with analogous open- 
chain ligands (macrocyclic effect). ' Whereas the dis- 
sociation kinetics of open-chain ligands have been 
extensively studied,' only a few examples of acid- 
induced dissociation of macrocyclic complexes have 
been reported. 1 3 3 , 4  In general, the rates of dissociation 
of metal complexes with tetraazacycloalkanes are 
relatively slow. In some instances they are so slow that 
one can study them even under extreme conditions, 
such as in 10 M HC104.5 However, the ring size and 
the degree of substitution at the nitrogens have 
important consequences on the dissociation kinetics. 
For example, the rate of the dissociation of the C u 2 +  
complexes with 12-aneN4 and 13-aneN4 determined in 
aqueous acetic acid solution indicate that the complex 
with the 12-membered macrocycle dissociates about 
2000 times faster than that with the 13-membered 
macrocycle. On the other hand, the tetra-N-methyl 
derivative of 14-aneN4 forms metal complexes, which in 
the trans-I configuration rapidly dissociate in acidic 
~ o l u t i o n . ~  


Most interesting is the observation that the replace- 


* Author for correspondence. 


0894-3230/92/080549-07$08.50 
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ment of the amino group by an amide function greatly 
affects the dissociation rate of metal complexes with 
tetraaza macrocycles. One paper' described the kinetics 
of the dissociation of the Cu2+ and Ni2+ complexes 
with 3 in the pH region 4-5, in which the analogous 
complexes with 14-aneN4 gave no sign of dissociation. 
We have now systematically studied this reaction using 
the Ni2+ and Cu2+ complexes of the three macrocycles 
1-3 with different ring sizes and numbers of amide 
groups, in order to determine the importance of these 
parameters and to clarify the mechanism of the 
dissociation process. 


N H  H N  


[NH €IN1 


U 
1 


N H  H N  N H  H N  


[NIX HN' "€3 €IN7 


U I I  v 
2 3 


EXPERIMENTAL 


The ligands were prepared according to the literature: 
1, 8*9 2" and 3, '' but modified according to  Fabbrizzi. 
Ligand 1 was purified as a trihydrochloride: 
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Figure 1. (a) Dissociation kinetics of NiLH-2 (L = 3): [NiLH-z] = 3 x M ,  pH = 0.84. Spectra taken every 17 ms until 
t =0.34 s, then every 51 ms. (b) Spectrum of [NiLH-z] = 3 x M at pH 7 


m.p. 227-228 "C. Analysis: calculated for 


C1 31-12, N 16.39; found, C 35.13 ,  H 7.81, C1 30-96, 
N 16.36%. The other two ligands weredsolated and 
purified as free bases. 2: M.p. 179-181 C.  Analysis 
calculated for C ~ H I S N ~ O Z  (214.27), C 50.45, H 8.47, 
N 26.15; found, C 50.14, H 8.94, N 25-75. 3: M.p. 
177-178 "C (lit." 176-177 "C). 


Potentiometric studies were made using the fully 
automated pH titration unit described previously. l 3  


The experimental conditions were I =  0 . 5  M (KNO,), 
25 "C,  0 . 4 ~  NaOH as titrating agent, [ligand] = 
2 x M with 0 or 90% Cu2+ added. 
The titration curves were fitted using the program 
TITFITL4 adapted for an AT-286 computer. 
Equilibrium constants were calculated as concentration 
constants using the activity coefficient 01 = 0.943 for 
H' and log K, = - 13.85, as determined separately 
from titration of HNO3. 


Spectrophotometric titrations were carried out using 
a fully automated set-up consisting of a Cary Model 
118C spectrophotometer, a Metrohm Model E655 
burette, a Metrohm Model E605 p E  meter and an 
Apple I1 computer. I s  Typical conditions were I = 0 . 5  M 
(KN03), 25 'C, [ligandj = 2 x 10- M, [Cu2'] = 
1 . 6 ~  10-3-2.0x M, p H  range 2-11, titrating 
agent 0 .  I M NaOH. The evaluation of the equilibrium 
constants and the calculation of the species present at 
equilibrium were performed with the program 
SPECFIT16 written for a Hewlett-Packard HP300 
computer. 


CioHzsC13N40*HzO (311.71), C 35.15 ,  H 7.96, 


or 2 . 5  x 


The dissociation kinetics were followed on a Durrum 
DllO stopped-flow instrument on-line with an Apple 11 
computer, to which digitalized data of the Datalab DL901 
transient recorder were transferred. The experimental 
conditions were [complex] = 2.5  x 10-3-3.8 x M, 
[buffer] = 0-02-0.1 M (2,6-lutidine-3-sulphonic acid, 
p H  3-5-5.2; chloroacetic acid, pH 1.9-3-6; 
sulphanilic azid, p H  2.7-3.7; and HNO3), I =  0 . 5  M 
(KNO3), 25 C. The complexes were prepared by 
mixing the desired metal ion with a 10%. excess of 
ligand at p H  5-7, at which the complex is fully formed. 
The dissociation was followed at 535 nm for Cu(l) ,  
442 nm for Ni(l), 520 nm for Cu(2), 420 nm for Ni(2), 
506 nm for Cu(3) and 460 nm for Ni(3). The calcu- 
lations of the pseudo-first-order rate constants 
([H' ] = constant) were performed with the program 
SANYO. " To follow the spectra during the reaction, a 
few experiments were made using a Hitech stopped-flow 
instrument equipped with a Zeiss MCS 512 photodiode 
array on-line with a Hewlett-Packard HP300 com- 
puter. An example of such a measurement is given in 
Figure 1 .  A comparison between the spectrum at time 
f = 0 in the dissociation experiment with that of the 
starting complex shows that a fast protonation pre- 
equilibrium must be present. 


RESULTS AND DISCUSSION 


The potentiometric titrations of the ligands 1-3 and the 
potentiometric and spectophotometric studies of their 
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Table 1. Logarithms of the ligand protonation and Cuz+ stability constants of 1-3 at 25 'C and 
Z = O * 5  M (KNOI), with errors in parentheses 


Ligand Conditions a POI I Po12 PO13 Pl lO P11-1 P11-2 


1 0.87(2) 


10.2 
9.40 
9-20(2) 


9.05 
9.86(2) 


9.57 
9.51 


7.32(2) 


6.9 
6.65 
3.90(2) 


3.82 
6.01(2) 


5.97 
5.80 


3.37(3) 16*76(2) 13-00(5) 
16*77(2) 13.21(5) 


2.9 
2.87 13.95 8.41 


1 * 85(2) 
1 .87(2) 


4.22(2) 
4.2 l(2) 


8.75 


~~~ 


-2.63(2) 
- 2.55(3) 
- 2.2 
-0.03(2) 
-0.06(2) 


1.0 
0.44 


"(a) This work, potentiometric measurements. (b) This work, spectrophotometric titrations. (c) At 35 'C and 
f=O.2 M.' (d) At 25'C and I = O . 1  M (NaC10.,).9 (e) At 25'C and 1 = 0 . 2  M (NaC104) 22 ( f )  At 25'C and 
I= 0.1 M (NaC104). '* In this paper the neutral ligand is defined as LH2. 


Cuz+ complexes allow the protonation and Cu2+ stabi- 
lity constants to be determined (Table 1). The overall 
constants are defined according t o  equation (1): 


where m, 1 and n are the stoichiometric coefficients for 
the metal ion, the ligand and the proton, respectively. 


The values of the protonation constants are as 
expected. The first protonation is typical for a sec- 
ondary amine with no stabilization of the ammonium 
ion by an internal hydrogen bond. The second is lower 
than the first, because of the electrostatic interaction 
between the positive charges. The lowest value, log 0012, 


is found for the 13-membered ring 2, in which the two 
charges are closest, followed by those of the 14- 
membered rings 3 and 1, the last having the possibility 
of fixing the two protons trans to  each other. The third 
protonation constant of 1 is again lower owing to the 
even more pronounced electrostatic repulsion between 
the two charges already on the macrocycle and that of 
the third proton. 


Our protonation constants for 1 differ considerably 
from those of Hay et a1.' and are lower than those 
measured at  35 "C by Machida et a[.* Whether this is 
due to the use of the ligand purified as hydrochloride 
(the free base was never analytically pure in our hands) 
or to  other factors is not clear. The smaller differences 
in the protonation constants of the ligands 2 and 3 are 
acceptable and probably reflect differences in ionic 
strength. 


The stability constants of the Cu2+ complexes, deter- 
mined by potentiometric and spectrophotometric titra- 
tions, agree well. However, large differences between 
our values of log 0110 and log f l ~ 1 - 1  and the published 
values are found for the Cu2+ complexes of 1. The 
value of the deprotonation of CuL to CuLH-I  (L = 1) 


also differs considerably (3 *76 versus 5.54), although 
one would expect that this value, being independent of 
the protonation constants of the ligand, should give a 
better agreement. For ligand 2 the accordance between 
the log p11-2 values is relatively good, but we addition- 
ally find the species MLH-1, which was not reported 
earlier. The same species was also observed for 3, in 
contrast to the model proposed by Hay et al.,' in which 
ML appears instead. Figure2 clearly shows, that the 
fitting with the model ML and MLH-2 is worse than 
that with MLH-1 and MLH-2. 


The differences between the three values of log ( 3 1 1 - 2  
for 3 are probably due to  the use of different models to 
fit the data. It is easy to propose a structure for MLH- 
with ligand 1 and for MLH-2 with ligands 2 and 3, in 
which after deprotonation of the amide groups the 
Cu2+ can coordinate to all four nitrogens in a square 
planar coordination geometry (4 and 5). 


O w 0  O m 0  - I  I -  I I 


H'I I H 


4 5 
More difficult is a proposal for the structures of ML 


for 1 and MLH-I for 2 and 3, since it is not clear 
apriori where the proton of the amide group sits. In 
this respect, the absorption spectra of these species 
obtained from the spectrophotometric titrations might 
be of some help (Table 2). 
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Figure 2. pH tritration of a mixture of 1.70 x 
models: (a) with MLH-2 ( u =  1 x lO-'ml), (b) with ML and MLH-2 (u=4 .5  x 


M Cu2+ and 1.7 x lo-' M ligand 3 with 0.4 M NaOH. Fitting with different 
ml) and (c )  with MLH-I and MLH-2 


(u  = 4.2 x ml) 


Table 2. Absorption maxima (nm) and (in parentheses) molar 
absorptivities (1 mol-' cm-I)  of the Cu2+ and Ni2+ complexes 


with ligands 1-3 


Ligand Metal 


1 c u 2 +  
CU2' 


2 c u 2 +  
Cu2' 


3 c u * +  
CU2' 


Ni2+ 


Ni2+ 


Ni2+ 


ML MLH-I  


521(86) 508(90) 
512(83) SlO(83) 
447(34) 446(52) 


559p 10) 
563 


410(43) 412(60) 
5 12(72) 


514(61) 517(81) 
451(33) 457(53) 


MLH-2 Methoda 


Spec. 
Kin. 
Kin. 


514(99) Spec. 
514(100) Kin. 
415(78) Kin. 
501(85) Spec. 
502(96) Kin. 
461(65) Kin. 


aSpec. = from spectrophotometric titrations; Kin. = from kinetic 
measurements with the photodiode array. 
bThe value of the molar absoptivity cannot be determined since the 
reaction is too fast. 


In the case of the C u 2 +  complexes, the shift of A,,, 
between MLH-]  and ML for L = 1 and between 
MLH-2 and MLH- L for L = 3 is relatively small and 
suggests that the same chromophore CuN4 might be 
present in all of these species. Since the protonation 
does not displace a nitrogen from the coordination 
sphere of the metal ion, it follows that it must take 
place at the carbonyl oxygen. Protonation of the amide 
oxygen rather than of the amide nitrogen has been 


observed in the kinetically stable complexes 
[ C O ( N H ~ ) ~ ( G ~ ~ N H ) ]  2 +  (Ref. 19) and [Co(glygly)~J - 
(Ref. 20) in strong acid. For ligand 2, however, a sig- 
nificant shift of h,,, from 514 nm for MLH-2 to 
559 nm for MLH-l  is observed, and this could mean 
that in this case one nitrogen is displaced from the coor- 
dination sphere, so that a CuN3O chromophore results 
and the protonation occurs at the nitrogen. 


The kinetics of the acid dissociation of the C u 2 +  and 
Ni2+ complexes follows the rate law 


ud = kobsccom (2) 


where ccom is the total concentration of the complex and 
kobs the pseudo-first-order rate constant; kobsr  however, 
is a function of the p H  of the solution (Figures 3-5). 


Before discussing the reaction scheme in more detail, 
we must consider two points. First, at low pH a plateau 
is observed for all complexes except Cu(Z), which reacts 
so fast that the stopped-flow technique does not allow 
such low pH values to  be reached. This means that in 
these cases the proton transfer to the coordinated amide 
nitrogen cannot be the rate-determining step, as has 
been found for other amide complexes.2' Second, in 
most cases the photodiode-array measurements, which 
allow the spectral changes during the dissociation 
kinetics to be observed, clearly show that a pre- 
equilibrium is present, in which the intensity of the 
band decreases but its maximum is affected only slightly 
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- 1 . 5  


-2 .e  


-2.5 


-\ 
1.0 2.0 3.0 4 . 0  


Figure 3 .  pH profile for the dissociation of the (a) NiZ+ and 
(b) Cu2+ complexes with 1 


I .0 3.0 5.0 
Figure 4. pH profile for the dissociation of the (a) Ni2+ and 


(b) Cu2+ complexes with 2 


except for Cu(2). We therefore propose a mechanism in 
which in a rapid pre-equilibrium MLH-1 for 1 and 
MLH-2 for 2 and 3 are rapidly protonated and the 
resulting complex ML is the reactive species, which dis- 
sociates in the rate-determining step to the products 
[equations 3-5)] : 


MLH-]=MLH-z + H+;  K1 (3) 
M L = M L H - l + H + ;  K2 (4) 


ML 3 products ( 5 )  


Using the stoichiometric relation (6), one obtains the 
rate law (7) for the complexes with 2 and 3 and (8) for 
those with ligand 1. 


c c O m =  [ML] + [MLH-11 + [MLH-z] (6) 


1 


a 


- 1  


-2 


-3 


-4  


.5 1.5 2 . 5  3.5 4 . 5  


Figure 5 .  pH profile for the dissociation of the (a) Ni2+ and 
(b) Cu2+ complexes with 3 


The pH profiles in Figures 3 and 5 were fitted with 
these functions using the value of the limiting rate con- 
stant kl and the protonation constants K 1  and K2 given 
in Table 3.The results show that the dissociations of the 
Ni2+ complexes are slower than those of the corre- 
sponding Cuz+ complexes by a factor of about 10. The 
number of amide functions also seems important, since 
the complexes with 1 react with acid at a rate which is 
about 100 times less than that of the complexes with 3. 
Most interesting is the observation that the complexes 
with the 13-membered ring 2 are the most reactive 
against acid dissociation, probably because the metal 
ion does not fit so well into this macrocyclic cavity as 
compared with that of the the 14-membered ring. 


Hay et aL9 followed the dissociation rate of the Ni2+ 
and Cu2+ complexes of 3 in the pH range 3.7-4-4 and 
4.7-5.2, respectively, and were able to determine the 
quadratic term in [H’]. Their values of 
kobs/ [ H + ]  = 1 * 15 x lo7 I’ mol-’ s - ’  for Cu2+ and 
kobs/[H+]’=1*23X105 1 m o l - ’ ~ - ~  for Ni2’ have to 
be compared with our values of kl /K& = 6.3  x lo7 1’ 
mol-’ s-’ for Cut+ and kl/KIKz = 1 . 3  x lo6 I* mol-’ 
s-l for Ni2+. The agreement is not especially good, the 
differences arising from the different ionic strength used 
in the two studies, but also from the fact that especially 
in the case of Ni2+ in the pH range 3.7-4.4 in addition 
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Table 3. Rate constants and protonation constants obtained from the 
dissociation kinetics of the NiZ+ and Cu2+ complexes of 1-3 


"Calculated from Table 1 using the equation KI = p l l - z / ~ I ~ - ~ ,  the mean values of 
the constants determined potentiometrically and spectrophotometrically being 
employed. 
hOnly K z / k ,  can be determined to be 2.4(1) x mol I - I s C ' .  


t o  the quadratic also the linear term in [H'] plays a 
role, but this could not be taken into account by the 
authors. 


The protonation constants K1 for 2 and 3 determined 
from the fitting of the pH profiles compare well with 
those obtained from equilibria measurements (Table 3). 
In addition, the spectra obtained from the photodiode- 
array measurements also agree well with those obtained 
from the spectrophotometric titrations (Table 2). Both 
results indicate that for the Cu2+ complexes with 2 and 
3 the species MLH-I  observed in the equilibrium and 
kinetic studies must be be same. We therefore propose 
a dissociation mechanism in which a rapid stepwise pro- 
tonation of the two carbonyl oxygens to  give MLH-I  
and ML takes place, followed by the slow dissociation 
of ML to the products. In ML both metal-amide 
bonds are weakened, since through protonation of the 
oxygens the double bond character of the car- 
bon-nitrogen bonds has been increased. It is difficult 
to prove the mechanism of the effective dissociation of 
ML, but one can argue that the weakening of the 
Cu-amide bond allows a partial dissociation, which, 
combined with an intramolecular proton transfer from 
the oxygen to  the nitrogen, finally results in the com- 
plete breaking of the coordinative bond. 


Finally, it is worth coming back to the extreme differ- 
ence in reactivity between the complexes with the cyclic 
tetramines and those of the monooxo and dioxo deriva- 
tives against acid. In the case of the cyclic amines the 
free electron pairs on the nitrogens are not accessible to  
the proton since it is involved in a coordinative bond 
and because of the cyclic nature of the ligand it cannot 
easily rotate to  the outside as in the case with the open- 
chain Ligands. In the case of the monooxo and dioxo 
macrocyclic complexes, however, there is an easily 
accessible basic site at the carbonyl oxygen so that the 
proton can successfully attack the complex and induce 
the dissociation. 
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SOLVENT EFFECTS IN AROMATIC NUCLEOPHILIC 
SUBSTITUTION REACTIONS IN NON-POLAR APROTIC 


SOLVENTS. INHIBITION BY ELECTRON-DONOR-ACCEPTOR 
(EDA) COMPLEXATION OF THE SUBSTRATE BY AROMATIC 


SOLVENTS 


E. DURANTINI, L. ZINGARETTI, J. D. ANUNZIATA AND JUANA J. SILBER* 
Departamento de Quimica y Fisica, Universidad Nacional de Rio Cuarto. Estafeta Nro 9, 5800, Rio Cuarto, Argentina 


The reactions of n-butylamine and piperidine with l-chloro-2,4-dinitrobenzene and 4-chloro-3- 
nitrotrifluoromethylbenzene were studied in n-hexane, benzene and mesitylene. The reactions seem to follow a 
bimolecular sNAr mechanism for both substrates and amines. However, whereas in n-hexane they are base catalysed, 
in the aromatic solvents only mild acceleration is observed. The different behaviour of these reactions in the aromatic 
solvents in comparison with hexane is explained by the specific solvent effect exerted by the aromatic compounds, 
which solvates the aromatic reactant preferentially in view of its electron-donor properties. These conclusions were 
confirmed by kinetic studies in hexane-aromatic solvent binary mixtures. It can be concluded that the presence of 
electron-donor solvents may inhibit sNAr reactions when association constant of the solvent with the substrate is 
greater than the EDA constants between the reactants, These specific solvent effects could also explain why only mild 
acceleration is observed in aromatic solvents 


INTRODUCTION 


We have long been interested in the role that electron- 
donor-acceptor (EDA) complexes between reactants 
play in aromatic nucleophilic substitution (&AT) 
mechanisms. The formation of such complexes has 
been considered either as a side-reaction' or as a pre- 
equilibrium to the formation of the a-intermediate, 2 - 4  


or even as providing an alternative mechanism of base 
c a t a l y s i ~ . ~ - ~  Most of the studies have been performed 
with aliphatic and aromatic amines as nucleophiles. 
More recently, the formation of EDA complexes prior 
to the a complex has been proposed for the reaction 
between hydroxide ion and nitroarenes in DMSO-HzO 
solution.' 


Previous studies on the formation of EDA complexes 
between aliphatic amines as n-donors and cyano- and 
nitro-substituted benzenes as n-acceptors' had raised 
the question of the role that these complexes might play 
in the SNAr reaction of the nitro group in 1,2- 
dinitrobenzene (1,2-DNB) by amines. Primarily, based 
on the fact that 1,ZDNB forms stronger complexes 


*Author for correspondence. 


than other aromatic dinitro compounds (1,3- and 1,4- 
DNB) with aliphatic amines, the formation of such 
complexes was proposed for the reaction of 1,ZDNB 
with primary" and secondary amines" in n-hexane as 
solvent. 


Equation (1) shows the inclusion of an EDA complex 
formation prior to the zwitterionic u intermediate in 
a typical bimolecular SNAr mechanism, where ArX 
represents the aromatic substrate 


Ks ArX + Am -2 [ArX - Am1 
4 1  


ki / /  k-1 


X 
ArAm Ar- 


k f  [Am1 c,, 
Actually, in the reaction of 1,2-DNB with primary 


amines, lo the formation of the EDA complexes 
between reactants was not kinetically distinguishable. 
However, the presence of such complexes was detected 
and quantified at zero time of reaction. In the case of 
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secondary amines, such as piperidine (PIP), the behav- 
iour of the rate coefficients with PIP concentration 
could be best explained in terms of the formation of the 
1 ,2-DNB - PIP complex as in equation (1). 


Application of the stationary-state hyprothesis to this 
mechanism gives equation (2), where kA is the observed 
second-order rate constant. 


(2) 
k1k2 + klKsk?[Aml 


(k - l+  kz + k?[Aml)(l +&[Am]) 
kA = 


For Ks [Am] s 1 and k2 + k3 [Am] d k-1, a linear 
response to the nucleophile concentration such as 
depicted in equation (3) is obtained. This behaviour is 
characteristic of most base-catalysed reactions. 


(3) 
(klk2Ks) + klKsk? [Am] kA=- 


k- 1 k- 1 


On the other hand, whereas all the studied reactions 
were base catalysed in n-hexane, only mild acceleration 
was observed in benzene. l2 Also, the reactions seem to 
be inhibited in benzene and other electron-donor 
solvents. l3 


Kinetic studies of these reactions in hexane-donor 
solvent mixtures led us to propose that the preferential 
solvation exerted by these donor solvents through EDA 
complex formation with the aromatic substrate can 
explain the difference in reactivity of 1,2-DNB in these 
solvents with respect to n-hexane. 


In this work we have extended these studies to the 
reaction of n-butylamine (n-BA) and piperidine (PIP) 
with other aromatic substrates, such as I-chloro-2,4- 
dinitrobenzene (CDNB) and 4-chloro-3- 
nitrotrifluoromethylbenzene (CNTFB), in n-hexane, 
benzene, mesitylene and binary mixtures of hexane with 
the aromatic solvents. 


The reactivity of CDNB toward aliphatic and aro- 
matic amines has been extensively investigated in a 
variety of solvents. 14-18 However, no reports have been 
found for these reactions in n-hexane. Also, it was con- 
sidered of interest to compare the previously found 
effects for the amino denitration reaction when chloride 
ion is the leaving group. The studies of the reaction 
with CNTFB allowed us to test these effects with the 
change in activation on the aromatic ring when a NO2 
group has been replaced with a CF3 group. 


RESULTS AND DISCUSSION 


Reactions in n-hexane 
The kinetics of the reactions of the amines, n-BA and 
PIP, with the aromatic substrates, CDNB and CNTFB, 
were studied in the presence of various excess of 
amounts of nucleophile under pseudo-first-order con- 
ditions. The reactions proved to be first order in the 
substrate and on division of the observed pseudo-first- 
order coefficient, k+, by the appropriate concentration 


12 . 


0 O L  0 8  1 2  1 6  


In-BA1 (M) 


Figure I .  Dependence of k+ on arnine concentration in the 
reaction of n-BA with CNTFB (ca M) in n-hexane at 
different temperatures: ( A  ) 20.0 ? 0.5; (0) 27.0 2 0 . 5 ;  (0 ) 


35.0 ? 0.5 O C  


of amine, the second-order rate coefficient, kA, was 
calculated. 


Typical kinetic results are shown in Figure 1 and in 
Tables 1 and 2. As can be inferred, these reactions 
follow the kinetic law given in equation (4). 


k+ = k' [Am] + k" [Am] (4) 


where [Am] is the corresponding amine concentration 
and the ratio k"/k' is equal to kr/k2. l4 According to 
Bunnett and Garst, l9 when the values of these ratios are 
small (< 5 )  and the accelerating effect of the bases bear 
no relationship to their base strength, the reactions are 
not base catalysed. On the other hand, high values 
(> 50) indicate genuine base catalysis. However, and in 
agreement with a recent report, we believe and show 
in this work that when the reactions are performed in 
solvents of low dielectric constant, relatively low values 
of the ratio may still indicate base catalysis. 


Although the data for these type of reactions are 
usually analysed by the linearized form of equation (4): 


( 5 )  


we have found that equation (5)'' is much less sensitive 
than equation (4), particularly for the calculation of the 
k"/k' ratio and consequently to decide if the process is 


k+/ [Am] = kA = k' + k" [Am] 
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Table 2. Rate constants for reactions of CNTFB (cu M) with PIP in n-hexane at various temperatures 


Temperature 
Amine (OC) Parameter Values 


PIP 18.0 f 0.5 lO[PIP] (M) 1.0 2.43 3.53 4.79 
104k+ (s-I) 0.17 0.74 1.22 2.54 
104k,+ (S- '  1 mOl-') 1.75 3.04 3.46 5.29 


26.0 2 0.5 lo[PIP] (M) 1.44 1.97 1.99 2.40 3.53 4.23 4.81 5-51 5.76 5.92 6.36 
104k+ (s-;) 0.52 0.85 0.92 1.03 2.20 3.16 3.60 5-15 6.02 5.87 7.25 
104k,+ (S- ImOl-') 3.60 4.30 4.62 4.29 6.24 7.47 7.48 9.34 10.46 9.90 11.39 


35.0 f 0.5 lo[PIP] (M) 1.0 2.43 3.53 4-79 
104k+ (SKI) 0.42 1.51 3.21 5.50 
104k,+ (s- 'Imol-') 4.19 6.24 9.10 11.47 


base catalysed or not according to the previously given 
criteria. 


We therefore calculated the rate coefficients by fitting 
the experimental k+ values with [Am] through 
equation (4) by a least-squares procedure. lo The 
results are given in Table 3. 


The calculated activation parameters are given in 
Tabie4. They show relatively low AHf  and large 
negative AS* values. These values are consistent with 
the complexity of the proposed mechanism, suggesting 
the existence of a pre-equilibrium association between 
reactants, such as the EDA complexation between the 
substrate and the nucleophile. 


As is observed, the uncatalysed step is hardly 
detected for the reactions studied. Hence, except for the 
case of the reaction between CDNB and PIP, where the 
value of k' can be significantly measured and the k"/k' 
ratio is small, these processes seem to be wholly base 
catalysed. 


Since in the reaction of CDNB with PIP the results 
are uncertain, in order to test if the low value of k"/k' 


can be interpreted as base catalysis, the kinetics of the 
reaction were studied with the addition of DABCO as 
a non-nucleophilic but a stronger base in a non-polar 
solvent" than PIP. The data were fitted by an equation 
similar to equation (4) where k' is replaced with ko, 
which is the value of k' when the base is the nucleophile 
itself. The results are given in Table 5 .  As can be seen, 
the value of k"/k' increases on addition of DABCO. 


Moreover, by using pyrrolidine (PYR) as a 
nucleophile, which is also a stronger base than PIP, the 
ratio k"/k' = 63-2  was obtained (Table 5 ) .  This evi- 
dence shows that although the k"/k '  ratio for chlorine 
departure in CDNB with PIP is small in n-hexane, 
increasing the base strength of either the nucleophile or 
the catalyst increases the ratio. Therefore, we can con- 
sider that these reactions in n-hexane are also base 
catalysed. 


It can be argued that the addition of a polar 
substance such as the nucleophile itself could affect the 
reaction rate by changing the properties of the medium. 
Hence, in order to test the sensitivity of these reactions 


Table 3. Regression analysis of k+ for the reactions between n-BA and PIP with CDNB and CNTFB in n-hexane by equation (4) 


Aromatic Temperature k '  k" k"/k '  
substrate Amine ("C) (S-') (s-' 1 rno1-l) (1 mol-') t c  a It n' 


CNTFB 


~~~ ~~ ~ 


CDNB n-BA 18.0 2 0.5 0 3.60 x m 2-16 5.84 5 
26.0 ? 0.5 0 5.74 x lo-' m 1.16 3.01 13 
37.0 f 0.5 0 6.65 x lo-' m 1.89 5.84 5 


PIP 17.0 f 0.5 1.39 x lo-* 1.12x 10-1 8.1 23.00 5.84 5 
26.0 f 0.5 2.05 X lo-' 1.18 x 10-I 5.7 25.99 2.90 19 


n-BA 20.0 2 0.5 0 3.93 x 1 0 - ~  m 0.72 4.03 7 


PIP 18.0 2 0.5 0 1.04 x 1 0 - ~  (4 0.24 9.92 4 
26.0 f 0.5 0 1.67 x 1 0 - ~  m 0.54 3.25 11 
35.0 2 0.5 0 2.07 x lo-' m 2.64 9.92 4 


27.0 2 0.5 0 4.38 x 1 0 - ~  m 1.02 3.06 14 
35.0 ? 0.5 0 5.94 x 1 0 - ~  m 0.41 4.60 6 


a t, (n - 2, k' = O), Student's t-test value of the correlation calculated with k' = 0. 
bt t  (n - 2 ,  0.005), tabulated t values for a 99.5% confidence level. Note that if this value is smaller than the calculated t value, the hypothesis k' = 0 
can be disregarded. 
'Number of points. 
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Table 4. Activation parameters for the reactions studied in hexane 


Aromatic Correlation 
substrate Amine AH’ (kJ mol-I) AS’(JK-l mol-I)” coefficient 


CDNB n-BA 21 f 2 -218 f 2 0.984 
CNTFB n-BA 1 8 2 3  -267 2 3 0.970 
CNTFB PIP 27 5 1 - 2 0 6 f  1 0.998 


‘At 26’C. 


Table 5.  Kinetic results for the reactions of CDNBa with PIP in the presence of DABCO and TEA, and for the 
reaction of CDNB’ with pyrrolidine (PYR) in n-hexane 


Temperature 
Amine ( O  c) Parameter Values 


DABCOb 30.0 f 0.5 lO’[DABCOl (M) 
104k+ (s-’) 


lo%+ wl) 
104k+ (s-l) 


k”4k0 (1 mo1-I)‘ 
TEAC 27.0 2 0.5 10 [TEA] (M) 


PYR 27.0 2 0.5  lO’[PYR] (M) 


kff/k’ (I mo1-I) 


4 .0  7 -3  14.7 22.0 28.5 35 .3  
1.66 1-72 1.93 2.06 2.15 2.28 


0-0 5.0 10.0 15-0  20.0 
3.23 3 . 1 1  3.18 3.12 3.19 
7 .2  12.0 19.2 26-3 3 1 . 1  
3.81 7.16 14.73 24.18 31.95 


19.22 


63.18 


to a change in the polar properties of the medium and 
by considering that, in general, non-cyclic tertiary 
amines cannot be good catalysts owing to their high 
steric requirement” and that the polarity of 
triethylamine (TEA) is similar to those of the studied 
amines, TEA was used as an additive. Kinetic studies at 
a constant nucleophile concentration with increasing 
amounts of TEA showed that this compound induces 
not even a small acceleration of these reactions 
(Table 5). We conclude that the acceleration effects are 
not medium effects. It follows that the studied reactions 
can be considered to be genuine base catalysed in 
n-hexane. 


These are surprising results, since chloride ion is such 
a good Ieaving group, and genuine base catalysis has 
previously been detected in only a very few cases. 14*21 


Also, it is generally accepted that base catalysis should 
not be expected when chloride is the leaving group. 
Nevertheless, the base catalysis observed in these cases 
can be justified considering the highly non- olar 
character of the solvent, n-hexane (T* = -0-08) and 
its consequently non-existent ionizing power. 


Also, in view of the non-polar character of this 
solvent we can propose a mechanism of catalysis in 
which the second molecule of amine acts as a bifunc- 
tional catalyst within aggregates of conveniently 
charged dipolar species. 10,23 


2 P  


On the other hand, EDA complex formation between 
the aromatic substrates and the amines, although it 
seems to occur as inferred by the lack of additivity of 
the absorbances of the reaction mixtures at zero times 
of reaction, its role in the mechanism is not kinetically 
distinguishable. 


Reactions in aromatic solvents and n- 
hexane-aromatic solvent mixtures 


Reactions with primary amines 
The kinetics of the reactions of n-BA with CDNB and 
CNTFB were also studied in benzene. The results are 
shown in Table 6. 


As can be seen, the reactions in this solvent have very 
low values of k”/k’ and they may not be regarded as 
base catalysed, as considered in previous kinetic studies 
on CDNB-amines. 24 On the other hand, these reactions 
with primary amines in benzene seem to be much slower 
than in n-hexane [k+ (benzene)/k+ (hexane) < 0.671. 


Thus, as in the reactions of 1,ZDNB with primary 
amines, we find a remarkable difference in reactivity 
when using benzene instead of hexane as solvent, even 
though the former is considered to be a typical non- 
polar solvent. We also investigated the effect of mesity- 
lene as solvent, since it is a stronger donor” and also 
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Table 6. Kinetic results for the reactions of n-BA with CDNB and CNTFB in benzene at 26 OC 


Substrate Parameter Values 


CDNB“ [n-BA] (M) 0.05 0.10 0.15 0.25 0.30 
105k+ (s-’)  2.25 5.27 8.52 17.40 22.65 


k”/k’ (1 mol-’) 3.28 
CNTFBb [n-BA] (M) 0-15  0.25 0.37 0.51 0.63 0-76 1-00 1-27 


106k+(s - 1 ) 1-02 1-73 3-05 5.93 7-45 11.10 17-76 28-49 
k”/k’  (1 mol-l) 4-88 


a [CDNB]o= 6 X lo-‘ M. 
[CNTFBJo = 5 X M 


slightly less polar ( r *  = 0.41) than benzene ( r *  = 0.59).  
The results are shown in Table 7.  For both substrates 
the reactions show similar behaviour to that in benzene 
and completely different to  that with hexane. The 
difference in reactivity may be explained I 2 * l 3  by con- 
sidering an EDA interaction between the aromatic 
substrate and the aromatic solvent. The nitro- 
substituted aromatic substrates are typical r-electron 
acceptors 1,25 and benzene and mesitylene are good 
r-electron donors. 25 Moreover, since this solvent has a 
low dielectric constant, EDA interactions are favoured. 


To evaluate these effects, the reaction can be studied 
in n-hexane-donor aromatic solvent mixtures. Then, as 
shown in Scheme 1, one can expect that the SNAr 
reactions may occur either with the ‘free’ aromatic 
substrate (k,, pseudo-first-order coefficient in n-hexane) 
or through the EDA complex (k,)  with the donor sol- 
vent, D. l 3  


Accordingly, k+ can be expressed by 


KS Ar + Am ) .  [Ar -Am] 
+ 
D \ Products 


Scheme I 


In the limiting case where K, + K D ,  equation (6) 
reduces to  


(7) 


If k, < k,, the reaction is partially inhibited26 by com- 
plexation of the substrate by the donor solvent in the 
solvent mixture and the plot of k+ vs [D] will be non- 
linear (downward curvature). 


The types of plots obtained are shown in Figures 2 


Table 7. Kinetic results for the reactions of n-BA and PIP with CDNB 
and CNTFB in mesitylene at 26 OC 


Substrate Parameter Values 


CDNBa [n-BAl (M) 0.10 0.16 0.25 0-30 
105k+ (s-’) 3.76 6.79 12.14 15.59 


k ‘ / k ’  (1 mol-l) 2.19 
[PIP] (M) 0.01 0.05 0.10 0.15 


103k+ (s - l )  0.21 1-24 2.86 4.84 


CNTFB [n-BAl (M) 0.25 0.51 0.81 1.21 
lo%+ ( S K I )  1 . 5 3  4.67 10.82 22.19 


[PIP] (MI 0.10 0.15 0.20 0.25 
10%+ (SKI) 3.31 7.36 9.35 13.26 


k”/k’ (1 mol-’) 3 .53  


k”/k’ (1 mol-’) 4.38 


k”/k’ (1 mol-’) 3.01 


a [CDNBIo = 2 x M. 
[CNTFBJo = 5 X M. 
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and 3. They present the expected dependence in 
equation (7) for the reactions of CDNB and CNTFB 
with n-BA. As can be seen, mesitylene exerts a greater 
inhibition than benzene, as would be expected as it is a 
stronger donor. 


Also, by fitting equation (7) with the experimental 
data the values of K D  were obtained for the following 
systems: CDNB-benzene = 0.76 2 0.02, CNTFB 
-benzene = 0.26 k 0.02, CDNB-mesitylene 
= 0.96 ? 0.02 and CNTFB-mesitylene 


= 0.48 k 0.02 1 mol-’. These are reasonable values 
considering that KO increases with increasing donor 
strength of the aromatic solvents. 25 Moreover, the fact 
that the values of KD for the CDNB complexes are 
higher than those of the CNTFB complexes is well 
justified, since NO2 is a more electron-withdrawing 
group (up = 0.81) than CF3 (up = 0-53), and conse- 
quently CDNB is a better a~ceptor .~’  


When the rate coefficients are compared for both 
substrates, the same effect is observed, thus k+ follows 


0 0 2  O L  0 6  0 8  1 


X O  


Figure 2. Plots of k+ against the molar fraction (XD) of the donor solvent for the reaction of CNDB with n-BA in hexane-aromatic 
solvent mixtures. (0 ) Benzene; (0) mesytilene. Temperature, 27.0 k 0.5 OC; [CDNB] = 2 x M; [n-BA] = 0.25 M 


0 0.2 O L  0 6  o e  1 


X D  


Figure 3. Plots of k+ against the molar fraction (XD) of the donor solvent for the reactiRn of CNTFB with n-BA 
in hexane-aromatic solvent mixtures. ( ) Benzene; ( 0 )  mesitylene. Temperature, 27-0  2 0.5 C; [CNTFB] = 3 X M; 


[n-BA] = 0.25 M 
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the order CDNB > CNTFB, reflecting the decreasing 
electron-withdrawing power of the substituent. ’* 
Reactions with secondary amines 


On the other hand, for the reaction of the substrates 
with PIP,  the effect of the donor solvent seems not to 
inhibit the reaction compared with n-hexane. (Figures 4 
and 5) .  Actually, in benzene there is an accelerating 
effect [i.e. k+(benzene)/k+(hexane) > 0.241. 


This can be easily explained by the increasing polarity 
of the media when the molar fraction of the aromatic 
solvent is increased. We have previously observed a 
similar behaviour for the reaction of 1,2-DNB-PIP. In 
such a case we were able to measure K6 for the EDA 
complex 1,2-DNB-PIP, which turns out to  be 
Ks = K D .  l 3  The same can be assumed in the systems 
CDNB-PIP and CNTFB-PIP, although Ks cannot be 
calculated by independent methods. Moreover, it is 
observed (Figures 4 and 5 )  that mesitylene, even though 


5 I I I I 


0 0.2 0.4 0.6 0 8  1 


XI, 


Figure 4. Plots of k+ against the molar fraction ( X D )  of the donor solvent for the reaction of CDNB with PIP in hexane-aromatic 
solvent mixtures. (0 ) Benzene; ( 0 )  Mesitylene. Temperature, 27.0 ? 0.5 OC; [CDNB] = 2 x low4 M; [PIP] = 0.05 M .  Solid lines, 


mathematical fit by equation (6) 


15 1 1 I I 


0 2  0 4  0 6  0 8  1 0 


XI, 


Figure 5 .  Plots of k+ against the molar fraction (XD) of the donor solvent for the reaction of CNTFB with PIP in hexane-aromatic 
solvent mixtures. ( ) Benzene; ( 0 )  mesitylene. Temperature, 27.0 ? 0.5 OC; [CNTFB] = 2 x M; [PIP] = 0.40 M 
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having a similar polarity to  benzene, does not exert any 
acceleration, as could be expected owing to  its higher 
donor strength. 


If in comparison with other systems" a value of 
K s  = 0.55 1 mol-' is assumed for the CDNB-PIP 
complex in hexane, and using the values of K D  calcu- 
lated from the reactions with n-BA, a very good mathe- 
matical fit of the experimental data by equation (6) is 
obtained for the systems in Figure 4. 


Hence, the proposal of the complexation of the 
substrates by the donor solvents seems to  be plausible 
and explains all the solvent effects observed. 


CONCLUSIONS 


As was observed for 1,2-DNB as substrate, the 
reactions of n-BA and P I P  with CDNB and CNTFB 
show a marked difference in reactivity when they are 
studied in hexane compared with aromatic solvents. 


The reactions in hexane are wholly base catalysed, 
even when chlorine is the leaving group, owing to  the 
highly non-polar character (T*= -0.08) of this sol- 
vent. However, in aromatic solvents only mild acceler- 
ation is observed even though these solvents are 
considered to  be typical non-polar solvents for SNAr 
reactions. Also, despite the fact that they can be con- 
sidered more polarizable solvents than hexane, the 
reactions are usually slower than expected in aromatic 
solvents. 


The preferential solvation that a donor solvent may 
exert through EDA complex formation with the 
substrate provides evidence to  explain these effects, 
which seem to be common for SNAr reactions of a 
variety of substrates a t  least when aliphatic amines are 
the nucleophiles. The inhibitory effects are observed 
whenever the substrate-solvent complex constant is 
greater than the substrate-nucleophile stability 
constant. 


EXPERIMENTAL 


l-Chloro-2,4-dinitrobenzene (CDNB) from Aldrich 
was recrystallized from anhydrous eJhanol and then 
sublimed under vacuum (m.p. = 53 C). 4-Chloro-3- 
nitrotrifluoromethylbenzene (CNTFB) from Aldrich 
was fractionally distilled in a dry nitrogen atmosphere. 
Its purity was determined by GLC [OV-225 S on Chro- 
mosorb W HP (80-100 mesh) column] and HPLC 
(Micropak M CH-10 column) and eluted with 
methanol-water (pH 7) (80 : 20, v/v). 


n-Butylamine (n-BA) and piperidine (PIP) from 
BDH were purified as described previously. 9 s 1 '  


n-Hexane and benzene (HPLC quality) from Sintorgan 
and mesitylene from Aldrich were used as received. 


The reaction of the amines n-BA and P I P  with the 
aromatic substrates in all the solvents showed quanti- 
tative chlorine atom substitution, giving the corre- 


sponding alkylanilines as shown by HPLC, TLC and 
UV-visible spectrometric analysis of the reaction 
mixtures. 


The reactions were followed by the increase in the 
absorbance of the visible absorption maximum of the 
products. Thermostatically controlled cells on a Varian 
Cary 17 and Hewlett-Packard H P  8452 spectro- 
photometer were used. 


The concentration of the nucleophile in all instances 
was at  least 100 those of the substrates and the reactions 
were followed to  a least three half-lifes. The GLC and 
HPLC measurements were performed on Varian Aero- 
graph 2800 and Varian 5000/20 chromatographs, 
respectively. 
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Analysis of the sum of two-centre terms obtained from semi-empirical molecular orbital calculations into atom-pair 
interactions revealed a unique behaviour of 1,4-non-bonded atom-pair interactions compared with 1,s- and longer 
range interactions. Explicit inclusion of a special 1,4-non-bonded interaction term in an MM2-like molecular 
mechanics scheme gave a test force field with good performance. 


INTRODUCTION 


Nearly 20 years ago, Wertz and Allinger' presented the 
'gauche hydrogen' hypothesis, according to which the 
gauche-1,4-H-H interaction plays a dominant role in 
determining the relative stability between conformers, 
e.g. axial and equatorial methylcyclohexane. ' The con- 
clusion was derived, however, on the basis of an early 
version of their molecular mechanics scheme containing 
a large and hard hydrogen atom. For this reason, the 
hypothesis was considered to be force field dependent,2 
and subsequently remained unattended until today. 
In the course of our studies on the correspondence 
between the steric energy terms of molecular mechanics 
and the quantities obtained from molecular orbital 
(MO)  calculation^,^ the unique role of 1,4-non-bonded 
interactions came to our notice. This paper describes 
the findings in some detail and reports the performance 
of a trial molecular mechanics force field which 
explicitly includes a special potential function for the 
1,4-non-bonded interaction. 


It has long been realized that the 1,4-interactions 
cannot be adequately represented by the conventional 
non-bonded interaction functions alone, hence the tor- 
sional potential function has been introduced to make 
up for the difference. Nevertheless, we wish to ensure 
that this correction is sufficient, and that no other effect 
is missed in such a ubiquitous interaction as the 1,4- 
non-bonded type. In fact, the AMBER force field uses 
different van der Waals terms for 1,4- and for longer 
range interactions. 


Considering that the former is a two-centred 
phenomenon whereas the latter is more-than-two- 
centred, and that the semi-empirical molecular orbital 
(MO) methods generally use only one and two-centre 
integrals of electronic wavefunctions while neglecting 
the higher order integrals, we thought it possible to sep- 
arate 1,4-non-bonded from torsional interactions. Our 
first task is to extract and dissect the two-centre energies 
from the total energy obtained from the semi-empirical 
MO calculation. 
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PARTITIONING OF SEMI-EMPIRICAL MO 
ENERGIES 


The idea of energy partitioning originates from Pople 
et af.,6 and was applied to the interpretation of confor- 
mational energy by Gordon’ and others.*v9 In the semi- 
empirical MO method, the Fock matrix contains only 
one- and two-centred (t?AB) two-electron repulsion inte- 
grals in addition to one-electron integrals. The latter 
consists of a resonance integral (eres, which arises from 
overlap between atomic orbitals of two separate atoms 
A and B), an exchange integral (e,,,, which comes from 
quantum mechanical part of electrostatic interaction) 
and a classical electrostatic term ( eele): 


e A B  = eres + ee,, + eeie (1) 


The sum of these terms over all non-bonded atom pairs 
in the molecule in question formally corresponds to  the 
non-bonded interaction energy E n b  in molecular 
mechanics, which in turn is the sum of van der Waals 
( E v d w )  and electrostatic energies (Eele): 


C C eAB = E n b  = Evdw + E e l e  ( 2 )  
A <  B 


The term eele in equation (1) involves electron-electron 
repulsion, nuclear-nuclear repulsion and elec- 
tron-nuclear attraction, and should correspond to the 
electrostatic interaction term Eele in molecular 


0 1-4 INTERACTION 


mechanics: 


C C eelc = ~ ~ 1 ,  (3) 
A< a 


Hence, the sum of the first two terms of equation ( I ) ,  
eles and e,,,, should formally correspond to the van der 
Waals term in molecular mechanics not containing the 
torsional contribution 


c c (eele + eexc) = E v d w  (4) 
A 4  B 


Dissection of two-centre energies in semi-empirical 
M O  calculations was performed by using an energy 
partitioning option (ENPART), lo implemented in the 
MOPAC program package” after version 4. Small 
n-alkanes, from butane to hexane, were geometry 
optimized by using the AM1 Hamiltonian” in MOPAC 
and the dissected sum CA< CB [ (eele + eexc) (hence- 
forth abbreviated to  Ere, + Eexc) from these calcu- 
lations was further partitioned into 1,4-, 1,s- and 
1 ,Btypes and also into H-H, H-C and C-C pairs, and 
plotted against atom-atom distances for all the mol- 
ecules tested (Figures 1-3). It should be noted that such 
a simple correspondence between the MM and MO 
terms as  mentioned above is possible only for semi- 
empirical MO energies and not for ab initio energies 
which contain contributions from multi-centred inte- 
grals. Henceforth, despite the well-known behaviour of 
the AM1 method, which sometimes gives unexpected 


Figure 1. Dependence on distance of the sum of two-centre resonance and exchange terms obtained by the AM1 method for 1,4- 
H-H, -C-H and -C-C pairs in small alkanes 
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0 1-5 1NTERACTlON 


w 


Figure 2. Dependence on distance of the sum of two-centre resonance and exchange terms obtained by the AM1 method for 1,5- 
H-H, -C-H and -C-C pairs in small alkanes 


1-6 INTERACTION 0 


Figure 3. Dependence on distance of the sum of two-centre resonance and exchange terms obtained by the AM1 method for 1.6- 
H-H, -C-H and -C-C pairs in small alkanes. 
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we cannot use a b  initio method for our 
present purpose. 


1,5- AND 1,6-PAIR INTERACTIONS 


The energy vs distance curves of 1,5- and 1,6-C-C pairs 
indeed resemble the familiar van der Waals potential 
curve (Figures 2 and 3). However, the decrease in the 
Ere, + E,,, values of 1,5- and 1,6-H-C and H-H pairs 
with decrease in the interatomic distance is enigmatic. 
The reason for this behaviour is still unknown but is 
probably related to the strong anisotropy of orbitals 
involving hydrogen atoms. Except for these dips, the 
overall features of the 1 5  and 1,6-curves d o  not con- 
flict with the isotropic van der Waals potential curve in 
that the energies are very small negative values at long 
distances and that there is even a small minimum in the 
region of the van der Waals diameters. 


FEATURES O F  1,4-PAIR INTERACTIONS 


The most remarkable aspect of Figures 1-3 is that the 
E,,, + E,,, sums for the 1,4-pairs (Figure 1) are totally 
different from those of longer interactions (Figures 2 
and 3). The 1,4-C-C curve is repulsive when the 
distance is shorter than 3.3 A and attractive when the 
distance is longer. For 1,4-C-H and H-H pairs, the 
threshold values are 2.9 and 2.6 A, respectively. Note 


1-4 interaction 0 


-0 d 2 j  
2 
\ 


that these three threshold values coincide perfectly with 
those distances at which the MM2 van der Waals curves 
for C-C, C-H and H-H interactions change the sign 
in the repulsive region. 


Although the E,, + Eexc curves for 1,Cpairs may 
appear t o  be a part of longer curves, the distance values 
that can be taken between the 1,Cpair atoms are 
limited, and actually oscillate along these curves as the 
central bond between the 1,4-pair rotates. The relation- 
ship is better illustrated by Figure 4, where E,,, + E,,, 
values are plotted against dihedral angle of the four- 
atom system. This ‘cosine’ curve has a maximum at syn 
and a minimum at  anti conformations, and vanishes at 
a perpendicular orientation of the two vicinal bonds in 
the four-atom system. 


How can we interpret the 1,4-pair interaction curve 
as given in Figure I?  Neither hyperconjugation nor 
through-bond orbital interaction is likely to be the 
reason for the special behaviour of I ,4-non-bonded 
interactions, because the former would have given a 
twofold cosine curve13 while the latter is not dependent 
on the bond rotation.14 Despite all the risks from the 
approximations used in the semi-empirical MO method, 
it is tempting to  attribute the strong repulsion in the syn 
conformation to  the repulsive van der Waals-type inter- 
action across the short space, and the strong attraction 
in the anti-periplanar form to a non-bonded interaction 
unique to  the 1,4-type, which in this case acts entirely 
by way of nuclei and bonding electrons. 


H-H 


Figure 4. Dependence on the rotation about the central bond of the sum of two-centre resonance and exchange terms for 1,4-H-H, 
-H-C and -C-C pairs in small alkanes 







1,4-NON-BONDED INTERACTIONS IN MOLECULAR MECHANICS 57 1 


An interesting trend was reported in a carbon-13 
chemical shift s t ~ d y ’ ~  which clearly supports our inter- 
pretation mentioned above. It is observed that two 
vicinal hydrogens in an anti relationship contribute to 
a downfield shift for each of the carbon atoms involved 
(H-C-C-H). On the other hand, the same hydrogen 
pair in a gauche disposition (hence congested and in 
repulsive interaction) causes a strong upfield shift of the 
carbon atoms. l5  


CONSTRUCTION OF A TEST FORCE FIELD 
EXPLICITLY CONTAINING SPECIAL 
1 ,CNON-BONDED VAN DER WAALS 


POTENTIAL 


From a practical point of view, it appears interesting to 
implement into the molecular mechanics force field a 
new potential function that reproduces the 1,4- 
interaction curves in Figure 1 and to see how the per- 
formance of a force field is affected by such a change. 
The remainder of this paper describes the results of an 
attempt in this direction. The purpose of this section is 
not to compare the practical usefulness of the test force 
fields and MM2, hence only the structures and vibra- 
tional frequencies are compared and no attempt was 
made to compare energies. 


We used MMZ3 as the starting, basis force field and 
systematically changed it in the course of this study. In 
order to assess the effect of a new potential function, 
parameters of potential functions were optimized using 
a non-linear least-squares optimization program 
(SOPE, Selection and Optimization of Potential Energy 
Functions and Parameters for Molecular Mechanics), l6 
which was originally taken from Rasmussen’s version 
of Consistent Force Field” and developed into an inde- 
pendent and flexible program. In the present version, 
SOPE contains most of the potential functions used in 
MM2 and CFF. ’* 
Standard set 


For the structure, only the gas-phase electron diffrac- 
tion data were used for consistency. Ethane, propane, 
n-butane, isobutane, cyclopentane, neopentane and 
cyclohexane, were chosen as the standard molecules for 
the test force field (Table 1). l9 It was planned from the 
beginning to implement into the test force field the 
capability of calculating vibrational frequencies.20~2’ 
Vibrational frequencies of the standard hydrocarbons 
in the infrared region were taken from the work of 
Schachtschneider and Snyder ” and those in the far- 
infrared region from recent inelastic neutron scattering 
studies. 23 


Potential functions 
Unless indicated otherwise (see below), potential energy 
functions of MM2 were utilized as far as possible. The 


Table 1. Experimental and calculated structures of small 
hydrocarbons 


Compound Parametera Exptlb FF2‘ MM2d 


Ethane r(CC) 
r(CH) 
B(CCH) 


Propane W C )  
r(CH) 
e ( c c c )  


r(CH) 
O(CCC) 


n-Butane r(CC) 
r(CW 
e ( c c c )  


Isobutane r(CC) 


Cyclopentane r(CC) 


Neopentane r(CC) 
r(CW 


Cyclohexane r(CC) 
r(CW 
S(CCC) 


B(CCH) 


1.534 
1.112 


111-0 


1.532 
1.107 


112.0 


1.535 
1.113 


110.8 


1,531 
1.117 


113.8 


1.546 


1.534 
1.114 


112.0 


1.536 
1.121 


111.4 


1.536 1.532 
1.113 1.115 


1.537 1.534 
1.113 1.115 


10.4 111.0 


11.8 111.7 


1.541 1.537 
1.113 1.114 


10-2 110.6 


1.540 1.535 
1.113 1.115 


11.7 11.8 


1.540 1.540 


1.543 1.541 
1.114 1.114 


110.6 111.3 


1.541 1.536 
1.114 1.116 


111.1 110.9 


a Bond distances ( r )  in A and valence angles (8 )  in degrees. 
bRef.  19. 
‘This work. 
dRef.  3 .  


only exception is the stretching potential, E,, which was 
replaced with a Morse function: 


E,  = Aexp [ - B ( r  - C)] [ exp[ - B ( r  - C )  - 2.01 1 ( 5 )  


where A ,  B and C are adjustable parameters and r and 
C correspond to the actual and ‘natural’ interatomic 
distances, respectively. The Morse function is known to 
dramatically improve the performance of molecular 
mechanics in vibrational calculations. 24 The same 
potential was also used for describing the new 1 , h o n -  
bonded van der Waals potential, partly because 
Stdevik and co-worker~’~ have long recommended the 
use of this function for non-bonded interactions. 


Evaluation of test force fields 


The performance of force field was judged in terms of 
the root-mean-square, rmsW of the errors in the calcu- 
lation of molecular geometries and vibrational frequen- 
cies as compared with the experimental values of the 
standard molecules, weighted with inverse uncertainties 
in the experimental measurements: 


rmsw = j [C (error/un~ertainty)~] /n (6) 
where n is the number of data points. Uncertainties in 
the vibrational frequencies are not reported in the 
literature,” but were assumed to be 30cm-’. The 
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Table 2. Weighted root-mean-square errors 
[rms,, equation (6)] of MM2, and trial force 
fields, FFl and  FF2, in t h e  calculation of mol- 


ecular structures and vibrational frequencies 


Standards 


Force field Geom." Geom.+v ib .b  


MM2 23.5 80 .6  
FFl 38.9 45.2 
FFl without SBd 32.0 39.4 
FF2' 24.8 36-0 


our small standard hydrocarbon set, but our SOPE 
program did not produce any change in the MM2 
parameters. This test confirmed that the current MM2 
parameters are well optimized for the simple set of 
hydrocarbons used here. The rms, value for this orig- 
inal MM2 hydrocarbon parameters set is calculated to 
be 23.5 (Table 2). When vibrational frequency data 
were included in the standard and parameters were 
re-optimized, the rms, value increased to  80-6. This is 
understandable since MM2 has never been 
parameterized to  reproduce vibrational spectra. 26 


'Experimental structures (Table 1) are used as the stan- 
dards of the parameter optimization process. 


Both experimental structures and vibrational frequen- 
cies are used as the standards. 
'Stretching potential function of MM2 was replaced 
with Morse function. 


Stretch-bend cross-term was removed from FFI. 
1.4-van der Waals potential function was added to 


FFl ,  


program SOPE calculates rms, before and after the 
optimization of the parameters set. 


We first attempted to re-optimize the original MM2 
parameters using only the experimental geometries of 


FFl 


The first trial force field (FFI) included the special 1,4- 
non-bonded potential but was prepared by replacing the 
quadratic stretching potential (augmented with a sixth- 
power correction term) of MM2 with a Morse function 
[equation (S)] . When only the three new parameters in 
the Morse function were optimized with SOPE against 
our standard structural and vibrational data, the rms, 
value decreased from 80-6 to  62.3. The improvements 
in rrns, must have come from the better fit of the Morse 
potential to  the experimental vibrations. 


When bending parameters (C-C-C, C-C-H and 


Table 3. Final parameters of FF2 trial force fielda 


Morse parameters 


A B C 
(kcal mol- ' )b  (A-1) (A, 


Stretch ( r  = 1 A): 
c-c 105.0 1.80 1.113 
C-H 86.0 2.03 1.536 


1,4-van der  Waals 
( r  = interatomic distance): 


c . . . c  14.524 0.4685 18.056 
C...H 2.031 0.7447 10.592 
H...H 0.284 1.1837 4.692 


Bending parameters 


c-c-c 
C-C-H 
H-C-H 


- 109.71 2 
- 109.75 3 


0 . 6 2  110.77 3 
0.51 - - 


"Only the new parameters and those which changed during the optimization process are 
entered here. Otherwise, the original MM2 parameters are used without change. A ,  B and 
C are the parameters of Morse function [equation ( 5 ) ] .  Parameters ke and 00 are defined 
in the MM2 bending potential function. E,, = 0-021914ke (0 - Oo)Z(l + 7 x 10-'(8 - 80)~l. 


1 kcal= 4 .  I94 kJ. 
I mdyn = lo-' N. 
Central carbon of type 2 angle carries one hydrogen atom (-CRH-) and type 3 angle 


two hydrogen atoms (-CHz-). 
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Table 4. Performance of FF2 force field in vibrational calculation for small 
hydrocarbons" 


Max. Min. Error' 


Compound Nb Obs. Calc. 


Ethane 13 2974 2982 
Propane 24 2965 2983 
n-Butane 31 2965 2982 
Isobutane 23 2965 2976 
Neopentane 12 2953 2972 
Cyclohexane 28 2939 2978 


Obs. Calc. 


303 263 
236 193 
167 101 
234 195 
335 236 
250 179 


A v . ~  SDe 


0 .7  37-3 
15.2 56.8 
12.2 55.3 
22.0 53.2 
22.6 52.0 


8 .8  65.6 


Total 131 13.5 56.2 


aExperimental frequencies are taken from Refs 22 and 23. Frequencies are given in 
cm-' .  


Number of observed absorption bands. 
Obs. - calc. (FF2). 
Averaged absolute error. 
Standard deviation. 


H-C-H) were included as the targets of optimization, 
in addition to the Morse parameters, a still better rms, 
value of 45-2 was obtained (Table 2). At this stage, re- 
optimization without vibrational frequencies resulted in 
a considerably improved rms, value of 38.9 (Table 2). 


Further attempts to re-optimize other parameters did 
not bring any significant change, but one observation 
may be worth noting. Removal of the stretch- 
bend cross-term and re-optimization of all the par- 
ameters with SOPE gave slightly improved rmsW values 
of 39.4 (geometry + vibration) and 32.0 (geometry 
only) (Table 2) .  These are the best results for the FFI 
force field, but we stopped working with FFl at this 
point since our tentative goal of reducing rms, to near 
24 of MM2 itself does not appear to be possible with 
FF1. 


FF2 


Based on the analysis of the two-centre terms in semi- 
empirical MO results as mentioned above, the van der 
Waals part of FF1 was changed so that it calculates 
only 1,5- and longer-range non-bonded pairs of atoms, 
and a new Morse potential was introduced to take care 
of 1,4-non-bonded interactions. All of the parameters 
used in FFI were re-optimized, together with the new 
Morse parameters. Whereas none of the long-range van 
der Waals and torsional parameters was affected during 
optimization, many bending parameters changed. The 
final, changed and new parameters of FF2 are summar- 
ized in Table 3. Note that the values of the constant C 
in the new 1,4-non-bonded potential function given in 
Table 3 are too large for van der Waals radii of the 
atoms concerned. We believe that this correspondence2' 
is not appropriate here, possibly owing to the large ani- 
sotropy in the forces acting between the 1,Catom pair. 


The new rmsW value for geometry obtained was low, 
24.8, almost the same level as in the original MM2. 
Inclusion of vibrational frequencies as the standard led 
to a new low rmsW value of 36-0 (Table 2). Structural 
features resulting from FF2 and MM2 calculations are 
compared with experimental standards in Table 1. 
Table 4 summarizes the results of the vibrational calcu- 
lations for the standard hydrocarbons. The overall 
standard deviation in errors for 131 data points was 
56cm-', which can be considered fairly good for an 
unscaled comparison. 26 


DISCUSSION 
Inclusion of a new 1,4-non-bonded interaction potential 
without changing the torsional potential function and 
parameters of MM2 might appear to cause some redun- 
dancy in the one-fold term of the latter. The one-fold 
cosine shape of 1,4-interaction as given in Figure 4 
reminds us of its possible connection with the one-fold 
component of the torsional potential widely used in 
molecular mechanics: 


VI v2 V3 
2 2 2 


E, = - (1 + cos W )  +- (1 - cos 2 ~ )  +- (1 + cos 301) 


(7) 
The VI term, is proposed to arise from the bond 
dipole-bond dipole interaction. 27 


In spite of the vertical shift between these two curves 
[Figure 4 and the V1 term in equation (7)] mentioned 
above, both will have the same effect in the geometry 
optimization and in the comparison of potential ener- 
gies. The risk is considered minimal, however, for the 
following reasons. First the VI parameters of equation 
(7) for H-C-C-H and H-C-C-C are actually 
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zero in MM2. Second, re-optimization of parameters 
with SOPE affected none of the torsional constants for 
the C-C-C-C unit. Hence the 1,4-van der Waals 
potential of FF2 and the torsional potential of MM2 d o  
not correlate with each other. 


A more critical question regarding the present results 
is why FF2 did not give a better rmsw value for 
geometry than MM2. A likely answer is that the mol- 
ecular mechanics scheme has so much flexibility that it 
can absorb some defects, in either FF2 or MM2, by 
adjusting parameters. In fact, it is not safe to  make a 
comparison only in terms of the structural performance 
since the number of structural data used here is not 
large enough compared with the number of parameters. 


In this particular case, it is more reasonable to 
compare the ‘hypothetical behaviour’ of MM2 for 
geometry + vibration with FF2. In this comparison, the 
new 1,4-non-bonded potential does show a positive 
effect. Even though the remarkable effect of replacing 
the quadratic stretch potential with a Morse function 
appears to  overwhelm the relative importance of the 
1 ,4-interaction term, we propose to  pay more attention 
to the 1,4-non-bonded interaction, not only with regard 
to H-H but also t o  H-C, C-C pairs and perhaps other 
combinations. The 1,4-interaction is intermediate in 
nature between the bonded and non-bonded interac- 
tions, hence it reasonably needs a special potential 
function. 
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Aqueous solution free energies of ketonization have been combined with enthalpies of reduction of the keto forms 
and other thermochemical data to yield estimates of the heats of formation of the corresponding enols. A double-bond 
stabilization term, DOH = 5.4 f 0.5 kcal mol-' (1 kcal = 4.184 kJ), is obtained for the OH group. This quantity is 
close to Hine's double-bond stabilization parameter for the methoxyl group (4.9 ? 0.2 kcal mol-'). Comparison 
with available experimental gas-phase enthalpies of formation suggests that, relative to the keto form, enols are more 
stable in the gas phase than in water. The differences are unlikely to be due entirely to entropic effects. A wholly 
enthalpic, gas-phase double-bond stabilization term, DOH = 8 . 1  2 0.6 kcal mol-', may be calculated from the 
available experimental data. This result indicates that the hydroxyl group more effectively stpbilizes the C=C bond 
in the gas phase than in aqueous solution. An important limitation is that the results reported here apply only to simple 
enols, that is, monofunctional enols not stabilized by extra resonance or hydrogen-bonding effects. 


INTRODUCTION 


During the last decade or so, enormous advances in the 
generation, detection and quantitative study of 
reactions of simple enols (those monofunctional enols 
not stabilized by extra resonance or internal hydrogen 
bonding, and which experience no unusual steric 
effects) have been made. Comparatively, our knowl- 
edge of the thermochemistry of enols has lagged. It is 
likely that this situation will change, however, owing to 
the development of methods for determining heats of 
formation of simple enols in the gas Mean- 
while, although relatively few data are available, 
Tureeek and H a ~ l a s ~ ~  have been able to compute a 
group thermodynamic contribution5 for the enolic 
functional group: 0- (Cd) (H). Additionally, Guthrie6 
has combined gas-phase quantities from the literature 
with aqueous solution keto-enol equilibrium data' to 
calculate gas-phase heats of formation for simple, 
unconjugated enois. In doing so, he has taken pains to 
allow for entropic effects and for the change of state. 
His results also yield a set of refined group additivity 
parameters for the enolic group. We report here 
alternative combinations of experimental results by 
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which the heats of formation of some enols can be cal- 
culated. The method also allows an estimate of a 
double-bond stabilization term, analogous to Hine's 
parameters, for the OH group. 


METHOD 


Wiberg et al. recently measured the heats of reduction 
of a series of carbonyl compounds in triglyme solution. 
With the aid of heats of vaporization, these heats 
were converted into gas-phase heats of reduction, 
AH&$o(g), at 25 ' C .  These data can be combined with 
our aqueous solution keto-enol equilibrium measure- 
ments to yield approximate values of thermodynamic 
quantities of potential interest. To do so we use an 
isodesmic reaction, equation (1): 


(1) 


The heat of this reaction is approximated by a combi- 
nation of available heats of hydrogenation of alkenes lo 
with the heats of reduction of enols to their alcohols, 
AHENOL RED . In turn, we estimate the latter quantity by 
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Table I .  Experimental data used to derive DOH and AHFNoL (kcal mol-', 25 O C ;  1 kcal = 4.184 kJ)  


2. - 12-96 - 11.81 -24.77 -29'87 - 65 '20 - 5 1  '94 
? <On 


- 16.27 -5.27 -21.54 -28.15 -67.85 - 51.58 


- 12.9 -11.95 - 24.85 -30.10 


- 12.9 - 10.24 -23.14 -27-7e 


- 12.6 - 11.74 -24.34 -30-19 


- 12-6 - 11.74 - 24.34 -26-28 


- 10.87 - 11.24 -22.11 -26.67 


-9.11 - 23.19 -28.35 


-70.00 -57'05 


- 70.00 -57.05 


-15.33 -62.74 


-75.33 -62.74 


-67.98 -46.55 


-68.40 - 54.43' 


aRef. 9. 
Ref. 7. The ketonization values quoted here include a statistical correction for the number of equivalent enolizable carbon positions. 
Defined in equation (2). 


'Ref. 10. 
"This is a weighted average of the heats of hydrogenation of cb- and trans-but-2-enes, The weighting factor used is (fraction- 
trans)= 1.7/2.7, where 1.7 kcal mol- '  and 1.0 kcal mol- '  are the ACZ9' values for the equatorial -axial interconversions of 
methylcyclohexane and hydroxycyclohexane, respectively. The AGK(aq) value quoted here (Ref. 7) is for the ketonization of a mixture 
of ( E ) -  and (Z)-hydroxybut-2-enes. Taking OH to be smaller than CH,, the (Z)-enol dominates. 
'Ref. 11. 
8Value not given in Ref. 10. The number given in this table is the experimental value for cyclohexanol plus an increment 
(+ 1.2 kcal mol- ')  equal to the difference between the computed AHpLC(g) values (MM3, Ref. 9) for cyclohexanol and cycloheptanol. 


Wolf" gives AHFETo(g) = - 59.3 kcal mol-' for cycloheptanone. Wiberg et a/. argue that this figure is too exothermic and implies 
almost no ring strain. The same objection applies to the value quoted in this table. 
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Table 2. Double-bond stabilization term@) for the hydroxjl group and enthalpies of 
formation of enols (kcal mol-I, 25 C)" 


~ 


8.7 OH 
1. 9 7 . 6  - 


~ 


32.3 -31.2 


2. -(OH 5 .1  4.8  - 40.4 -40.1 


3. POH 6 . 6  6 . 6  -46.3 -46 .3  


4. < 5,3  5 . 2  -45 .2  -45.1 


4 . 6  4 .5  -46 .9  -46.8 


6. < 5 .9  5 . 9  - 51.0 - -51.0 


7. >-("" 4.1 4.1 - 52.7 -52.7 


8. GOH 4 . 6  4 . 0 b  - 35.9 -35.3b 


9 .  (=joH 5 . 2  5.3b -45-2  -45.3b 


10. Go" 3.8  7 .7c  -43 .9  -47.8' 


Averaged 5 . 4  k 0.5 5 . 3  k 0.4' 


Experimental errors have not been propagated in deriving these quantities. The energies of 
reaction and formation (Table 1) are uncertain by 1-3% (usually less). This leads to uncertainties 
of ca 0.2  kcal mol-' in DOH, AHFNoL and AH; 
b I f  AHFET0 values from Ref. 10 are used in place of Wolf's values" (Table 1, footnote f) ,  then 
the results become cyclopentanone enol 3.4 and - 34.7 kcal rno1-l and cyclohexanone enol 4.9 
and -44.9 kcal mol-I. 
'The value of AHFETo(g) used to obtain these figures may be too exothermic (Table 1, footnote 
h). If so, the figures in the alternative columns [equations (3) and (4)] are to be preferred. 
'The error quoted is the standard deviation of the mean. Errors in individual DOH values were 
not propagated. 
'The value of cycloheptanone enol was not included: see Table 1, footnote h. 


equation (2): OH for one H: 


where ACK(aq) is the free energy of ketonization of the 
enol in aqueous solution' [the essential approximation 
is that AGK(aq) = AHK(g); we do not attempt to 
rationalize such an expectation, but propose merely to 
examine the empirical utility of the idea]. The heat of 
reaction of equation (1) may now be estimated in terms 
of equation (2) and heats of hydrogenation of 
alkenes. lo The result, equation (3), measures the stabi- 
lization of a C=C bond obtained by substituting one 


The symbol DOH follows Hine's usage,' but our values 
are obtained in a different way (Hine's parameters' are 
solution-phase AG values obtained by experiment, and 
in some cases with corrections for polar interactions 
between substituents across the C=C bond). 


Heats of formation of enols, appropriate to the 
gaseous state to the extent that our model is correct, 
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may also be calculated from reaction (1) by use of 
equation (4). A second method for obtaining AHFNoL 
values, using the aqueous keto-enol equilibrium data7 
and experimental heats of formation for the ketones, is 
shown by equation ( 5 ) .  The resulting heats of for- 
mation, distinguished by the primed symbol, offer a 
second way to estimate the double-bond stabilizing 
effect of the OH group; this is given by equation (6). 


A HfENoL = AHPLC (g) - A Hi%!&% (8) - DOH (4) 
A H ' F N o L  = AHfKETo(g) - AGK(aq) (5 )  


In using equations (2)-(6) we are, in effect, sug- 
gesting that aqueous solution free energies of ketoniza- 
tion [AGK(aq)] may be used for gas-phase enthalpies 
of ketonization [AHK(g)] where the former but not the 
latter are available. This proposition may be evaluated 
using information given in Table 1. [The actual com- 
parisons between AGK(aq) and AHK(g) are made in 
Table 3 as are comparisons between our estimated 
values for AHFNoL, equation (4), and other values 


obtained for these quantities.] Derived double-bond 
stabilization terms are given in Table 2. 


RESULTS AND DISCUSSION 


The results calculated from equations (3) and (4) on the 
one hand and equations ( 5 )  and (6) on the other differ 
in two important ways. Although both sets use the 
aqueous-phase AG values for keto-enol equilibrium, 
equations (3) and (4) employ Wiberg's heats of 
reduction [but not AHrETo(g)], while equations ( 5 )  
and (6) use AHfK'zTo(g) values (but not Wiberg's 
results). With the exception of cycloheptanone (see 
footnote c, Table 2) ,  agreement between the two sets is 
good to  excellent. This agreement lends confidence to 
Wiberg's method of converting his solution data 
(triglyme solvent) to vapor-phase values. He used heats 
of vaporization of the pure liquid compounds to do so, 
but did not use heats of solution. 


In these calculations we have approximated gas-phase 
heats of ketonization by aqueous solution free energy 
values. It is important, therefore, to compare our 
results with authentic gas-phase data where possible. As 


T a b l e  3. Comparison of derived A H F N o L  values with l i t e ra ture  values (kcal mol-' ,  25 'C) 


Enol A H F N o L ( g ) ,  exp.a T u r e f e k b  Guthr ie '  Eqn (4)d AGK(aq)e A H K W f  


- 33.4 - 30.5 - 32.3 - 8 . 5  - 9 . 1  - 30.6 OH 
I .  =/ 


2. < -42.1,b-40.6h -41 .9  - 42.2 -40.4 - 1 1 . 8  -9 .8,b-  l l . 2 h  


3. r"" -49.5b -49.7 -47 .7  -46 .3  - 5 . 3  - 2 . 1  


4. -46.8' -45 .2  -11.95 - 10.3 


-50.7'3' -48.8 -53.1 - 6 . 4  
- 46.9' - 10.2' 


5@). FQH 


-51. lb. '  -6.0 


- 57.6b - 5 6 . 2  - 57-5 - 52-7 - 10.0 - 5 . 1  
7. * 


~ ~ ~~ 


These values were determined by electron-impact ionization techniques. Tureeek4" gives an average uncertainty of 
? 1 . 9  kcal mol- ' .  
bRef. 4. 
'Ref. 6. 
dThis work. 
'Ref. 7 .  
'Calculated as AffFETo(g) (Ref. 10) less AH:NoL (g), exp. The average uncertainty i s  ca 5 2  kcal mol- '  and is due almost 
entirely to the experimental uncertainty in 
gRefs. 2a, 3.  
hRefs. 2a. 12. 
'Turetek et d.jh argue convincingly that the figures quoted in this table are more accurate than the experimental values reported 
in Ref. 2a. 
'Calculated using weighted average of ( Z ) -  and (E)-enols. We estimate the 2 isomer to be cu 65% of the mixture; see 
Table 1 ,  footnote e. 
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noted in the Introduction, TureEek and co-workers 
computed a group thermodynamic contribution for the 
enolic group from AHfENoL(g) data; they also summar- 
ized the available AHfENoL(g)  value^.^ Guthrie6 calcu- 
lated AHfENoL(g) and group thermodynamic 
contributions for the enolic group by combining a 
variety of data from the literature. In Table 3 are given 
experimental AHfENoL(g) values together with those cal- 
culated by TureEek4 and by Guthrie6 using their 
optimized group thermodynamic contributions. Also 
given in Table 3 are our values for AHFNoL calculated 
from equation (4). Experimental aqueous- and gas- 
phase energies of ketonization complete Table 3. 


In Table 4 our double-bond stabilization terms from 
equations (3) and (6) are compared with a set of gas- 
phase DOH (g) values calculated by substituting the 
experimental AHfENoL(g) values listed in Table 3 into 
equation (6). All DOH values are based on reaction (1). 


The experimental uncertainties in AHfENoL(g) (f ca 2 
kcal mol- ' ) are substantial. 4a Nevertheless (except for 


Table 4. Comparison of derived double-bond stabilization 
terms (Table 2) with calculated gas-phase D O H ~  (kcal mol-', 


25 'C) 


Enol DOH [eqn (3)1 D ~ H  [eqn (6)1 D O H ( @ "  


1. =/ 8.7 7.6 7.0 
OH 


3. r"" 6.6 


7 .  * 4.1 


4.8 


6.6 


5.2 


4.5d 


4.2 


6.8b, 5.3' 


9.8 


6.9 


9 . 0  


8.5 


9.0 


Average' 5.7 4 0.7 5 . 5  ? 0.6 8.1 2 0.6b 


'Calculated as &H(g) = AHPLC(g) - AHFNoL(g) - AH&&%(g). 
All quantities are experimental values; the uncertainty in the individual 
DOH(g) values is ca + 2  kcal mol-'. 
hCalculated using AHFNoL(g)= -42 .1  kcal mol-' for acetone enol.' 
'Calculated using A H F N o l  (g) = -40.6 kcal mol-I.'" 
' Enol is a weighted average of 2 and E isomers; see Table 1, footnote 
e, and Table 3, footnote j. 
'The error quoted is the standard deviation of the mean. Errors in 
individual DoH values were not propagated. 


the results for vinyl alcohol), there appear to be consis- 
tent (although small) differences between the exper- 
imental gas-phase heats of formation of enols and those 
calculated by us using equation (4) [or equation ( S ) ] :  
our results are less exothermic, especially for the more 
highly alkylated enols. Similar differences exist between 
the gas-phase heats of ketonization and the aqueous 
solution free energies of ketonization: relative to  the 
keto form, the enol is more stable in the gas phase than 
in aqueous solution. The differences are unlikely to  be 
found in the gas-phase entropies of ketonization. These 
would have t o  range from ASK(g) = - 6  to - 16 k 
calmol-', but these values are, in fact, known to be 


Differential heats of solution for enol and 
keto forms almost certainly play a role. Water, which 
is protic and very polar, can stabilize the more polar 
keto isomer both through its dielectric and its 
hydrogen-bond donor ability. The small differences 
between AGK(aq) and AHK(g) are probably com- 
pounded from several effects. I 3  


The same sort of difference exists between the 
gas-phase double-bond stabilization terms and those 
calculated using AGK(aq) data. &H(g), a purely en- 
thalpic term, averages 8 .1  ? 0 . 6  kcal mol-'  whereas 
DOH from equations (3) and (6) is ca 2 - 5  kcal mol-l 
smaller, especially if the vinyl alcohol data are excluded 
from the comparison. The hydroxyl group appears to 
stabilize the C = C  bond [see equation (l)] more in the 
gas phase than it does in aqueous solution. Confidence 
in the results of equations (3) and (6), and therefore in 
this conclusion, is increased by noting that Hine's 
value8b for the double-bond stabilizing effect of a 
methoxyl group, a solution-phase free energy par- 
ameter, is 4 .9  ? 0.2 kcal mol-', very close to our value 
for DOH. 


It is important to note some limitations to  the conclu- 
sions given here. Enols stabilized by extra conjugation 
or by intramolecular hydrogen bonding, or which 
experience unusual steric interactions, are not expected 
to be covered by our analysis, nor are they accommo- 
dated by the group thermodynamic terms calculated by 
TureEek4 and Guthrie.6 This point was made clear by 
both authors. It seems certain also that enols in which 
additional heteroatoms are attached to  the C = C  bond 
are to  be excluded. It is known, for example, that the 
cumulative effects of methoxyl groups on alkene stabi- 
lity are not additive: the relative stabilities of isomeric 
polymethoxyalkenes depend on the number, positions 
and stereochemical relationships of CH3O groups l 4 * I 5  


[we note also that the keto isomer may be affected by 
the presence of multiple hydroxy (alkoxy) groups; 
geminal groups attached by heteroatoms to a saturated 
carbon can produce stabilization 16]  . 


CONCLUSION 


Solution-phase keto-enol equilibrium data can be com- 
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bined with the enthalpies of reduction of carbonyl com- 
pounds and other data to yield, via the isodesmic 
reaction equation ( I ) ,  estimates for the heats of for- 
mation of enols and a double-bond stabilization quan- 
tity for the hydroxyl group. These results appear to  be 
slightly different in magnitude from their purely 
enthalpic gas-phase analogues. For simple uncon- 
jugated enols, the kind considered here, enthalpies of 
formation are roughly 3-5 kcal mol- ’ more exothermic 
in the gas phase than calculated by equation (4) or  (5) .  
Similarly, the enthalpy of stabilization conferred by the 
hydroxyl group on a C=C bond is cu 2.5 kcal mol-’ 
more in the gas phase than in aqueous solution. 
Hydroxyl and methoxyl groups have very similar 
double-bond stabilizing effects in solution. With the 
cited differences between gas and solution phases in 
mind, results in one medium may be usefully 
transferred to the other. 
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PARTIAL RATE FACTORS IN PHOTOCHEMISTRY: THE 
META PHOTOCYCLOADDITION OF METHYLBENZENES 


TOCYCLOPENTENE 


P. DE VAAL, G. LODDER* AND J .  CORNELISSE* 
Gorle aus Laboratories, Leiden University, P. 0. Box 9502, 2300 RA Leiden (The Netherlands) 


The partial rate factors of the four modes of rnera photocycloaddition of methyl-substituted benzenes to cyclopentene 
have been determined by measuring quantum yields of formation of the most important metu photocycloadducts of 
benzene, toluene and the three xylenes. It is demonstrated that the results can be applied to predict quantum yields 
of any meta photocycloadduct of methylbenzenes to cyclopentene. The predicted yields agree very well with those 
determined experimentally, and it is shown that the effects of two or more methyl groups are fully additive. The 
method is promising for the investigation of mechanisms of photochemical reactions and can be used to predict 
regioselectivi ties. 


INTRODUCTION 


Determination of partial rate factors has been of great 
help in the investigation of structure-reactivity 
relationships and reaction mechanisms ' and the tech- 
nique is well known in the case of (thermal) elec- 
trophilic aromatic substitution reactions. 2 - 4  An 
important item of discussion with this reaction has been 
the additivity principle.5*6 It has been shown that in 
almost all cases the effects of more than one substituent 
are not fully additive, even when steric factors do not 
play a role. 3 9 7 - 9  The substituents always interact with 
each other, but this effect is weak if the substituent 
effects are not very This is the case with the 
methyl group, and the methylbenzenes have often been 
chosen for model studies. 9v'1-13. 


As far as we know, partial rate factors have not been 
used in the study of photochemical reactions. Also, 
very little is known about additivity of substituent 
effects in excited-state reactions. I 4 , l 5  Types of reactions 
for which partial rate factors might be defined are aro- 
matic photosubstitution and aromatic photoaddition 
reactions. 


These reactions involve the electronically excited 
states of the arenes, and this makes the kinetic analysis 
far more complicated than in the well known case of 
electrophilic aromatic substitution. Not only the photo- 
chemical reaction under study, but also the photophysi- 


* Authors for correspondence. 


cal processes of the arene are influenced by substituents. 
This makes an accurate determination of relative 
reaction rates, needed for the calculation of the partial 
rate factors, difficult, although not in all cases imposs- 
ible. If the substituent is a methyl group, difficulties can 
be overcome. The photophysics of all methylbenzenes 
are well known 163'7  and excited-state lifetimes have 
been determined accurately. '' These lifetimes do not 
differ much from each other and from that of benzene, 
and this simplifies kinetic analysis of the photochemical 
reactions. 


In this paper we describe the determination and 
application of partial rate factors in the rneta photo- 
cycloaddition of benzenes to cyclopentene (see Scheme 
1) (preliminary data on the experiments described in 
this paper have been published earlier, l 9  but without 
any discussion of the kinetics, however). This type of 
reaction has been well studied, and is known to exhibit 
regioselectivity for a number of substituents. 20-24 


9 4 ' O  


3 


Scheme 1. The meta photocycloaddition of benzene to cyclo- 
pentene 
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Special attention is paid to all aspects which should be 
taken into consideration when partial rate factors are 
determined from experimentally determined quantum 
yields. Another point of attention is the additivity of 
the effects of more than one methyl group. 


PRELIMINARY CONSIDERATIONS AND 
DEFINITIONS 


Prior to analysis of the kinetic relationships valid for 
the photochemical system under study and derivation 
of the relationship between the partial rate factors and 
the properties which will be determined experimentally 
(i.e. the quantum yields of photoaddition), some 
definitions have to be made. 


A monosubstituted benzene can give rneta photo- 
cycloaddition to a symmetrical alkene, in our case 
cyclopentene, in six ways,* of which two pairs are 
equivalent (1,3-addition = 1 $addition and 2,4- 
addition = 4.6-addition). The four different regional 
modes of addition can be defined relative to the substi- 
tuent. Similar to the case of aromatic substitution 
reactions, where the location of reaction is indicated 
with the terms ortho, rneta, para and ipso, we can des- 
ignate the four modes of meta photocycloaddition 
ortho-ortho (00), meta-ipso ( M I ) ,  ortho-para (OP) 
and mefa-mefa ( M M ) ,  as depicted in Scheme 2. We 
shall call this the relative modes of addition ( Z )  of arene 
A with respect to substituent S. 


This relative way of addressing can also be used for 
benzenes with more than one substituent. In some 
cases, however, the two MI and the two OP modes are 
not equivalent, and lead to different products. The 
absolute modes of addition (Y) are the six ways in 
which addition can take place, irrespective of sym- 
metry. They are designated according to the IUPAC 


* In fact there are twice as many modes of addition: six with 
the cyclopentene ring in the endo orientation and six with this 
ring being in the exo orientation. The ex0 modes, however, 
are of minor importance in the case of methylbenzenes. Only 
in the case of benzene, toluene and 1,2,4-trimethylbenzene is 
a minor amount of an exo adduct found. These will not be 
considered in this paper. 


ortha-ortho meta-ipso 


00 MI 


numbering of the arene ring (i.e. l,3-, 1,s-, 2,4-, 2,6-, 
33 -  and 4,6-addition). 


Following the formation of the bonds between the 
arene and the alkene, closure of a three-membered ring 
leads to the final product@); 1924 for example, 00- 
addition leads to a product as shown in Scheme 1, with 
the substituent attached to C-3. 


ANALYSIS OF THE KINETICS 


It has been demonstrated that the reaction takes place 
from the first excited singlet state of the arene.25 Thus, 
in the systems used in our studies, i.e. the aromatic 
compound (A) in a solution of cyclohexane containing 
cyclopentene (cp), the processes shown in Scheme 3 
should be taken into consideration. 


1. A* kr A fluorescence 


2. A* k " A  internal 
conversion 


3. A* intersystem 
crossing 


4. A* k,, B valence 
isomerization26 


5 .  A* + cp -product rneta 
photocycloaddi- 
tion 


6. A* + cp kulh.i other products e.g. ortho or 
para photo- 
cycl~addition~' 


7.  A* + c p k " ~  quenching by 
cyclopentene 


8. A* + 0 2 h A  quenching by 
oxygen 


9. A * + A  kd [AAI* excimer 
formation 


Scheme 3. Pathways of decay of singlet excited arenes in 
cyclohexane solution and in the presence of cyclopentene (cp) 


and atmospheric oxygen 


k,,, lA* 


k 


or tho-para meta-meta 


OP MM 


Scheme 2. The four modes of metu photocycloaddition of a monosubstituted benzene to cyclopentene 
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For the meta photocycloaddition reaction the partial 
rate factors f . , z  can be defined as follows: 


where kH is the rate constant of product formation (k, 
in Scheme 3 )  from an arene not bearing substituent S, 
and ks,z that of formation of product from the arene 
substituted with S, via reaction mode Z with respect to 
substituent S; n is the number of equivalent modes. 
Benzene has, owing to its symmetry, six equivalent 
modes, whatever type of reaction is under consider- 
ation, so n = 6 for benzene. For a substituted arene n 
depends on the substitution pattern and on Z. For 
example, 2,6- and 3,5-meta photocycloaddition of p- 
xylene to cyclopentene are equivalent (both 00 with 
respect to one methyl group and MM with respect to 
the other) and lead to the same product. In this case 
n = 2 .  


The partial rate factors for the four modes of 
addition will be designated by fw, fmm, fmi and fop, 
without reference to the substituent because only one 
substituent will be considered, i.e. the methyl group. 


The ratio of the reaction rate constants k s , ~  and kH 
will be obtained from the quantum yields QS,Z and @H. 
If the other decay paths are unimolecular processes 
(entries 1-4 in Scheme 3) and no other bimolecular 
processes (entries 6-9 in Scheme 3 )  play a significant 
role, then the equation relating the reaction rate con- 
stant k, and the quantum yield 9, of the reaction is 


Because kf + ki, + kist + k,i = 1 1 7 ~  = kM (where 7 M  is 
the fluorescence lifetime of the arene in dilute cyclo- 
hexane solution), this equation can also be written as 


Because quantum yields have been obtained in the 
experiments under identical conditions (same cyclo- 
pentene concentrations), the partial rate factor is 


The 7 M  values for all methylbenzenes have been 
reported (see Table 1, second column). '' Therefore, 
only quantum yields have to be measured for the deter- 
mination of the partial rate factors. 


If one or more of the processes 6-9 in Scheme 3 are 
of importance, the relationship between k, and CP, 
becomes more complicated. The following should be 
considered: 


A. The formation of other photoproducts (process 6) 
is negligible in the case of benzene and toluene. I9 Our 
experiments show that this is also the case with the 


other methylbenzenes. It can therefore be left out of the 
discussion. 


B. The first excited singlet state of an arene is quen- 
ched by oxygen. Because of the experimental difficulty 
of excluding oxygen and at the same time accurately 
maintaining the composition of the mixture, the exper- 
iments are performed in the presence of atmospheric 
oxygen. The quantum yields of meta photocycloaddi- 
tion are altered by oxygen quenching as follows: 


Substitution in equation (4) leads to the following cor- 
rection to the partial rate factor: 


f 's.2 = fs.zcq,ox (6) 
where 


In this equation 7s is the excited-state lifetime if meta 
cycloadditions were to be the only bimolecular pro- 
cesses. Thus 7s = l/(kM + k,[cp]). The value for 
benzene can be calculated to be 14 ns (with 
[cp] = 1 M), using the k, value reported by Osselton 
et ( 3 . 5  X 10' dm3mol-'s-') and the k~ (= 1 / 7 ~ )  
value from Table 1. 


The concentration of oxygen in cyclohexane solutions 
at room temperature is known2' to be 2 x M .  
Oxygen quenching rate constants for the different 
methylbenzenes are in close proximity to each other, 29 


and amount to ca 2 . 4  X 10" d m 3 m o l - L ~ - ' .  This 
means that the term kq.,,[02] is of the same order of 
magnitude as kM + k,[cp] (=  I/.). The correction terms 
cq,,, might therefore become significant. Not untiI the 
k, values for the different methylbenzenes have been 


Table 1. Lifetimes and concentration quenching 
of excited benzene and methylbenzenes 


(cyclohexane, room temperature) 


Compound 


Benzene 
Toluene 
o-X ylene 
m-Xylene 
p-Xylene 
1,2,3-Trirnethylbenzene 
1,2,4-Trimethylbenzene 
1,3,5-Trimethylbenzene 
1,2,3,4-Tetramethylbenzene 
I ,2,3,5-Tetramethylbenzene 
1,2,4,5-Tetramethylbenzene 
Pentamethylbenzene 
Hexamethylbenzene 


29 2.1 
32 4 .2  
32 10.9 
29 10.9 
29 10.9 
35 
27 
36 6 . 7  
24 
30 
25 
17 
4 
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determined can the 7 values be calculated. Only then 
can it be judged whether these correction terms are 
small enough to be neglected. 


C. Benzene fluorescence is reported to  be quenched 
by cyclopentene with a higher efficiency than that of the 
meta photocycloaddition reaction. Physical quenching 
(process 7) must therefore be partly responsible for it. 
It has been found that k, and k, are of the same order 
of magnitude in the case of b e n ~ e n e . ~ ’  Physical 
quenching by cyclopentene will reduce the quantum 
yield of meta photocycloaddition in a comparable way 
to oxygen quenching. We can write a combined correc- 
tion term for both phenomena: 


1 + T s ( k q , s  [CPl + kq,ox.s LO211 c, = 
1 f T H ( k q , H  [CPl + kq,ox,H [ 0 2 1 )  


Thus 


f 5.z = f s , z c q  (7) 


If  it is assumed that k, is always of the same order of 
magnitude as k, (which is the case for benzene),25 then 
cq can also be expressed in terms of quantum yields and 
monomolecular lifetimes 7M instead of ks and the above 
defined 7s. By assuming k, = k,, the expressions for the 
numerator and denominator of cq have the following 
form, with k q , , , [ 0 2 ]  = 4.8 x lo7 and k~ = 1 / 7 ~ :  


cx = (X = H, S) 


Thus 


kM,x + kq.ox 1021 


(1 - @X)(kM.X + ~ X k q . o x f O 2 l f  


cs 
cq = - 


C1-l 


It should be noted that here the @s are the sums of 
quantum yields of all meta photocycloaddition 
reactions from the corresponding substrate X. 


D. The last process which needs discussion is excimer 
formation. 3 0 - 3 3  Because excimers, after being formed, 
can dissociate into an excited singlet-state molecule and 
a ground-state molecule, they are in equilibrium with 
the monomeric excited state. The quantum yield of the 
reaction allowing for excimer formation is 30 


where [A] , /2  is the concentration at which +: = 0.5 @r.  
The correction on the partial rate factor becomes 


Thus 


Because the ‘half-value concentrations’ [A] 1/2 are 
reported to  be higher than 2 M for benzene, toluene, 
p-xylene and mesitylene, 3 1 3 3 2  the correction term will 
never differ from unity by more than a factor of 0-66. 


In the case where AH is benzene and AS is toluene, for 
example, the half-values [A] 1/2 are 2.1 and 4.2, 
respectively, and the correction term is 0-83 (with 
[A] = 1 M). Half-value concentrations are listed in 
Table 1. 


In conclusion, it can be said that all difficulties in the 
kinetic analysis can be overcome and that values for the 
partial rate factors can be obtained from quantum 
yields of product formation. 


When values for the partial rate factors have been 
determined, they can be applied to  predict quantum 
yields of formation of other meta photocycloadducts of 
methylbenzenes to  cyclopentene assuming additivity of 
the substituent effects. The quantum yield of products 
from one absolute mode of meta photoaddition to an 
(m)-methylbenzene (m = number of methyl groups) is a 
function of the quantum yield of formation of 
benzene-cyclopentene adduct 1, and the product of the 
m partial rate factors due to  each methyl group. For 
example, the total quantum yield of the products from 
2,6-addition of 1,2,4-trimethyIbenzene to cyclopentene 
is a function of the product f 0 , x  f m ; x  f m m .  The 
addition takes place 00 with respect to  the methyl 
group at  position 1 and MI and MM relative to  the 
methyl groups 2 and 4, respectively. 


The relationship, derived from equations (4), (7a) 
and (9), assuming additivity of the effects, is 


where Z ( i )  is the relative mode of addition with respect 
to  the ith methyl group and Y is the absolute mode of 
addition to  substrate X .  Because now the effects of all 
methyl groups present in the molecule are taken into 
account, the subscript H refers to the unsubstituted 
compound, i.e. benzene. Using literature values for TH 


results in the following equation for the quantum yield 
of adducts from substrate X and absolute mode of 
addition Y: 


(29 ns), @H (0.16) and [ A ] 1 / 2 , ~  (2.1) and 6 for nH 


r = l , m  
*X,Y = 


(’ + 
1/2’s) x cq x 6-09 x lo-’ + fs,rc;, 


(1 1) 


An illustrative example can be found in the next 
section. 


RESULTS AND DISCUSSION 
Quantum yields have been published for the meta 
photocycloaddition of benzene (0*16), toluene (0.21) 
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and the xylenes (0.12, 0.08 and 0-05 for p- ,  0- and m- 
xylene, respectively) to cyclopentene ([cpl = 1 M). 19*34 


Because relative reaction rate constants (or relative 
quantum yields) are needed for the calculation of 
partial rate factors, the value of the quantum yield 
(0-  16) of formation of product 1 from benzene-cyclo- 
pentene meta photocycloaddition is taken as reference 
relative to which other values have been determined. 
Structures of the adducts are listed in Table 2. The 
measured quantum yields of all identified adducts 
found upon UV irradiation of all methylbenzenes are 
listed in Table 3. 


The most obvious way for obtaining the partial rate 
factors is the determination of the quantum yields (rela- 


Table 2. Structures of products from the metu photocyclo- 
addition of benzene and the methylbenzenes to cyclopentene 


1 


Product Substrate 
Methyl groups 


at positions 


1 
2 
3 
4 
5a  
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 


Benzene 
Toluene 
Toluene 
Toluene 
Toluene 
o-Xylene 
o-Xylene 
m-Xylene 
m-Xylene 
m-Xylene 
m - X y 1 en e 
p-Xylene 
1,3,5-Trimethylbenzene 
1,3,5-Trimethylbenzene 
1,2,4-Trimethylbenzene 
1,2,4-Trimethylbenzene 
1,2,4-TrimethyIbenzene 
1,2,4-Trimethylbenzene 
1,2,4-Trimethylbenzene 
1,2,3-TrimethyIbenzene 
1,2,3-Trimethylbenzene 
1,2,3-Trimethylbenzene 
1,2,3,5-Tetramethylbenzene 
1,2,4,5-TetramethyIbenzene 
1,2,4,STetramethylbenzene 
1,2,3,4-TetramethyIbenzene 
1,2,3,4-Tetramethylbenzene 
1,2,3,4-TetramethyIbenzene 
I ,2,3,4-Tetramethylbenzene 


~ 


a This adduct has not been detected, but its formation is assumed 


tive to that of product 1) of products resulting from the 
four modes of addition of toluene to cyclopentene. In 
practice (see Table 2, entry 2 and Table 3, entry 2) the 
product resulting from 00-addition (compound 2) 
dominates the product mixture. Minor quantities of 
adducts from the MM and MI modes of addition are 
also present, but no products are found resulting from 
the OP mode of addition. Moreover, the MI mode is 
expected to give two different adducts (differing in 
direction of closure of the three-membered ring), but 
only one could be found. For this reason only the foo 
will be calculated from the quantum yields of a 
toluene-cyclopentene addition product (2); the other 
three partial rate factors can be obtained using 
quantum yields of meta photocycloaddition of the three 
xylene isomers. 


The partial rate factor for 00-addition is calculated 
from the quantum yields of products 1 and 2 (Table 3) 
using equation (4): 


6 0.21 29 0.84 
1 0.16 32 0.79 


= - x - - - ~ - ~ - = 7 * 6  


where 91 and denote the quantum yields of for- 
mation of the products 1 and 2, respectively. The 
correction terms for excimer formation, cexc, and 
quenching, cq, are calculated with equations (9) and 
(7a) to be 0.84 and 1-05, respectively. This results in 
the corrected partial rate factor 
f;, = 7.6 x 0-84 x 1.05 = 6.67. Hence the methyl 
group has an activating effect of 6.67 on 00-meta 
photocycloaddition. 


The other three partial rate factors can be calculated 
using the product quantum yields of the meta photo- 
cycloaddition of the xylenes to cyclopentene. Assuming 
additivity of the effects of two methyl groups, these 
quantum yields are taken relative to that of product 2 
from toluene. Addition of a xylene to cyclopentene will 
take place, as in the case of toluene, preferentially 00 
with respect to one of the methyl groups. The effect of 
the second methyl group will be expressed by a higher 
or lower yield of products from the xylene with respect 
to toluene. 


The quantum yields determined of products from 0-, 
m- and p-xylene are listed in Table 3, entries 3,  4 and 
5, respectively. Both products 6 and 7 of o-xylene (see 
Table 2 for their structures) result from the MI mode 
of addition with respect to the second methyl group 
(they differ only in the direction of closure of the three- 
membered ring in the subsequent reaction step). The 
sum of their quantum yields can be used for the calcu- 
lation of fmi. The products 8 and 9 from m-xylene result 
from OP-addition with respect to the second methyl 
group, and with their quantum yields the fop may be 
obtained. Finally, product 12, the only adduct from 
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Table 3. Measured and calculated quantum yields of meta photocycloadducts of methylbenzenes (1 M) with cyclopentene (1 M) 
~~ ~ 


Addition to 
Arene carbons n Adduct no. +/mode +&mode 


1. 
2. 


3. 


4. 


5. 
6. 


7. 


8 .  


9. 


10. 


11. 


12. 
13. 


Benzene 
Toluene 


o-Xylene 


m-Xylene 


p-Xylene 
1,3,5-Trimethylbenzene 


Pentamethylbenzene 
Hexamethylbenzene 


1 + 3  
2 + 6  
3 + 5  


1 + 3  


1 + 3  


2 + 4  


1 + 5  


2 + 6  
2 + 4  
1 + 3  


2 + 6  


3 + 5  


1 + 3  
1 + 3  


2 + 4  


1 + 3  


1 + 3  


2 + 6  


1 + 3  


1 + 3  
1 + 3  


6 
1 
1 


2 1  


2 1  


2 1  


21  


1 1  


2 1  


4 I  


21  


2 1  


2 
3 
3 


II 1 


1 


1 


2 
6 


1 
2 
3 
4 
sa 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19b 
20 
21 
22 
23 
24 
25 
26 
21 
28 
29 
? 


0.16 
0.21 
0.013 
0.008 


? 
0.09 
0-05 
0.012 
0.014 
0.009 
0.005 
0.13 
0.007 
0.004 
0.026 
0.017 
0.004 
0.004 
0.003 
0.030 
0.010 
0.005 
0.01 1 
0.010 
0.007 
0.002 
0.001 
0.001 
0.001 
- 
.- 


0.16 
0.21 
0.013 


10.013a 


10.14 


]0.026 


10.014 


0-13 
0-007 
0.004 


)0-043 


10.008 


0.005b 
0.030 


)o.ois 


0.01 1 


10.017 


Jo.003 


10.002 
- 
- 


- 
0.21 
0.018 


0.030 


0.18 


0.042 


0.013 


0.19 
0.006 
0.008 


0.036 


0.008 


0.007 
0.038 


0.018 


0.015 


0.01 1 


0.005 


0.004 


0.0015 
O.ooOo7 


~~ 


'Because the quantum yield of product 5 could not be determined, the isomer ratio 4 : 5  is assumed to be the same as the ratio 6: 7. 
'The isomer of 19 with methyls at positions 2, 3 and 6 was not found, but its formation is assumed to take place in the same ratio to 19 as 7 : 6. 


p-xylene, results from MM-addition with respect to the 
second methyl group, and may be used to obtain fmm. 


Application of equations (4), (7a) and (9), with 
= 9 6  + a,, 9, = 9 8  + 9 9  and am, = 912, gives 


the values of the corresponding partial rate factors as 
listed in Table 4, first data column. These values agree 
fairly well with the observed composition of the 
product mixture of the toluene irradiation. Especially 


Table4. Partial rate factors for the four modes of meta 
photocycloaddition 


Mode of addition Z fz f yge 


ortho-ortho (00) 6.67 6.2 2 0.6 
meta-meta ( M M )  0.26 0.41 2 0.15 
meta-ipso (MI) 0.27 0.37% 0.16 
ortho-para (OP) 0.05 0.08 ? 0.04 


the absence of products from the Of mode of addition 
in this mixture can easily be understood. 


As mentioned earlier, the partial rate factors for 
MM-, MI- and OP-addition are calculated assuming 
additivity of the effects of the two methyl groups 
present in the xylenes. In order to obtain support for 
this assumption, we can calculate the partial rate 
factors from other pairs of substrates which differ by 
only one methyl substituent. For example, we can use 
for the calculation of fmm the substrate pair 
benzene-toluene and the quantum yields of the pro- 
ducts 1 and 3 instead of the pair toluene-p-xylene (pro- 
ducts 2 and 12). In that case, we find a value of 
jhm = 0 .33 ,  which agrees reasonably with the 0.26 as 
listed above. 


Using as many substrate pairs and product pairs as 
possible we have calculated three values for foe, six 
values for fmm, eleven values for fmr and eight values 
for fop (see Table 5 ) .  The values of the different partial 
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Table 5 .  Partial rate factors calculated from different product 
pairs 


Product pair used for the 
Mode Z calculation of f z  f z  


6.67 
5.26 
6.53 
0.33 
0.26 
0.61 
0.62 


20/23 0.39 
0.24 


MI 216 + 7 0.27 


12/15 + 16 0.63 
6 + 7/20 0.37 


00 112 
3/ 12 


10 + 11/15 + 16 
MM 113 


2/ 12 
6 + 7/15 + 16 
8 + 9/17 + 18 


21 + 22/26 + 27 


3/10 + 11 0.51 


OP 


8 + $19 


10 + 11/14 
15 + 16/23 
17 + 18/24 + 25 
17 + 18/26 + 27 
21 + 22/28 + 29 


218 + 9 
12/17 + 18 


8 + 9/21 + 22 


6 + 7/19 


8 + 9/13 
6 + 7/21 + 22 


15 + 16/24 + 25 
15 + 16/26 + 27 


20128 + 29 


0.39 
0.52 
0.18 
0.24 
0.56 
0.20 
0.16 
0.047 
0.113 
0.068 
0.092 
0.171 
0.101 
0.036 
0.039 


rate factors thus obtained do not show an increase or 
decrease with increasing number of methyl substituents, 
so the assumption of complete additivity of the effects 
seems to be justified. Now a best fitting set of partial 
rate factors can be obtained by averaging all values 
found for one mode. Values are listed in the last 
column of Table 4. 


which develops at carbon C-1 on 00-addition. With 
OP-addition, on the other hand, this atom becomes 
partly negatively charged, and this is destabilized by the 
methyl group. The charge separation is not very large, 
however. This can be concluded from the relatively 
weak effect of the methyl group, as expressed by the 
partial rate factors. 


Additivity of the effects 


The seventh column of Table 3 lists quantum yields cal- 
culated with equation (1 l)  using the averaged values of 
the partial rate factors as listed in Table 4, and T M  and 
[A] values from Table 1. In the cases where [A] 112 


was not reported a value of 10-9 was assumed, which 
will not be far from reality. As an example the quantum 
yield of product 13 (from mesitylene) is calculated to be 


1.19 x 619 + 6.2 x 0.08’ 
3 x 35 


This value agrees very well with the measured value 
(0.007). Although many other calculated values are 
also in agreement with experimental values, it should be 
noted that a number of measured quantum yields are 
about a factor or two higher than the calculated values. 
However, because these ‘deviating’ cases are randomly 
distributed in the series and no relationship with the 
number of methyl substituents can be found, it can be 
assumed that the deviation has its origin in exper- 
imental inaccuracy and not in non-additivity. 


CONCLUSIONS AND PROSPECTS FOR FUTURE 
RESEARCH 


Our investigations have shown that in analogy with 
ground-state reactions it is possible to determine Dartial 
rate factors for excited-state reactions of aromati; com- 
pounds. When attention is paid to all excited-state pro- 
cesses which may occur, it is possible to calculate 
reIative reaction rates from product quantum yields if 
excited-state lifetimes are known. 


Mechanistic consequences 


The results are in good agreement with the mechanism 
(see Scheme 4) proposed in earlier papers.2433s 


The methyl group stabilizes partial positive charge 


A 


Scheme 4. Mechanism of the meta photocycloaddition of arenes to alkenes 
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In the case of the investigated substituent, the methyl 
group, full additivity of the effects is observed. This 
implies that there is little resonance interaction between 
the methyl groups in the excited arene. It would be 
interesting to  establish whether this also holds for 
substituents with a stronger effect. Therefore, it would 
be worthwhile to extend this study to  other substituents, 
other, electron-richer or more electron-deficient 
alkenes. An example from the first group is anisole. It 
is of interest to know if the partial rate factors of 
methyl substitution of anisole are equal t o  those of 
benzene. If they are not, they may be a measure of the 
degree of charge transfer between the alkene and the 
arene in the ‘transition state’ (i.e. complex A in Scheme 
4). The same holds for addition of benzene to  different 
alkenes. Thus, measuring more partial rate factors can 


give information about the role of charge transfer in 
this reaction, as suggested to be important by Mattay et 


EXPERIMENTAL 


All methylbenzenes used in the experiments were com- 
mercially available. The sample of 1,2,3,5- 
tetramethylbenzene (obtained from Aldrich) was 
contaminated with 15% of isomers, but could be 
purified by means of preparative gas-liquid chroma- 
tography. Cyclopentene (Merck) was redistilled twice 
before use. 


Irradiations for analytical purposes were carried out 
in quartz cuvettes in a laboratory-made irradiation box 
fitted with a Philips HPLN lamp from which the glass 
bulb was removed, a focusing lens and a metal cooling 


36-38 


Table 6. NMR chemical shifts of the most important protons in the mela photocycloadducts 1-29 


5 d I 0  4 
3 


~ ~ -~ 


6 (ppm) of skeletal protons 6 (ppm) of methyl protons 


Product H-1 


1 2.95 
2 2.94 
3 2.96 
4 2.94 
6 2.85 
7 2.68 
8 2.92 
9 2.98 


10 2.92 
11 2.85 
12 2.95 
13 2.98 
14 2.70 
15 2.82 
16 2.67 
17 2.99 
18 2.85 
19 2.99 
20 2.62 
21 2.84 
22 2.82 
23 2.65 
24 2.78 
25 2.71 
26 2.80 
21 2.69 
28 
29 2.6 


H-2 H-3 H-5 H-6 H-7 H-8 2 3 4 5 6 7 


1.66 
1.68 
1.63 
1.63 
1.55 


1.61 
1.80 
1.74 


1.78 
I .73 


1.63 


1.6 
1.67 
1.6 


1.61 


1.73 


2.75 


2.74 
2.43 


2.40 
2.40 


2.28 


5.70 
5.71 


5.65 
5.63 
5.68 
5.54 
5.31 


5.14 


4.60 
5.60 
5.31 
5-29 


5-05 
5.30 


5.62 
5.59 
5.14 
5.39 
5.33 
5.58 
5.55 


4.91 
4.88 
5.10 


4.91 
4.84 
5.10 


5.19 
4.50 
5.30 


5.55 
4.84 
4.90 


4.70 


5.38 


2.90 3.25 
2.63 3.26 1-20 
2.87 3.19 1.51 


2.94 
2.87 1.28 


2.64 3.12 1.09 1.29 
2.63 3.20 1.27 1.12 
2.32 3.22 1.36 1.73 


2.85 1.79 
2.63 3.20 1.10 1.79 
2.54 3.18 1.37 1.79 
2.33 3.18 1.24 1.04 1.73 


2.86 1-07 1.74 
2.82 1.24 1.73 


2.57 3.07 1.08 1.27 1.76 
2.39 3.20 1-33 1.65 1.60 
2.52 3.15 1.27 1.08 1.78 


3.20 1.20 1.02 
2.78 1.04 1.18 
2.87 1.24 1.66 


2.68 3.08 1.02 1.25 1.08 
2.68 0.99 1.16 1.72 
2.78 1.17 0.99 1.70 


2.41 3.03 1.05 1.23 1.62 1-59 
2.85 1.22 1.66 1.66 


2.59 3.05 0.98 1.10 1.05 1.70 
1.01 1.20 1.70 


2.7 0.97 1.08 1.00 


1.21 
1.06 


1.10 


1.12 
1.00 


1.12 
1.09 
1.04 


1.08 
1.02 


1.02 


1.10 
1.05 
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block as container for the cuvettes. No attempt was 
made to use monochromatic light because the absorp- 
tion maxima, extinction coefficients and shapes of the 
UV spectra do not differ much for the different 
methylbenzenes. No attempt was made to exclude 
oxygen for reasons mentioned earlier. For the analytical 
irradiations solutions of 1 M arene and 1 M cyclo- 
pentene in cyclohexane (spectroscopic grade) were used. 


Preparative irradiations were carried out in a 
Rayonet Photochemical Reactor RPR 200 fitted with 
seven 254 nm arc lamps. All preparative irradiations 
were carried out with 25 ml of solutions of 1 M arene 
and 2 M cyclopentene in cycIohexane (analytical- 
reagent grade) in a quartz tube. 


All products were identified as follows. The mixtures 
from preparative irradiations were separated by means 
of preparative gas chromatography on a Varian Aero- 
graph 90-P chromatograph (glass column, 20% SE-30 
on Chromosorb WAW, 40-60 mesh, 6 m x somm i.d., 
carrier gas hydrogen, temperature 100-170 C). The 
purity of the samples thus obtained was checked by 
means of analytical gas chromatography and then a’H 
NMR spectrum was recorded at 300MHz. The struc- 
tures of the products could be affirmed by means of 
homonuclear decoupling experiments. Chemical shifts 
of skeletal protons and methyl protons of adducts 1-29 
are listed in Table 6.  


Product ratios and relative quantum yields were 
determined with the help of a Packard 433 capillary gas 
chromatograph (glass column, 40 m, 0-4% OV-101, 
carrier gas hydrogen) as follows. Two cuvettes, one 
containing a solution of the polymethylbenzene under 
study and the other containing toluene, were irradiated 
simultaneously in the irradiation box. Their positions 
were interchanged several times to be sure that both 
samples received the same light flux. After several time 
intervals, samples with equal volumes were taken from 
both cuvettes and after mixing they were analysed by 
analytical gas chromatography. The strong product 
peak at relatively low retention time (from the major 
adduct from toluene and cyclopentene) was used as an 
internal standard to express the peak areas from the 
polymethylbenzene adducts. In this way the 
toluene-cyclopentene meta photocycloaddition was 
used as an actinometer and quantum yields could be 
calculated easily using the product ratios obtained. 
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SOLVENT EFFECT ON THE HAMMETT REACTION CONSTANT 
FOR THE ELECTROREDUCTION OF SUBSTITUTED 


BENZOPHENONES 


JAN S. JAWORSKI,* MARCIN MALIK AND MAREK K. KALINOWSKI* 
Department of Chemistry, University of Warsaw, I Pasteur St., 02-093 Warsaw, Poland 


Solvent effects on the Hammett p value for the cathodic reduction of substituted benzophenones were determined. 
The electrochemistry of a series of 11 compounds was studied in acetonitrile, acetone, dimethyl sulphoxide, propylene 
carbonate, N,N-dimethylformamide, N,N-dimethylacetamide, N,N-diethylformamide and hexamethylphosphoric 
triamide. The p values for the reversible one-electron transfer are described by the Lewis acid-base model 
p = -0*006AN+ 0*003DN+ 0.391, where A N =  solvent acceptor number and D N =  solvent donor number. 


INTRODUCTION 


Structural and medium effects on the redox properties 
of organic compounds are usually interpreted with 
linear free energy relationships. One can express the 
Hammett equation in the form 


(EI/Z)X = ( E 1 / 2 ) H  + P O  (1) 


to relate changes in the polarographic half-wave poten- 
tial for the unsubstituted compound ( E l / Z ) H  to  that of  
the meta- or para-substituted derivatives (El /2)x .  


First attempts to  correlate electrochemical data with 
substituent constants u were published in the early 
1950s and were reviewed in Zuman’s classical book.2 
Numerous papers deal with applications of  
equation (1). The dependence of the reaction parameter 
p on the solvent is marked but it is poorly understood; 
the originally predicted linear relationship with the 
reciprocal of E ,  the dielectric constant, is poor. la Cor- 
relations with other functions of E are not much better. 


is more promising. 
The dependence of p on DN, the solvent donor 
n ~ m b e r , ~  was observed in the one-electron reversible 
reduction of meta-substituted nitrobenzenes and para- 
substituted azobenzenes in aprotic media.’ However, 
radical anions formed at the electrode remain paired 
with the cations of supporting electrolyte; the relation- 
ship of p with DN thus includes also the solvent effect 
on the association phenomenon. In the absence of ion 


The donor-acceptor concept 


* Authors for correspondence 


pairing, a linear correlation of p with AN,  the solvent 
acceptor number6 was found for a series of quinones.’ 
There, the p value for para-substituted iodobenzenes 
is independent of the solvent; we have offered an 
explanation recently. ’ 


In this work we studied solvent effects on the 
Hammett reaction constant for the cathodic reduction 
of substituted benzophenones. Such a series was chosen 
because (i) the electroreduction is strongly assisted by 
the polarization of the carbonyl group in the double 
layer at the and (ii) the attendant radical 
anions are stable in aprotic media. Our measure- 
ments were performed in acetonitrile, acetone, 
propylene carbonate, dimethyl sulphoxide, 
N ,  N-dimethylformamide, N, N-dimethylacetamide, 
N,N-diethylformamide and hexamethylphosphoric 
triamide. These solvents, all ‘hard’ bases, give a range 
of Lewis acid-base properties. 


EXPERIMENTAL 


Tast polarographic curves were obtained using a 
measuring system consisting of an E P  20B potentiostat, 
an EG 20B function generator and an EC 20B acqui- 
sition and data control unit (all from Elpan, Poland) 
with an IBM P C  A T  computer. A Radelkis OH 105 
apparatus was used for cyclic voltammetric exper- 
iments. Measurements were performed in a three- 
electrode cell consisting of either a mercury drop 
electrode (with a drop timer giving t = 1.0 s) or a 
hanging mercury drop electrode I ’  and an aqueous satu- 
rated calomel electrode (SCE). 
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Commercially available substituted benzophenones 
were purified by recrystallization or distillation under 
vacuum; their physico-chemical characteristics were 
identical with literature values. Solvents were dried l2 


and distilled at reduced pressure under an argon atmos- 
phere. Tetraethylammonium perchlorate was recrystal- 
lized from triply distilled water and dried in wcuo at 
60 "C. 


All solutions were deoxygenated with solvent- 
presaturated argon. The concentrations of reactants 
and tetraethylammonium perchlorate, the background 
electrolyte, were usually 0.5 mM and O-!o M, respect- 
ively. Experiments were run at 23 ? 0-5 C. 


RESULTS AND DISCUSSION 


Benzophenone and its substituted derivatives are 
reduced at the dropping mercury electrode, forming 
two cathodic waves (Ref. 13 and references cited 
therein) in all the solvents studied. The first, which is 
the object of our interest, corresponds to the reversible 
one-electron transfer with the limiting current con- 
trolled by diffusion. Such behaviour was confirmed by 
cyclic voltanlmograms, which show equal peak currents 
in the cathodic and anodic sweeps (scan rate 0.1 V s-I)  
and differences Epa - Epc equal to 59 rt 3 mV. A semi- 
logarithmic analysis of the polarographic waves gives 
also AE/Alog [id - i ) ]  values close to 60 mV per log 
unit. Hence it is clear that the first reduction step of 
benzophenone (and its substituted derivatives) yields 
the radical anion, l 3  which is stable on the time scale of 


the experiments: 


Ar2C=O + e * A r k - 0 -  ( 2 )  


The resulting values of El/2 are summarized in Table 1. 
For all the members of the reaction series, the E1/2 


values are independent of the supporting electrolyte 
concentration, at least over the range 0.01-0.15 M. 
This. indicates convincingly that ion-pair formation in 
A~~C-O- - (C~HS)~N+ systems an be neglected and 
that the El12 values presented in Table 1 can be treated 
as the formal potentials of ArzC=O/Ar2C-O- redox 
couples. 


Hence the statistical analysis in terms of the 
Hammett equation (1) was performed and results 
obtained are given in Table 2 with values of the solvent 
DN and ANcharacteristics also included. Since the cor- 
relation coefficients obtained are acceptable, the solvent 
effect on the reaction constants can be analysed. 


Note that p is positive in each solvent: the electro- 
reduction of benzophenones is made easier by a low 
electron density at the carbonyl group. At the electrode, 
the reactant, an electron, is the nucleophile. Since p 
refers to the simple electron transfer [process ( 2 ) ] ,  this 
parameter should depend mainly on the Lewis acidity 
of the solvent: solvation of an ionic species Ar2C-0- 
is stronger than that of the neutral parent molecule. 
However, only a very poor correlation exists between p 
and AN (Table 2): 


p =  -0.010 AN+0.520  (3) 


Table 1 .  Substituent effect on the half-wave potential for the first reduction step of benzophenones in aprotic 
solvents with 0.1 M tetraethylammonium perchlorate 


Substituent XUa 


4,4'-(OCH2)2 -0.54 
4,4-(CH3)z -0.34 
4-OCH3 -0.27 
4-CH3 - 0.17 
3-NHz -0.16 
3-CH3 - 0.07 
H 0.00 
4-F 0.06 
4-CI 0.23 
3-F 0 .34  
3-C1 0.37 
EFc+/Fc (vIb 


Solvent' 


1 


2.031 
1.945 
1.933 
1.927 
1.908 
1.867 
1 -845 
1.830 
1.759 
1.742 
1.732 
0.381 


2 


- 


1.978 
1.960 
1.930 
1.922 
1.890 
1.863 
1.860 
1.795 
1.755 
1.750 
0.365 


3 4 


2-050 2.017 
- 1.928 


1.941 1.944 
1.935 1-923 
1.943 1.916 
1.862 1.839 
1.857 1.827 
1.840 1.780 
1,747 1.712 
1.736 1.698 
1.727 1.677 
0.472 0.485 


5 


2.059 
1.955 
1.942 
1 -938 
1.944 
1.861 
1.850 
1.826 
1.726 
1.710 
1.703 
0.467 


- 
6 


2.003 
1 -905 
1.896 
1-895 
1.886 
1.819 
1.803 
1.780 
1.694 
1-677 
1.668 
0.483 


7 8 


2.058 2-056 
1.947 1.913 
1.951 1.914 
- 1.906 


1.905 - 


1.871 1.832 
1.848 1.827 
- 1.717 


1.734 1.693 
- 1.643 


1.706 1.639 
0.474 0.560 


a Eu is a sum of the appropriate substituent constants for disubstituted derivatives. The values of u were taken from Ref. 14. 


' 1 = Acetonitrile; 2 = propylene carbonate; 3 = acetone; 4 = N, N-dimethylformamide; 5 = N, N-dimethylacetamide; 6 = dimethyl 
sulphoxide; 7 = N, N-diethylformamide; 8 = hexamethylphosphoric triamide. 


Formal potential (vs SCE) of the ferocenium ion/ferrocene couple. 
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Table 2. Hammett's reaction constants for the polarographic reduction of 
benzophenones under aprotic conditions, with 95% confidence intervals 


~ 


Solvent DN"  AN^ p (v/u unit) rc 


Acetonitrile 14.1 18.9 0.33 k 0 . 0 3  
Propylene carbonate 15-1 18.3 0.33 2 0 . 0 2  
Acetone 17.0 12.5 0 .37k0 .04  
N, N-Dimethylformamide 26.6 16.0 0-39 2 0.0Y 
N, N-Dimethylacetamide 27.8 13.6 0 * 4 0 t 0 * 0 5  
Dimethyl sulphoxide 29.8 19.3 0.37 "0.04 
N, N-Diethylformamide 30.9 15.9d 0.39 2 0.05 
Hexamethylphosphoric triamide 38.8 10.6 0.45 2 0.07 


0.9938 
0.9983 
0-9881 
0.9829 
0.9865 
0.9886 
0.9937 
0.9809 


~ ~~ 


"Solvent donor number from Ref. 4. 
bSolvent acceptor number from Ref. 6. 
'Correlation coefficient; number of experimental points for calculating p as in Table 1. 


spectrum of the Fe(phen)z(CN)z complex through the relationship proposed in Ref. 15. 
'The value of p = 0.38 was reported in Ref. 16. 


Estimated from the wavenumber of the long-wavelength absorption band in the electronic 


with a correlation coefficient r = 0-762, a standard devi- 
ation s =  0.025 and a Fisher-Snedecor test value 
F =  2.33. Correlation of p with DN is much better: 


p = 0.004 DN+ 0.276 (4) 


with r=0.906, s=0-016 and F=2 .45 .  This means 
that both A N a n d  DN solvent parameters are important 
and, hence, the p constants should be analysed in terms 
of the two-parameter model: l7 


p = c r A N + P D N + r  ( 5 )  


where a ,  @ and y are regression coefficients. Indeed, the 
weighted planar regression (with experimental errors of 
p )  gave the relationship in the form 


p =  -0.006 AN+O.003 DN+0.391 (6) 


with r = 0.994, s = 0-004 and F= 11.64. The addition 
of the second explanatory parameter, AN,  to 
equation (4) is statistically significant with a probability 
higher than 95% (according to the Fimp test of Ref. 18). 


Note that DN and A N  are co-linear to  a small extent 
and the correlation coefficient between them is 0.473. 
The partial regression coefficients of equation (6) are 
equal t o  0-674 and 0-488, which indicates" that the 
percentage contributions to  the observed solvent effect 
are 58% and 42% for DN and AN, respectively. 


The regression described by equation (6) is graphic- 
ally presented in Fig. 1. Let us discuss now the physical 
meaning of this expression. 


As can be seen, 01 in equation (6) is negative, whereas 
is positive. Thus, p increases with increasing solvent 


basicity and decreases with increasing solvent acidity. 
Ion association phenomena are not responsible for this 
effect of solvent basicity; as indicated above, ion pairs 
Ar2C--O--(C2H5)4N+ are absent from the systems 
studied. Equation (6) results rather from polarization 


of the carbonyl group at the electrode interface. The 
double-bonded oxygen atom is strongly electrophilic 
and its fractional negative charge is increased by a 
donor coordination of a solvent to  the carbon atom, 
whereas the acceptor attack on the oxygen atom leads 
to an increase in a fractional positive charge at the 


0.31 


-0:5 0 0.5 
- 0.006 AN i- 0.003 ON 


Figure 1. Dependence of Hammett p values on solvent donor 
and acceptor numbers according to equation (6). Solvents: 
1 = acetonitrile; 2 = propylene carbonate; 3 = acetone; 
4 = N, N-dimethylformamide; 5 = N, N-dimethylacetamide; 
6 = dimethyl suphoxide; 7 = N,N-diethylformamide; 


8 = hexamethylphosphoric triamide 
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carbon atom. The regression (6) demonstrates convinc- 
ingly that the p value of substituted benzophenones 
depends not only on solvation of the ionic species 
produced in the electrode reaction (2), but also on a 
solvation of the neutral parent molecule. 


A strong influence of the electrical field at the inter- 
face on the properties of benzophenone was con- 
firmed" in DMF containing benzoic acid. In that case 
the hydrogen-bonded complex is formed near the elec- 
trode, giving a new cathodic pre-wave at more positive 
potentials than the original wave of benzophenone. 
Moreover, a large potential gradient in the double layer 
increases the basicity of the carbonyl group of benzo- 
phenone with respect to the value obtained in the bulk 
of the solution. As a result," a change in the relative 
basic strengths for a series of ketones at the interface 
was observed with the basicity of benzophenone higher 
than that of dinaphtho ketones. 


Obviously, the role of solvation of both the neutral 
molecule and its anion raical is also manifested in the 
solvent effect on formal potentials, E m ,  presented in 
Table 1 .  Strictly, a thermodynamic quantity which 
depends on the solvation is the standard potential of a 
given redox system. However, taking into account only 
a minor solvent dependence of activity coefficients, l 9  


one can consider El12 values instead of standard 
potentials. 


In order to compare formal potentials in various sol- 
vents, they should be expressed against a solvent- 
independent reference potential. One of the reference 
redox systems recommended" for this purpose, the fer- 
rocenium ion/ferrocene couple (Fc+/Fc), was applied 
to our data. It should be stressed, however, that the 
crucial assumption of the independence of the potential 
of the variations of the solvent and supporting electro- 
lyte concentration is only approximate for any refer- 
ence system and it cannot be demonstrated in the strict 
sense, either experimentally or theoretically (see dis- 
cussions in Refs. 19 and 21). Nevertheless, for a variety 
of organic reactants satisfactory explanations of E m  
shifts in different solvents were in terms 
of a correlation analysis using the ferrocene scale; its 
practical validity was also recognized in Refs. 4 and 12. 


The oxidation potentials of ferrocene (vs SCE) in 
each solvent are given in Table 1 .  For the reduction of 
unsubstituted benzophenone, there are crude linear 
relationships between formal potentials in the ferrocene 
scale, Ef?;), and DN or AN 


E{::'= -0.005 DN-2.180 (7) 


with r=0.793, s=0*031 and F =  10-19, and 


El:$) = 0.015 A N  - 2.530 (8) 


with r=0-869, s=0.025 and F =  18.53. 
On the other hand, the following planar regression 


was found: 


Ef%) = 0.01 1 A N  - 0.003 DN - 2.394 (9) 


with r = 0.971, s = 0.012 and F = 41 a90 (Figure 2). The 
addition of the second parameter, DN, to equation (9) 
is statistically significant with a probability higher than 
99%, as follows from the Fimp test." 


Only for p-fluoro- and p-dimethylbenzophenones is 
the addition of the second parameter statistically 
unjustified. For all the remaining compounds a planar 
relationship holds: 


E I 2  = Ei/2 + aAN - bDN 


where E\/2 is the solvent-independent part of the 
formal potential. As a rule, the coefficient a is positive 
and b is negative. Then, the physical interpretation of 
equation (6) may be obtained, taking into account that 
ELO values are functions of the substituent constant 
[equation (l)] and of the solvent parameters 
[equation (lo)]. Assuming further that these functions 
are differentiable, one can differentiate equation (10): 


( 1 1 )  
aEl/z  a ~ i / ~  aa ab 


aa a. a. aa - + - A N - -  DN 


and obtain p from differentiation of equation (1). 
Finally, equation ( 1  1) can be expressed as 


p = po + (aa/ao)AN- ( a b / a o ) m  (12) 
which is analogous to the regression (6). The constant 
term in equation (6), 0.391, can be interpreted now as 
the value of po,  i.e. the Hammett reaction constant of 


2.21 I 


1 - 
0 0.1 0.2 


0.011 AN - 0.003 DN 
Figure2. Correlation of E$:'2 values for the reduction of 
benzophenone with solvent donor and acceptor numbers 


according to equation(9). Solvents as in Figure 1 
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substituted benzophenones in a solvent with donor and ACKNOWLEDGEMENT 
acceptor numbers equal to  zero (e.g. n-hexane). On the 
other hand, the regression coefficients aa/aa and ab/da 
express how the sensitivity of the system to the solvent 
effect depends on properties of a substituent. It follows 
from the comparison of equations (12) and (6) that the 
coefficients a and b should be linear functions of u with 
slopes equal to a = - 0.006 and p = 0.003, respect- 
ively. The attendant plots and the lines of the predicted 
slopes are shown in Figure 3. The great scatter of points 
is, in our opinion, due mainly t o  uncertainties in 
expressing E1,,2 potentials in terms of the ferrocene 
scale. Therefore, the analysis of p according to  
equation (6) is more accurate. Nevertheless, the plots 
shown in Figure 3 are in fair agreement with the pro- 
posed interpretation, supporting the practical validity 
of the ferrocene assumption. 


Equation (12) is a consequence of linear dependences 
of the formal potential on solvent and substituent 
parameters. It therefore belongs to  the family of 
isoparametric relationships, 22 which are generalizations 
of LFER postulates. However, to  our knowledge, only 
simple two-parametric cases of such relationships have 
been observed experimentally (see examples in Refs. l c  
and 23), whereas for the reduction of benzophenones 
three parameters, u, A N  and DN, are important. 
According to our interpretation, similar dependences of 
p and E1/2 values on both donor and acceptor solvent 
properties can be expected for other reactants if the 


This work was Wonsored by the State Committee for 
Scientific Research* grant 205149101. 


local separation of charge in their molecules occurs a t  
the electrode. 


0 
a 


lo3 -I b 


Figure 3. Dependences of coefficients a and b of equation (10) 
on substituent constants. Lines predicted from equation (6) are 


shown 
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